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Aims and scope

Both experimental tests and computational modebng required to understand the
structural evolution of irradiated nuclear fuelsla atomic scale. The main goal of this
thesis work is the experimental investigation odiation-induced atomic scale micro-
structural changes occurring in relatively largeaig chromia-doped U£Xuels. The role
of chromium as dopant is analyzed and the fuel\aeh& compared to that of standard
U0..

Another goal is to determine the impact of a felecere fission products (both, soluble

and insoluble gas atoms) on the structural evailubicthe irradiated fuel matrix.

A part of the thesis work concerns irradiated (JuMOX fuels to understand the

atomic scale structural changes at very high bgxn-u

Both neutron irradiation and fission products ieflge the crystallographic lattice
structure of UQ. In order to predict the fuel behavior at a macopsc level, it is

important to understand structural variations ahe lbehavior of fission products at
microscopic and atomic levels. Modern synchrotradiation based microprobes, X-ray
absorption spectroscopyXAS) and X-ray diffraction {XRD) techniques, as applied in
this thesis, have the ability to experimentallyeavthe atom specific environment and

lattice structures.
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Chapter 1General Introduction

Chapter 1: General Introduction

1.1 Introduction

Low enriched (with fissile®*®U) nuclear fuel that is used in commercial lightteva

reactors is made of uranium dioxide, 1J®,2]. Fission of*®U generates light and heavy
fission fragments which disturb the cation-catiord aation-anion network in the fuel
matrix. The behavior of all safety relevant fissijgroducts is of outmost importance in
any nuclear reactor operation and of fuel rod perémce. Nevertheless, with a long
history and well-established manufacturing basenium dioxide fuel pellets are the
standard fuel for most of the light water reactorservice worldwide. In the Figure 1.1
the schematic view of a fuel a rod and rod assenminlyAREVA PWR fuel rods is

provided.

The performance of standard W@, however, mostly limited today by the phenomeno
of pellet-cladding interaction (PCI), fuel swellirmgpd fission gas release; the impact of
those phenomena increases with increasing burm¢neréas the PCI problematic is most
prominent at mid burn-up). Therefore, the actuad&ncy is to manufacture advanced
UQO, fuels capable to resist the listed effects. A w@yamend the fuel behavior is to
diminish the fuel rods internal pressure by an adég large grain UOfuel pellet
structure. In the large grain size W@ellets, fission gas (e.g., Kr and Xe) release rat
decreases. It has been shown by the studies cawieid fuel research [3,4] that one of
the possible options to increase pellets grainwi#gout increasing sintering temperature
and time is the addition of small quantities of iidds. By the addition of certain
dopants in the U@powder (e.g., Ti@ Nb,Os, Cr,O3, V05 etc.) the grain size, the
porosity and the mean free diffusion path are insee, whereas the grain boundary area
is reduced. The addition of a dopant oxide powdeimng sintering is the economically
most viable one. One of the most frequently usedl @nrently investigated dopants in
nuclear R&D is CO3 for the grain enlargement of uranium dioxide fuétsparticular,
doping of UQ with CrO3; has been the topic of numerous studies [5,6]endkt decade
that has yielded products today available on tleérarket.
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Chapter 1General Introduction

In the operating nuclear reactors, there is alsmation of heavier isotopes, such as
plutonium due to neutron capture, primarily BYU. *%Pu and®*’Pu are fissile, and
indeed, fissioning of plutonium as a constituentmixed uranium-plutonium dioxide
(MOX) fuels is an option to reduce excess plutonibd®X fuels contain a mixture of
approximately 95-85 percent uranium oxide and ramgi5-15 percent plutonium oxide.
The present thesis work presents some exemplamjtges the atomic scale structural
modifications in three different type fuel matesiahamely standard UOCr,Os-doped
UO, and a MOX fuel, aiming to have a better knowledfi¢he local structure of these

systems.

upper end plug  plenum spacer lower end plug

cﬁ\i[@wﬂt@ ) o\aTo,o T ...

¥

/
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N
=, s

holddown spring u]ud‘ding fuel pellets

Top nozzle
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Figure 1.1: Schematic view of fuel rod and fuel rod assembtyAreva PWR fuel rods [1,7].

While significant experimental work has been donehe past in studying operation
induced changes in the J@r MOX fuel matrix using EPMA, SEM, TEM etc., the
application of synchrotron based micro-beam XRF,DXRnd XAS to investigate

irradiated oxide fuel has been very limited. Thegaechrotron radiation based techniques
have the ability to probe local very locally ladtigproperties and the environment of
specific atoms including speciation and electr@tiacture. Since highly active irradiated
materials represent regulatory based radiation eptioin issues for research at
synchrotron beam lines, for the first time, methddse been developed in specimen

16



Chapter 1General Introduction

preparation as well as experimental measuremertsoming those problems, especially
for spent fuels.

This thesis work reports in depth analyses of nrealsu-XRD and p-XAS data from
standard UQ chromia (C§O3) doped UQ and MOX fuels, and interpretation of the
results considering the role of chromium as a dbpanwell as several fission product
elements. The lattice parameters of J®fresh and irradiated samples and elastic strain
energy densities in the irradiated &J&€amples have been measured and quantified. The
M-XRD patterns have further allowed the evaluatiérine crystalline domain size and
sub-grain formation at different locations of theadiated fuel pellets. Attempts have
been made to determine lattice parameter and neighlnor atomic environment in
chromia-precipitates found in fresh chromia-dopeel fpellets. The local structure
around Cr in as-fabricated chromia-doped U@atrix and the influence of irradiation
(for the given burn-up range) on the state of chuomin irradiated fuel matrix have been
addressed. Finally, for a comparative understanaihdission gases behavior and
irradiation induced re-solution phenomenon in staddind chromia-doped WYCthe last
part of the present work tries to clarify the fsigas Kr atomic environment in these
irradiated fuels. The work performed on Kr, by miream XAS, comprises the
determination of Kr next neighbor distances, amregtton of gas atom densities in the

aggregates, and apparent (rather theoreticalhalt@ressures in the gas bubbles.
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1.2 Structure of the thesis

Chapter one provides a general introduction onirtliestigations performed during the
PhD project. In the second part of the first chagite state of research on nuclear fuel
materials, emphasizing chromia-doped fuels, isrilest based on the literature survey.
The second chapter provides a detailed descrippiothe used methodology. This
experimental section contains a description of theestigated materials, sample
preparation methods used, experimental set-up, and subsection the theoretical
approach to the analytical methods applied.

The third chapter provides measurements result®ntiprises the outcome of the micro-
X-rays Laue diffraction measurements. The focusristhe UQ matrix material. The
changes in the matrix of all the investigated type$uel occurring after irradiation are
highlighted. A sensitivity analysis for the reveahliattice parameters of standard (non-
doped), CsOs-doped UQ and for MOX fuels are presented and compared. Chiagter
also provides analyses regarding strain energy ityeasid sub-grain formation in
irradiated fuel.

The fourth chapter focuses on the analysis of tygadt element chromium in chromia-
doped fuels. The microstructure of remnant chropmecipitates, occasionally found in
the chromia-doped fresh fuel pellet, is analyzegleging the micro-XRD technique.
The oxidation state and local atomic environmenttofomium atoms dissolved in the
UO, matrix are studied using micro-beam X-ray absorp8pectroscopy. The analyses
were made for both, fresh and irradiated fuels.

The fifth chapter reports the investigations of af¢he fission gases, krypton. This part
of the work comprises the successful XAS measurg&nahnthis fission gas atom in the
used fuel, the determination of the neighbour atoenvironment of Kr and an estimation
of the apparent gas-bubble-pressure.

The sixth chapter comprises the conclusions andudliook with suggestions for future

studies.
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1.3 Literature review

At room temperature uranium dioxide has a cubiorite structure (space group Bm,

no. 225). The unit-cell is shown in Figure 1.2.the fluorite structure uranium atoms
form a face-centred cubic lattice with oxygen atootsupying the tetrahedral sites.
From the figure it is clear that there exists unpted space that may be available to
accommodate dissolvable fission products (FPs),Tihiturn can help in part to reduce

the problematic of fuel swelling.

Figure 1.2 Uranium dioxide crystal unit cell. Yellow and regppheres stand for uranium and
oxygen atoms, respectively. (Courtesy: PhD theSiR. Stanek, Imperial College of Science,
August 2003).

The temperature distribution and the concomitategnse radiation field during burn-up
affect and alter the crystallographic Yel matrix. Although fresh fuel is prepared as
closely as possible to stoichiometric k)@uring in-reactor irradiation the fuel pellete ar
oxidized. The oxidation of Ug i.e. the increase in the oxygen/metal (O/M) ratio
accelerates not only FPs release due to their eeladiffusivity, but also fuel operating
temperature due to the decreased thermal condyctiVvie higher fuel temperature leads
to a larger thermal expansion and fission gas leubhblelling in the pellet, potentially
causing more pellet-cladding interaction. Althougare are many investigations on YJO
oxidation and fission products distribution in uskekl [8,9] from post irradiation

examination (PIE), quantitative information on tk&ichiometric composition and
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crystallographic structure along the fuel pelleairdeter and rod axial directions is very
limited. The understanding of UQattice structures in irradiated fuels is alsooimplete.

It is common sense that the irradiated JU® mostly affected by the build-up of solid
fission products (both in solution and as prectpg® formation and diffusion of fission

gas atoms and formation of bubbles, deviation ffmerfect stoichiometry of the base
UO, material, and radiation damage. With increasingniup, the microstructural

changes in the fuel become more and more pronounced

FG diffusion. The investigations of the diffusion of fissionoducts in UQ began
practically with the use of uranium dioxide as alfin commercial nuclear power plants
[10,11]. The first studies were focused mainly @avy elements and their behaviour,
only later the importance of fission gas diffusisas noted [12,13].

First models describing diffusion of fission gasesler irradiation appeared in the late
Fifties. The first known relation for fission gasdiffusion was proposed by A.H Booth.
In 1957 he suggested formula (1.1) that quantifiedtional release of fission gases
under irradiation conditions. This model descrities diffusion of fission-product atoms

in a spherical fuel grain [14,15].

_ > 1(. _ (-n*’Dt
ot

where:

D- diffusion coefficient;

t- time;

a- radius of hypothetical spherical volume;

The Booth diffusion model is a simplification ofetlphysical processes involved in the
release of fission products, and as such, it canaogctly calculate the release for all
fuel scenarios.

The release of the fission products can be refeatsal to the release-to-birth ratio [16].
This ratio can be calculated using equation (IBjs modified model includes additional
parameters as e.g. gas-resolution. However, thidemworks only for equilibrium

conditions.
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R 1 1
— =3 —cothlyu)-—— (1.2)
R-q-Lonlfi-- |

A- decay constant;

a- sphere radius;

D- diffusion coefficient;

R- number of atoms released per unit time (accogritin decay and temperature

at a point in time);

B- number of atoms produced per unit time at theespoint in time;

The release-to-birth ratio has an inverse relatith respect to the grain sphere radius. It
means that increasing the grain size would redioedraction of fission gases released
from the fuel matrix in a given volume of YOBecause of this fact, the fuel grain
enlargement investigations were launched in rebeacrldwide and it was considered as
an important issue for fuel improvement.

It needs to be added that the model representedgbgition 1.2 assumes a constant
diffusion coefficient. However, the effect of sthiometry and the effect of fission gas
sites occupancy on the diffusion coefficient wdrel®ed by several authors [17,18].
Turnbullet al.[19] proposed the following relation for the diffas coefficient to include

irradiation effect:

D =D, +D, +D, (1.3)
Where:
D, -thermally activated diffusionpD, -effect of the uranium vacancieB), -radiation enhanced
diffusion.
As can be seen the diffusion coefficient is drivwnthree constituents. However, some

effects from the grain size and grain microstruetatfecting the coefficient can also be

observed. In respect to that an additional partccbe added to the diffusion coefficient.

Burn-up. Thermal energy that is produced during react@ragon is represented by the
fuel burn-up. The burn-up is defined as amounthefral energy produced per unit of
heavy metal in the fuel. The typically used uniGi#/ d t* or MW d kg* (1 MW d kg is
equivalent to 86.4 x £a kg in SI units). The burn-up can be defined alsoasentage

of fissions per heavy metal atom present in théifugally (%FIMA, fissions per initial
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metal atom). There is no official definition forwp medium and high burn-up and the
differentiation is arbitrary. However, in currenigiear R&D usually it is assumed that
the low burn-up is below 30 MW d Kgmedium from 30 MWdkg to 60 MW d kg* and
high above 60 MW d k& Sometimes in the literature it is possible tadfialso the
concept of ultra-high burn-up above 90 MW d'kg

High burn-up structure (HBS). The fuel defects become more prominent with
increasing burn-up leading to a restructuring & thel. As the formation of the HBS
starts at the outer part of the pellet, this typstaucture is also called rim structure. Main
reasons for the fuel restructuring are: the higlowm of fissions, the irradiation damage
by neutrons and recoil fission products and thentllemechanical conditions in the fuel
pellet. The following effects accompany the formatof high burn-up or rim structure.

» Fuel grain polygonization: this effect consistschange of the initial grain size.
The original grains are subdivided into new smadiigs with a diameter of ~0.1-
0.5um. The new sub-grains exhibit — if they stem frdv@ $ame ‘mother-grain’ —
low angle boundaries.

* Increase of fuel grain porosity and formation ef&afaceted pores (fin size).

» Accumulation of fission products in the fuel. Thesfon products that occur in
the fuel matrix are in solid, liquid or gas pha&aseous fission products can be
dissolved in the fuel matrix or can be bound incppiates. In particular fission
gases (FG) can form highly pressurized nano intasigar or micro inter-
granular bubbles. In the post irradiation charaza¢ion, especially the latter have
to be differentiated from large pores coming frdra tabrication process.

In Figure 1.3 the SEM images of a HBS structura &sction of temperature and burn-

up are shown.
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Figure 1.3: SEM images of a HBS for different temperatures laumth-ups. All pictures are same
magnification [20,21].

HBS models In the literature is a general consensus thabtlsble formation coming
from fission gases and HBS formation are correlaldgere are several existing models
developed to explain how these are connected. FHnenexisting explanations two main
trends can be distinguished.

* The first one assumes that the sub-grain formasiaraused by radiation damage
and the large numbers of new, much smaller gramsarce FG diffusion.
According to this model moving grain boundaries egvenano-bubbles and
contribute to formation of large pores [22,23].

» According to the second model [24,25], the polygahon of the fuel occurs due
to the over-pressurization of the small nm-sizedide®Bbles. This model explains
also the formation of larger bubbles as a consempuehan athermal, fission and
irradiation induced diffusion of FG.

Both proposed models, even though being differgmiye the same denominator, which

is the size of the fuel grain.

23



Chapter 1General Introduction

Larger grains extend the diffusion path for votatilssion products and thus increase
fission products retention. The retention is impottfor noble gases coming from the
fission as well as isotope built-up and decay pgses. Low chemical reactivity of these
noble gases results in extremely small solubihtypbile and immobile bubble formation
within the grains and consequently swelling of thuel. However, the migration,
accumulation (bubbles) and re-dissolution of fiesigases in the fuel lattice is
complicated and depends not only on simple diffushut also on the respective fission
element involved, the irradiation enhanced diffasiothe lattice damage, the

microstructure, thermal conditions and irradiatimgiuced resolution.

Grain enlargement options There are several methods to increase the sikgffuel
grains reported in the literature [15]. The simpieay to obtain enlarged fuel grains is to
change the sintering conditions leading to conthgeain growth [26]. However, this
method is not economically viable for commerciatlffabrication and also very time
consuming. Another possibility is to add U@r UsOg seeds during the sintering process
for the enhancement of the fuel grains size [27,28]

A more efficient and cost-effective option is toeusnother oxide powder as a dopant
mixed with uranium dioxide for fuel production. ®eal oxide powders are mentioned in
the literature and have been successfully useda®ase the grain size of fuel material
(e.g. MgO, A}O3, Cr,03, GAO3, SO, Y203, TiO,, SIO,, N,Os, V205 etc.) [15,29,30].

Chromia (Cr,03) doping. The grain enlarging effect due to the additiorfCafOs is well
known. Chromium sesquioxide was investigated inlearcindustry for many years. It
was already described by several authors, thandopith chromium(lil) oxide creates
large grain microstructure as well as improves nmteisco-plastic characteristics [31].

A comparative analysis of most of the possible egithat can be used as dopants for
UQO, to enlarge the fuel grain size including the sintgg conditions and with respect to
the final results of doping, was done by B.J. Dsegikb]. In an earlier work of Ohet al
[32], the authors have studied the role of chronvaing as a function of the dopant
concentration in U@ It has been reported that the grain growth ocams saturates
above a concentration of 0.5 wt% for,Of powder when mixed with UO In the last
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years (Ayberset al. [33] and Cardinaelgt al [34]) have described the grain growth
behavior and detailed microstructure evolution migisintering process.

There are several parameters which determine tia¢ gintered pellet characteristics of
chromia doped U@ dopant concentration, the sintering temperaturd ame, the
oxygen potential of the sintering environment, ameht treatments after sintering.
Distribution of chromium in fresh fuel pellets, tkleeoretical density of chromia doped
UO, and dopant apparent solubility have also beenrtepg35,36]. The excess of
insoluble CsO5 always precipitates from solid solution to cresgeond phase inclusions
in sintered pellets [37,38]. Chromium precipitate=re first reported by Killeet al [39]
who investigated higher chromia doping levels fia tange of 0.3 to 0.5 wt% £03) in
UO,. However, Cr-rich particles as undissolved proslwetn be also found even in case
of very low amount of doping level](0.05 wt% CsO3) as published recently [36]. In
Table 1.1, some of the important results on theidabon conditions of GOs-doped
UQO, fuel, are provided.

The solubility of the additive in UDis the key to any grain size effect. There is a
substantial interest also in the development ofedofuels using a mixture of different
additives. For example, Arboreliket al [42] have examined the WYQuels containing
additions of chromium and aluminium oxides. Furtherthe literature [40] it is reported
that doping UQ fuel with mixtures of chromium and other metal des may produce
better results and improves fuel parameters in anefficient way than doping with
chromium (I1l) oxide alone. The physical propertsesd characteristics of chromia-doped
UQO, pellets from manufactured state to in-reactorqgrerince have been investigated in
the past. It has been reported that the largengiiae affects the creep properties of the

fuel.

25



Table 1.1: Previous studies of @Ds-doped UQ fuels with reported grain sizes as a function of

chromia concentration and sintering conditions [15]
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Reference Dopant Sintering Temp. | Time | Grain size
concentration | Atmosphere (°C) (h) (um)
Ainscoughet al. (1978)[41] | 0.3 wt% - - - 80
Killeen et al (1980)[39] 0.5 wt% - - - 50-55
Kashibeet al. (1998)[30] 0.065 wt% K 1750 2 15
Bourgeoiset al. (2001)[37] | 0.05-0.7 wt% b+1vol%H,O 1525 4 15-28
0.05-0.7 wt% H+1vol%H,0O 1625 4 29-50
0.05-0.7 wt% H+1vol%H,0O 1700 4 15-87
Ohaiet al.(2003)[32] 0.1 wt% W 1700 4 45-60
0.3 wt% H 1700 4 65-110
0.5 wt% H 1700 4 80-126
1.0 wt% H 1700 4 80-126
Ayberset al (2004)[33] 100 ppm 10%H90%Ar | 1700 4 12-20
1000 ppm 10%bE+90%Ar 1700 4 13-23
2000 ppm 10%bE+90%Ar 1700 4 13-25
3000 ppm 10%bE+90%Ar 1700 4 15-27
Arboreliuset al (2006)[42] | <1000 ppm #CO, 1800 14 40-55
Delafoyet al (2007)[31] 0.16 wt% - - - 50-60
Cardinaelst al (2012)[34] | 500 ppm - - - 49
1000 ppm - - - 59
1600 ppm - - - 71

The addition of dopant increases the creep ratéf[43]. The thermo-gravimetric and
autoclave leaching investigations done for freshkl ftevealed that chromia doping
enhances the resistance of fuel pellets againstabgn as well as improves washout
behaviour [29]. It should be noted, however, thag tb the proprietary nature of R&D,
adequate information concerning irradiated chrogoiped UQ is not always available in
the open literature. In the last several yearsdgogerience has been gained and datasets
of experimental results with subsequent PIE fromdiated CiOs-doped fuel have been
produced [31,44,45]. Studies that have investigatadiated large grain UCfuels have
approved in most cases the predicted decreaseasbrii gas release and fuel swelling.
Such results can be found in Refs. [29], [46] a#d].[ Today, this entire database is
serving for validation of nuclear fuel performarooeles.
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Fuel reprocessing (MOX fuel) Although mixed oxide fuel (MOX) is topically not
directly connected with chromia doped &JGhis type of fuel has been analysed in the
frame of this PhD project. There were a coupleeaisons to do so: first, the analysed
MOX was a very well characterized and very intengstype of experimental fuel,
having been fabricated at PSI via a sol-gel rotite fuel rod filling was made in form of
so-called sphere-pac. Further, the grain size edhfrand irradiated MOX fuel is barely
same as for the gbds-doped fuel [in contrast to MIMAS (Micronized Mastelending)
MOX fuel (~10 um)]. Another point was that the fuel had been il up to a
relatively high burn-up. Eventually, this fuel was interesting example for testing
micro-XRD measurements at the synchrotron beam Byeconsequence, a literature
review for MOX fuel has also been made.

Principally and due to reprocessing, MOX fuel isirgkrest from an economic point of
view. In this regard plutonium mixed YQuels are used in commercial power plants
worldwide [48].

Reuse of plutonium in regular YQuel is one of the disposition options of reagjcaide
plutonium derived from uranium oxide spent fuelsalso plays an important role in
nuclear nonproliferation (also use of Pu from raijt stockpiles). For commercial
application the Pu-based MOX may contain around 8@, blended with natural or
depleted uranium dioxide. In order to enhance tiredoip of MOX fuel, key issue for the
respective production and management (i.e., fualidation, intermediate storage and
reprocessing etc.) is to understand the fuel nmstnectural changes [49].

The manufacturing process used to produce (Py,f)€ls depends on the form of Pu
supplied (Pu@or Pu-nitrate). One of the advanced possible —evew not industrially
applied — ways of how to produce fresh plutoniurapium MOX fuel from Pu@ and
UO, powder can be an internal gelation process [5@déced in this way fuel spheres
are calcined and sintered in a reducing atmosp(i&reAr) at ~1700 K.

In case of the MOX fuel fabricated at PSI, varideshniques used to probe the fresh
plutonium-uranium MOX fuel rod cross-section shdvattplutonium is homogenously
distributed within the fuel pellet. The gas immersanalyses done for pristine Pu-based
MOX fuels prepared by internal gelation depict Istig lower fuel density compared to
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typical uranium dioxide. Also smaller lattice pamter compared to UQcan be noted
[51].

The fission gas release determined by puncture, ldh@nosity of the -y auto-
radiographies, and the volatile fission productstent found by EPMA indicated a high
fission gas release in the case of the SphereymcAfter base irradiation, fission gas
release of 5% was determined in pelletized fuel 20% for the Sphere-pac segment.
These amounts are comparable to those found aftgp test in pelletized segments. The
Sphere-pac segment presents a complete restrigctofriis center after ramp. The rim
effect seems to be spread over a larger distanEplere-pac fuel. In most of the MOX
fuels tests results of PIE proved the integritytted fuel rods up to a medium burn-up.
Both, the non-destructive and destructive invesibga done by several authors revealed
the similar irradiation behavior and dimensionamtpe compared to standard 4f0el.

Finally, theory-based models and high performamtrilgtions can also be found in the
literature. Of particular interest for fuel modaleare experimental data on fuel
temperature, diffusion of FPs and fission gas sdetuel swelling, structural changes on
the macroscopic, microscopic and atomic scaletiBgawith atomistic methods, such as
electronic structure calculations, molecular dyr@nand Monte-Carlo, continuing with
meso-scale methods, such as dislocation dynamidsphase field, and ending with
continuum methods that include finite elements famite volumes, several publications
have emerged in the literature [52,53,54]. By iisgratomistic models of point defects
into continuum thermo-chemical calculations, a madeoxygen diffusivity in UQ.y is
developed and used to predict point defect conatoirs, oxygen diffusivity, and fuel
stoichiometry at various temperatures and oxygessures [55]. In order to establish the
mechanism of solubility for a range of trivalentides in doped uranium dioxide fuels,
atomic scale simulations have been carried out IdMburghet al.[56,57]. A review

of advanced nuclear fuel performance codes revbalsmany codes are dedicated to
specific fuel forms and make excessive use of dogbircorrelations in describing
properties of materials. Although important, théusion of fission products not well
understood due to the lack of in-situ characteonamethods. Also, the role of diffusion
at the grain boundaries is still unclear. This mmeanon is strongly related to

microstructure evolution and must be further stddiesing advanced experimental

28



Chapter 1General Introduction

techniques. The present thesis work presents empstal investigation of irradiation-
induced atomic scale micro-structural changes oowyrin irradiated nuclear fuels

providing new results to this subject.
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Chapter Zxperimental Method and Background

Chapter 2: Experimental Method and Background

2.1 Material

In this work the following fuel samples were inugated:
* Fresh and irradiated standard £JO
* Fresh and irradiated &s;-doped UQ. It may be noted that the standard angDgr
doped irradiated fuel samples stem from the samleaissembly used in the reactor.
* Fresh and irradiated (U,Pyp®IOX fuel (produced at PSI with internal gelation)
The average grain size of the uranium-plutoniumeaigxide fuel is between that of the
standard U@and chromia-doped UOHowever, the average burn-up of irradiated MOX

fuel is much higher. Details of all three typedudls are mentioned below:

Chromia-doped UO,. Fresh doped fuel material containing 1600 ppnCofO; was
sintered with standard uranium dioxide powder, Whi@s enriched up to ~4.84%U.
The UG powder used for sintering was obtained from thgadmversion process. In
Figure 2.1a microscopic view of powder morphology presented. The doped fuel
material also contains a trace amount of aluminjdue to the use of Al-base lubricant at
manufacturing step). Average grain size of thehfifie®l, enlarged by doping with £03;,

is about ~4Qum. The fuel was irradiated in the Swiss commeraggit water reactor of
KKG, a PWR, for two cycles with an average burnefip:39.3 MW d kg

AREVA has conducted many research programs in dadenprove UQ fuel [1,2]. To
be able to study the role of the Cr concentratiand effect of different sintering
conditions, UQ fuel pellets with different Cr contents sinteretar different conditions
were produced [2,3,4]. Additional data regardingesing for different fuel samples are
detailed in Chapter 1.3. In Figure 2.1b sinteringditions of investigated chromia-doped

fuel that is used for this study are presented.
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Figure 2.1: (a) Morphology and size distribution of YQpowder particles used for fuel
manufacturing; (bIcr-O phase diagram with given sintering conditi¢the marked point) of the
Cr,0z-doped UQ fuel analyzed in this work [2,3,4,5].

Standard UQ,. Standard UgQ having an average grain size of aboutub® was used

for the comparative study with §€3s;-doped UQ. The standard fuel was irradiated in the
same assembly as the chromia-doped fuel, undesatihe reactor conditions, and also for
two cycles. The average burn-up in the pelletshef itradiated standard fuel is very

comparable to that of the chromia-doped ones.

(U,Pu)O; fuel. The studied (U,Pu)©MOX originally contained 4.7 wt% Pu. The fuel
was prepared in 1989 at the PSI Hot-Laboratory gusive internal gelation process
producing small fuel micro-spheres. The average eizthe fuel grains was about ~40
pum. The microspheres were filled into segments fornimg so-called MOX sphere-pac
fuel. After fabrication the segments were trangf@rto the Swiss pressurized water
reactor Beznau-1 for irradiation. The irradiatedlfwas discharged after 6 reactor cycles,
having reached an average burn-up of about 60 MWgd The spent fuel was
transferred back to PSI where post irradiation erations (PIE) were completed in the
year 2000.

The SEM and ceramographic pictures taken for allfranalyzed samples are shown in
Figure 2.2.

36



Chapter ZExperimental Method and Background

Figure 2.2: SEM and ceramographic pictures of fresh (a) stahd&,, (b) CrOs-doped UQ, (c)
(Pu,U)Q MOX fuel. The image (a) of the standard fuel ieetafrom Ref. [6].

2.2 Sample preparation method

In contrast to spent fuel, the fresh fuel sampéppration was very straight forward: the
fresh fuel specimens were taken from a section rofU®, pellet. Wedge shaped
specimens were prepared by the pre-thinned near-apethod. It was essential to
produce thinner areas at the sample edge for rhieasn XRD analysis in transmission

mode.
}l(",’

rim} 4613100pm?|

4740100pm?

Figure 2.3: (a) Cross-section of the irradiated MOX fuel rod Replicated sub-samples (with
given areas) obtained from the irradiated peligt. Fuel particles on adhesive Kapton foil. The
white rectangle shows the strip prepared for magnin the XAS sample holder. (d) The
specimen holder for the measurements at the syimohrfacility.

Due to the very high radioactivity as well as tluselrate of the irradiated pellets, small
sub-samples were required to stay below the ddselirait allowed at the synchrotron
facility. A newly developed peeling procedure wak@pted to prepare irradiated fuel
specimens. For that purpose, a section of the deginent was ground using a silicon
carbide disc and sand paper; small fuel partickx®ewenerated.

A replica print of the ground surface of the pelledss section was made on an adhesive
Kapton tape and fuel particles were collected. &after, thin strips of the sub-samples
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were cut out and mounted on a specifically desigadactive sample carrier. The first
part of the work was performed remotely in a hdt-ffeiel rod cutting, grinding and
replicate), the second in a fume hood (cutting #trips).

Sub-samples were prepared taking fuel particles fitze centre (IC) and rim (IR) regions
of the irradiated fuel pellets. Here, IC and IRresgnts irradiated centre and irradiated
rim, respectively. Since the irradiation effecte axpected to be different at different
locations along the radial distance of a spent fhedlet, we have selected two regions for
preparing the sub-samples. Total activity of sulygas prepared from the centre region
and/or rim area of the irradiated pellets werehia tange 0.6- 1.4 x 10 Bq. Note that
these abbreviations IR and IC will be used in tbbsequent chapters to distinguish
samples analyzed in this work for a given typeradiated fuel material.

In Figure 2.3, the cross-sectional view of thedraéed MOX fuel pellet, an optical
micrograph of the replicated sample and a photdgrap the active sample carrier
containing a sub-sample are shown. Further de@ilthe preparation of irradiated fuel

specimens including the experimental arrangementiescribed in Refs. [7,8].

Table 2.1:Properties of analyzed fuel samples.

Specimen Fuel Average Average 25 content Cr
identification type burn up grain size jim) (wt%) content
(MW d kg?) (H9/9)
Sample-1 Fresh pellet - 48 4.8 1080
Sample-2 Fresh pellet - 10 4.9 <5
Sample-3 Irradiated pellet 39.3 10 4.9 <5
Sample-4 Irradiated pellet 39.6 38 4.8 1080
Sample-5 Fresh MOX - 40 0.8 -
Sample-6 Irradiated MOX 60 30 0.8 -

aAveraged, indicative value measured in PSI hotatoaling to procedure ASTM-E-112, not reflecting tirain size
distribution as function of pellet radius.
® |nitial content.
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2.3 Beamline setup and experimental conditions

The synchrotron-basedtXRF, u-XRD andpu-XAFS microscopic techniques were used
for investigations at the XO5LA Micro-XAS beam liné the Swiss Light Source (SLS).
This beam line provides high brilliance X-rays hetenergy range of 5-20 keV with
dynamic micro-focusing capabilities. A photograghttee end-station at the micro-XAS

beam line showing the available experimental faediis given in Figure 2.4.

Figure 2.4: A rear view of the experimental arrangement at X8§Micro-XAS) beam line for
measurements on radioactive fuel samples.

Due to the broad energy spectrum measurable aenlestation of the micro-XAS
beamline a wide range of elements can be identdredl analysed. In addition, the local
shielding at the end station of the beam line alawestigation of radioactive materials.
The permitted activity for a single active-sampteepted at the beam line is below 100
LA, where LA stands for the French abbreviation afthorization limit (I'imite
d’Autorisation). In Table 2.2 various elements tibah be analyzed are listed and the
electron binding energies (K and L shells) are moeed. Highlighted in green are
excitation energies used at the beam line for thentification and measurements.

Highlighted in red are elements mentioned/usetiiigtudy.
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Using the focusing devices and the liquid nitrogenled double-crystal monochromator
(a pair of Si (111) crystal) the beam line can pmteva monochromatic and focused X-ray
beam of 1um x 1 um spot size on the sample. The sample holder (gpe2RB) was
positioned on a small table remotely controlledabthree axis-motion manipulator for
accurate positioning of the investigated specimens.

Table 2.2 Electron binding energies in electron volts fornedmts that can be measured at the

MicroXAS beamline.

Element| K1s (eV) | L2s (eV) L2pi2 (eV) | Liu2psz (eV)
Ti 4966 560.9 460.2 453.8
Vv 5465 626.7 519.8 512.1
cr 5989 696.0 583.8 574.1
Mn 6539 769.1 649.9 638.7
Se 12658 1652.0 1474.3 1433.9
Br 13474 1782 1596 1550
Kr 14326 1921 1730.9 1678.4
Rb 15200 2065 1864 1804
Sr 16105 2216 2007 1940
Y 17038 2373 2156 2080
zr 17998 2532 2307 2223
Nb 18986 2698 2465 2371
Mo 20000 2866 2625 2520
Xe 34561 5453 5107 4786
Cs 35985 5714 5359 5012
Ba 37441 5989 5624 5247
La 38925 6266 5891 5483
Ce 40443 6549 6164 5723
Pr 41991 6835 6440 5964
Nd 43569 7126 6722 6208
Pm 45184 7428 7013 6459
Sm 46834 7737 7312 6716
Eu 48519 8052 7617 6977
Gd 50239 8376 7930 7243
Tb 51996 8708 8252 7514
Dy 53789 9046 8581 7790
Pb 88005 15861 15200 13035
Bi 90524 16388 15711 13419
Po 93105 16939 16244 13814
At 95730 17493 16785 14214
Rn 98404 18049 17337 14619
Fr 101137 18639 17907 15031
Ra 103922 19237 18484 15444
Ac 106755 19840 19083 15871
Th 109651 20472 19693 16300
Pa 112601 21105 20314 16733
U 115606 21757 20948 17166

H-XRF measurements The region for detailed-XRD and p-XAFS measurements in
irradiated specimens was determined using synairdiased analyticalp-XRF
mapping. The elements analyzed in XRF were urarfusing the l line intensity), krypton

(Kq line) and chromium (Kpeak) The fluorescent X-rays were collected using a 8iift

40



Chapter Zxperimental Method and Background

solid state detector (SSD) from KETEK. TheXRD and u-XAFS experiments were

performed at the same area of fagRF measurements.

p-XRD measurements All ui-XRD measurements were performed at room temperatur
and the energy of the incident X-ray was set toOD78V. A charge coupled device
(CCD) camera (photonic science, UK) was used tdéecblthe diffraction patterns in
transmission mode by exposing the sample to X-vayls 2-5 seconds exposure time.
The distance from the edge of the film to the C@nera ) was 60 + 1 mm. In order to
prevent damaging the CCD camera, non scatteredyxiseere blocked with a ‘beam-
stop’. The CCD images were integrated and convedetiD intensity versusé2plots
with the help of XRDUA [9] and FIT2D [10] softwar@.he peak positions @ and
corresponding angular half-widths (FWHM) were meaduPhase identification and unit

cell indexing of XRD were carried out using the btasoftware package [11].

The CCD area detector uses each pixel as an adbtesmdividual detector, so the
spatial position and the energy o’ an X-ray event be simultaneously recorded. The
range of detection is based on the Jistance betg@®ple and the camera, as well as the
width of the CCD. The range of diffraction is measlin 2), the angle of scattering
between the incident beam and the diffracted X-rayse relation of the CCD spot
position to the Bragg angle is calibrated by reswyd.aue patterns from a reference

corundum @-Al,O3) powder specimen.
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Figure 2.5: (a) u-XRD pattern and; (b) plot of the standard deviatdd the interplanar spacings
versus d-values of some XRD lines of corundunQ4l determined under the given experimental
conditions used in this work. The marked red dotesponds to the d-spacing for (311) reflection

in UO..
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While the diffraction resolution is limited by tis@ot size of the incident beam as well as
the pixel size of the CCD, the accurate measurefdattice parameters is a function of
proper experimental conditions. An example of tifeattion pattern collected from an
Al,O3 powder reference sample is shown in Figure 2.%. ilffage is captured out to 48
(20 value) based on the width of the CCD. The relaititensities of the diffraction spots
are particularly useful for identifying variodsg reflections from the corundum-phase

of alumina. Diffraction rings observed in Figure52.are fitted to determine peak
positions (&) and angular half-widths in the line profile ars$y Least-squares
refinement of peak positions yields unit-cell paedens of A}Os;. The estimated
uncertainty in the analysis of interplanar spaciftyss shown in Figure 2.5b. Due to the
decreasing trend in uncertainties for extractinfica parameters from higher order
reflections, the (311) reflection of YQAs used for detailed quantifications of lattice
parameters (see red spot in Figure 2.5b). It Iéadseasure the unit cell crystal spacing
of UO, within an accuracy of 0.002 A.

p-XAFS measurements All p-XAFS measurements were performed at room
temperature. The incident photon energies werdredéid using a metallic Zr foil, a
selenium powder specimen and a Cr-metal foil, retspely, for uranium, krypton and
chromium absorption edges. The energy scans weogded in the range from 17.1 to
17.8 keV for the uranium j-edge, from 14.2 to 14.8 keV for the krypton K edgel
from 5.9 to 6.7 keV for the chromium K-edge by adijng the Si(111) double-crystal

Bragg monochromator.

2.4 Theoretical approach

The analyses of the fuel samples were carried otit warious analytical techniques.
Most of the presented results are based on symohrbght microscopy techniques; the
theoretical basics of these techniques are descrimow. There are some results
obtained using other analytical instruments (electeon probe micro-analyzer) as well

as specialized PC software.

42



Chapter Zxperimental Method and Background

2.4.1 X-ray fluorescence

X-ray fluorescence is a non-destructive method thatsed widely for the analysis of
material elemental composition. The method is basedhe principle that individual
atoms, when excited by an external energy souro#,&ray photons of a characteristic
energy of those atoms. Due to the different charetic energies of different elements it
is possible to perform qualitative and quantitatarealysis of the sample composition.
Qualitative analysis is based on the identificanbelements and quantitative consists in
the calculation of the amount of the respectivenelets [12].

Formation of characteristic X-ray lines: The photo-electric effect causes photo-
electrons from the atoms shells to be ejected altlecir energy above the binding energy
and the absorption of energetic incident photongatéd in this way, photo-electrons
have a kinetic energy equal to the absorbed enmigys the electron binding energy.
The electron vacancies created cause an unstalilerement for the atom. As the atom
reestablishes, electrons from the outer shellsransferred to the inner shells and during
this transfer a characteristic X-ray is generaldgk energy of the emitted photon is equal
to the energy difference between the two bindingrgies of the corresponding shells.
Each element produces characteristic X-rays of iguenset of energies that can be
recorded as spectral lines. This allows identiiaatof the elemental composition of a
sample.

In most cases the innermost K and L shells arelwedoin XRF detection. A typical X-
ray spectrum from a sample can display multiplekpes different intensities, depending
on the energies of the incident photons or waveleng

The characteristic X-rays are labeled as K, L, MNoK-rays to denote the shells they
originated from. For example, a,K-ray is produced from a transition of an electron
from the L to the K shell, and agkX-ray is produced from a transition of an electron
from the M to a K shell. Within the shells, mulepbrbits of higher and lower binding
energy electrons are found. Further designatian,is; or 1, f2, etc. together with the
shells (K, L, etc.) to denote transitions of elens from these orbits into the same lower
shell. A schematic diagram of this process is shmig. 2.6.
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Figure 2.6: Electron shells transition diagram.

In this thesis investigations are performed usiyigckrotron based X-rays. It may be
mentioned that depending on the application, theréiscent light can also be produced
by using other primary excitation sources like ge&c alpha particles, protons or high
energy electron beams. In the EPMA (electron prabero-analysis) analysis,

fluorescent X-rays are produced by high energytedadoeams [13].

2.4.2 X-ray diffraction

X-ray diffraction (XRD) is based on the construetiinterference of mono- and/or

polychromatic X-rays incident on crystalline maadsi

Laue diffraction. It was discovered and firstly described in 1912 bye, Friedrich and
Knipping in Munich [14,15]. Laue and his co-workersvisaged crystals in terms of a 3D
network of rows of atoms. They made their analysised on the notion that a crystal
behaved as a 3D diffraction lattice.

Figure 2.7 shows Laue conditions for a part ofystal considering only the x-axis. The

constructive interference will take place if thethpalifference is a whole number of

wavelengths.
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Figure 2.7: The incident (§ and diffracted beam (S) directions and the diffee between
diffracted beams (AD-BC).

The optical path difference is given by:
A= AD-BC (2.1)
From this it is easy to arrive to the following edjon:
row h = (ua+vb+wce)h = integer (2.2)
where:h is the diffraction vectoh(= S-S§) and coefficients u,v,w - any integers.

Finally this equation (2.2) can be rewritten as:

ah=h (2.3)
b'h =k (2.4)
ch =l (2.5)

Equations (2.3-2.5) are known as Laue equations.

The Laue method can be two types, transmissiorbank-reflection method, depending
on the relative position of the X-ray source, samghd the detector. In the transmission
mode the detector is placed behind the sample dordethe beams diffracted in the
forward direction. In Laue diffraction, the diffi@d beam produces an array of spots
lying on certain curves (such as, ellipses or hypkas) forming the Laue pattern, also
called Laue-diagram. A schematic representatiotheftransmitted Laue diffraction is

shown in Fig. 2.8.
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(@) (b)

Incident beam

Zero-order Laue cone

Figure 2.8 (a) Three Laue cones representing the directions ofliffracted beam from a lattice
row along the x-axis [16]; (b) Internal atomic régity on a ‘Laue Diagram’ is shown. This
result was presented at the Bavarian Academy @h8ei meeting on Jun& 8912. [15].

Bragg equation In England, William Henry Bragg and William Lawee Bragg, father
and son, respectively, developed a method by wthiel confirmed the result obtained
by Laue. They envisaged crystals in terms of plariegtoms, which behave in effect as
reflecting planes (angle of incident and angle effected beam are equal) [16,17]. In
their model strong reflected beams are producednwthe path difference between
reflected and incident beam is equal to whole nurobeavavelengths.
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Figure 2.9: Bragg diffraction interpretation. Incident beamréflected with same angle. The
optical path difference between two rays is eqo&dsirg.
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The Bragg’'s law may be derived from Figure 2.9 whstiows crystal lattice planes and
atoms. Using simple geometric rules it can be shtvam the constructive interference

appears when the following condition is satisfied:
N =2d sirv (.6

This equation 2.6 is the Bragg’s law equation. WBeagg's law is satisfied constructive
interference occurs. XRD is most widely used foe tidentification of unknown
crystalline materials. Other applications can ideluletermination of unit cell dimensions
and crystal structure, orientation of a single @&lysr grain, and measurements of size,

shape and internal stress of small crystallineomrgi

2.4.3 X-ray absorption fine structure

X-ray absorption fine structure (XAFS) spectroscoigy a powerful technique to
determine the local structure (electronic and gedo)earound the absorbing atoms.
XAFS spectroscopy began to emerge as a practigaériemental tool in the early
Seventies. Using XAFS, a sample is probed with y&rhaving the incident energy
higher than the binding energy of the core sheltiebns of the studied absorbing
element.

EXAFS basics The incident x-rays can be absorbed and / omtiwo-electric effect
occurs.

The parameter which gives the probability that ysravill be absorbed according to
Beer-Lambert’s Law is the absorption coefficiep).(The absorption coefficient is a
smooth function of energy that is dependent on ghmple density 4), the atomic
number Z), the atomic mas#\J, and the energy of the X-ral)(as:
Pz

AE®

When the energy of the incident X-rays approachesetectron binding energy of a core

= 2.7)

level electron, there is a sharp rise in the alisoroefficient as the cross-section of the

X-ray increases (photo-electric effect). The firsflection point of the rise in the
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absorption edge energy spectrum is denoted ashthshbld energy or the absorption
edge energyHp). When the energy of incoming photon is largentig the momentum

(p) of the outgoing photoelectron can be expressed as

p=42m(E-E,) (2.8)

wherem represents the mass of the electron.
Using the de Broglie relation [18], equation (2&9n be expressed in terms of the
wavelength of the photoelectrok, as:

J2m(E - E,)

where h is the Planck’s constant. EXAFS can be rstoled taking into account the wave

behaviour of the photo electron.

The collected XAS spectrum can be divided intoadtdht parts. This is normally done
based on the energy range of the measured absoggertrum and with respect to the

absorption edge.

A typical division specifying different regionspsesented below:
» The pre-edge region - no ionization occurs.
* XANES (X-ray Absorption Near Edge Structure), edggion E=E+10 eV).
* NEXAFS (Near-Edge X-ray Absorption Fine Structuregion between
(Eot10 eV < E < Bt50 eV).
« EXAFS (Extended X-ray Absorption Fine Structurgjiom E > Eo+50 eV).

The rising part of the absorption edge itself isnetimes not considered to be in the
XANES region, and the beginning of this region & atE > Ex+5 eV. Sometimes the
division between the XANES-NEXAFS and EXAFS regisnset around 150 eV. A
typical XAFS spectrum is shown in Figure 2.10.
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Figure 2.10: Typical XAFS spectrum of a platinum foil. With thgreen and red colours,
respectively, XANES and EXAFS regions are markedj.[1

EXAFS equation The EXAFS region lies well above the absorptioneedithe EXAFS
function, Y(E), of oscillations in this energy regime is empatlg defined in terms of the

absorption coefficient(E) as [20]:

X(E)= % (2.10)

where:

U(E) - measured absorption coefficient at the photomggne
U, (E) - estimated absorption coefficient of the free afbarckground)
AL, (E) - measured jump in the absorption at the thresboéigy &

It is more convenient to represent the EXAFS fuctiy(k), as a function of photo-

electron wave vectok and in units of A, rather than as a function of photo-electron

k= /_2m(|;— ) @1
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The EXAFS theory fundamentally derives from the wavature of photoelectrons.
According to quantum theory these photo-electroms eepresented as outward
propagating spherical waves centred at the exatenhs. The outgoing photo-electrons
of the absorbing atom interact with neighbouringnad (also called backscattering
atoms) leading to scattering, and subsequentlynaitiég constructive and destructive
interference of the outgoing and backscattered savde amount of interference
naturally depends on the amplitude and phase of lthekscattered waves. The
constructive interference occurs when the outgaingd the backscatter wave are fully in
phase. At the same time, if the initial and scattewaves are totally out of phase, a
destructive interference takes place. The amplitofiehe backscatter wave varies
depending on the type (atomic numBgand location (distance from the absorber) of the
backscattering atoms. This implies that EXAFS is edement specific method and
provides local atomic environment around an absgrbiatom. The graphical
interpretation of interference of a wave functiooni absorbing and neighbouring atoms

is described in Figure 2.11.

er:;ning ™ N X-ray Absorption Fine-Structure
eneréy E / _ - NN —1/2
\ / \ AN photo-electron A~ (E - Eo)
~, V) 2
] AN
// // XAFs |4
- s / MW XANES |5
i N ' 7 w
N ! | Backscattered
/ wave
Outgoing - 1
photoelectron wave, core-level Absorp.tl.on
wavelength 2, Absorbing Atom Scattering Atom Probability

Figure 2.11: Graphical interpretations of spherical waves and=®Anterference in a multi-atom
system. The wave function created by absorbing getettron (solid line) can backscatter
(dashed lines) to the absorbing atom (blue) froight®ur atoms (red). Depending on the phases
a constructive or destructive interference occli®sZ0].

In EXAFS theory the simplest derivation of the EX&\Equation is based on the single
scattering plane-wave approximation. In essends, assumed that due to large kinetic

energy in the EXAFS region, the photoelectron scatbnly once when it leaves the
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absorbing atom. In addition, for a real measurersgah for atoms of the same type, it is
essential to consider averaging over millions afgpaf atoms to describe the EXAFS
equations. The physical description of EXAFS eduratn a final function ofy(k) can be
written in terms of a sum of the contributions froall scattering paths of the
photoelectron as:

n(nr.shelly

(k)= 2 A ) sind, (k) (2.12)

As can be seen from this equation the standard EXé&¥pression consists of two parts.
The first term,A(k), represents the amplitude of backscattering steetid the second
component, the sine wave, accounts for the phafie ak well as the oscillations seen in

EXAFS. The functionsin® K )can be described in terms of the param&dmter-
atomic distance between absorbing and neighboatioigps] with a phase given 2kR
and the additional phase shffk) of the photo-electrons as:

sin®, (k) =sin(2kR —¢g(k)) (2.13)
The amplitude part in the)((k) equation (Eq. 2.12) of each wave contains the
coordination number, i.e. the number of atoms icheshell CN,), o7 -fluctuation in
R dimension due to the thermal motion or structuiabuier (also known as Debye-
Waller factor),S? - amplitude reduction factoF;, k( -)the backscattering amplitude, and
A(K) which is the mean free path of the photoelectiidre standard expression #(K) is
given by [20]:

_ CNSIIR (K] 2!
k)= =011
Alk) e

Introducing the parameters from Eqs. (2.13) anti42.the standard EXAFS equation of

(2.14)

2.12 can be written as:
2 CN SR (K] a2

x(k)= Z R " sin(2kR - g(k)) (2.15)
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In 1971 Sayerset al [21] demonstrated that the Fourier Transform (EEduld be
successfully used to analyzdk) to obtain the Radial Distribution Function (RDFhe

Fourier transformation is defined as [22]:

kmax
j K" x(K)e?Rdk (2.16)
K,

min

1
FT(R _E
The FT can be used to distinguish different typenefghbouring atoms (due to the
different atomic numberZ) and isolate individual shell’s contribution. Amom with
small Z number will scatter mainly at smallkrvalues, while heavier one at highler

values.

There are several tests and factors to assesau#tigycpf a potential model for EXAFS
data analysis. The first estimation of how the madgees with the experimental data
can be done by using thi -factor value, derived from the data analysis. Whies
difference between model and experimentally cadi@alata is equal to say 1%, the-

factor = 0.01 [23]. The mathematical expressiorcdesmg the [ -factor is given by [23]:
2RI R)F
> 0eR)S

0 (217

52



Chapter Zxperimental Method and Background

2.5 References

1 C. Delafoy and P. Dewes, AREVA NP New YJRuel Development and Qualification
for LWRs Applications, 2006 International LWR Fugrformance Meeting, Salamanca,
Spain, 2006.

2 Cardinaelset al, Chromia doped U@fuel: Investigation of the lattice parameteducl.
Mater. 424 (2012) 252-260.

3 Ch. Riglet-Martialet al, Thermodynamics of Chromium in Y®uel: a Solubility
Model J. Nucl. Mater. 447 (2014) 63-72.

4 A. Leenaeret al, On the solubility of chromium sesquioxide in uranidioxide fuelJ.
Nucl. Mater. 317 (2003) 62-68.

5 Ch. DelafoyPersonal communication

6 L. Bourgeoiset al, Factors governing microstructure development ofz+doped
UO, during sintering J. Nucl. Mater., 297 (2001) 313-326.

7 C. Degueldreet al, Plutonium—uranium mixed oxide characterization uming
micro-X-ray diffraction and absorption investigat® J. Nucl. Mater. 416 (2011) 142-
150.

8 C. Mieszczynsket al, Investigation of irradiated uranium-plutonium mixexlide fuel
by synchrotron based micro X-ray diffractidrog. Nucl. Energy 57 (2012) 130-137.

9 W. De Nolf and K. Janssendjcro X-ray diffraction and fluorescence tomogragdby
the study of multilayered automotive pajrsirf. Interface Anal. 42 (2010) 411-418.

10 A. P. Hammerslewt al, Calibration and correction of spatial distortions 2D
detector systemslucl. Instrum. Meth. A346 (1994) 312-321.

11 http://www.crystalimpact.com/match.

12 P. BrouwerTheory of XRFPANalytical BV (2003).
13 A.C. Thompsomet al, X-ray data bookletLBNL (2011).

14 M. Laue Eine quantitative Prifung der Theorie fir die Ifegenz-Erscheinungen bei
RontgenstrahlerSitz.ber. Bayer. Akad.Wiss., (1912) 363-373.

15 W. Friedrich and P. Knipping, Sitz.ber. Bayekad.Wiss., (1912) 311-322.

16 C. HammondT he Basis of Crystallography and Diffractig@xford Sci. Publ. (2009).

53



Chapter Zxperimental Method and Background

17 W. L. Bragg,The diffraction of short electromagnetic waves hlyystal Proc. Camb.
Phil. Soc, 17 (1913) 43-57.

18 M. L. de Broigle,Recherches sur la théorie des quantan. de Physique 10, 3
(1925).

19 S.D. ConradsoiXAFS-A Technique to Probe Local Structures Alamos Science 26
(2000).

20 M. Newville, Fundamentals of XAESConsortium for Advanced Radiation Sources,
University of Chicago (2004).

21 D.E Seyerst al, New Technique for Investigating Noncrystalline Stwues: Fourier
Analysis of the Extended X-Ray—Absorption Finec8irg Phys. Rev Lett. 27 (1971)
1204-1207.

22 D.C Koningsbergeet al, XAFS spectroscopy; fundamental principles and data
analysis Top. Catal. 10 (2000) 143-155.

23 E.A Sterret al, The UWXAFS analysis package: philosophy and defailsPhysica
B, 208&209 (1995) 117-120.

54



Chapter 3Jranium Dioxidei~XRD Investigations

Chapter 3: Uranium Dioxide u-XRD Investigations

Microstructural changes in a set of commercial gras), fuel samples have been
investigated using synchrotron based micro-focuéedy fluorescencep-XRF) and X-
ray diffraction (1-XRD) techniques. The experimental results are aasml with
standard U@ relatively larger grain chromia-doped Wénd (U,Pu)@ MOX fuels, both
fresh and irradiated materials. Further detailamdlyzed fuel samples are mentioned in
Table 2.1.

The lattice parameters of @n fresh and irradiated specimens have been megsund
compared with theoretical calculations. In the tpres state, the doped fuel has a
somewhat smaller lattice parameter than the stdnd@ as a result of chromia doping.
There is an increase in micro-strain and latticeapeter in irradiated materials. All
irradiated samples behave in a similar manner aitHJQ lattice expansion occurring
during irradiation, where any additional Cr induatect is obviously insignificant and
accumulated damage induced lattice defects prefaistic strain energy densities in the
irradiated fuels are also evaluated based on thedd@tal lattice strain and non-uniform
strain. Theu-XRD patterns further allow the evaluation of thigstalline domain size and

sub-grain formation at different locations of thediated UQ pellets.

3.1 Lattice parameters measurements

Representative single spetXRD images collected from a §£3;-doped UQ sample are

shown in Figure 3.1. It is evident that diffractedams form arrays of spots lying on
concentric circular curves. Several diffractiorebncorresponding to (111), (200), (220),
(311), (222) and (400) patterns are observed frdnfual samples. In general, two

features can be distinguished from the recordefladifon patterns; fine circular spots
and streaking of spots. Beside these two typesfdations, a couple of other weak
reflections and features which vary substantiaNgrothe scanned area in irradiated

samples, are observed but have not yet been folyysed in the frame of this project.

55



Chapter 3Jranium Dioxidei~XRD Investigations

The pristine CGiOs-doped UQ sample exhibits strong single reflections (FigGr&a)
indicating the presence of large single crystallitdowever, the irradiated material has
undergone strong crystalline changes. The phenomefiie Laue spots transforming to
partial ring like structure implies that Y@rains are changed as a result of irradiation
effects. Figure 3.1b and Figure 3.1c demonstratepiocess. The irradiation effects are
more pronounced in the rim sample. In the centigufé 3.1b) of the irradiated pellet the
smaller burn-up and higher temperatures have ldthhe damage. In the periphery of the
same pellet larger burn-up and decreasing temperhave increased the damage. These

points will be discussed later in this section.

@ () . ©

Figure 3.1 Typical 2Du-XRD images captured (3s exposure) by a CCD cafmamachromia-
doped UQ. (a) Pristine fuel; (b) centre region of the iegdd pellet; (c) periphery area of the
irradiated pellet.

As already described, €3 doping of UQ facilitates pellet densification and fuel grain
size growth during sintering [1] compared to staddaO, pellets. Therefore, it is of high
interest to analyze the details of changes in atahstances in chromia doped Lo
clarify the microscopic mechanism of this restructy behaviour, determination of
accurate and precise lattice constants and densite required. To obtain quantitative
information on UQ lattice parameterpy-XRD data at a lowed-spacing [0 1.65 A)
representing the (311) reflection has been analymedetail using the XRDUA [2]
computer program. A Gaussian function is chosethe@X-ray diffraction peak profile in
this study. Background intensity is subtracted teefpeak fitting. The residuals peak-
fitting procedure provides an interactive peakffgt process until a minimum residual
between fitted and experimental curve is reachdwn] the 2 position of the (311)
reflex is determined from the fitting process. Frima measured diffraction line position

the lattice parametea, is obtained using the following relations (3.hpg3.2):
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A

Oy =———
hkl zsinghkl (31)

Oy = 2
hkl \/_(h2+k2 +|2)

(3.2)

where Eg. (3.1) represents Bragg's formulas the distance between parallel planes of
the crystal lattice defined by indicebk() and, # both the angle of incidence and
emergence from the scattering planes, for totaladiew it is 2). For cubic materialsih

is related to the lattice constant of the crysiahy Eq. (3.2).

3.1.1 Fresh uranium dioxide

Figure 3.2 shows a portion of the experimemt&XRD patterns, the (311) diffraction
peaks profile and the results of lattice paramefersthe two UQ fresh fuel pellets
(sample 1 and sample 2). The experimental lattarameter of standard Uas been
reported in the literature. The value is 5.4706%0Astoichiometric U@ [1]. However,
this value of lattice constant is not absolute bekikved to vary between 5.468 and 5.472

A due to slightly different preparation conditidi8s4].

The lattice parameters of cation doped solid sohgtiare usually calculated using
Vegard's law [5]. This law states that, in the alzeeof strong electronic effects, the
variation of lattice parameters is linear with camsion in the region where complete
solid solutions are established. However, it isvindhat the deviation from Vegard’'s
law is expected even for thermodynamically idedutsons when there is a significant
difference in lattice parameters of the pure conepts (e.g., GO3; and UQ as in the
present case). Also, the solid solutions may exklalsnore complex nonlinear behaviour
due to several physical factors affecting the togstal structure, such as the relative
atomic sizes of the elements and electrochemidérdnces between the elements.
Therefore, for the chromia doped klGempirical equations are useful for estimating
lattice parameters of Uolid solution to predict the effect of chromiulm .this respect,
the lattice parameter of YUQloped with 0.16 wt.% chromia has been calculasiaguthe
formalism as suggested by Kim [6]. Knowing the pu; lattice constant as 5.47065 A,
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the equation for the lattice constaqy, ,, of UO; solid solution with dopants can be

formulated as [6]:

8o, s = 547065 + (0.206Ar, +0.0013Dz, ) my (3.3)
k

where Ar, (Faopant— nos) represents the difference in ionic radius (in dituof the K
dopant and host cation uranium, af\e}, (Ziopant— Znosy 1S the corresponding difference in

charge. The notatiom, denotes mole percent of tH&" dopant which is further
represented by [6]:

— nM,
™~ Too+ > (n -1M,
k

[100 (3.4)

Here,n¢ is the number of cations in the solute oxide &hds the mole percent of th&'
dopant oxide [6]. Considering that chromium maimgaits 3+ charge within UQand
complete solid solutions are established, thisutalon using Esq. (3.3) through (3.4)
yields a lattice parameter of 5.46715 A for 0.16%wtCrOsz and res+: 0.72 A (as
estimated for coordination number CN=8) in fresh,U®hus, addition of chromium into
UO, results in a slight contraction of the cubic flidattice byd13 x 10° A (Aa value
compared with standard U The calculated lattice parameter values are show

Figure 3.2c.

58



Chapter Jranium Dioxidet~XRD Investigations

(a) (b)
3.5 . 0.7 T T T T T T
Standard UO, = Standard UO,
3.0 —— Chromia-doped UO, 061 o Chromia-doped
(311)

25 ] (111) | 0.5 vo,
o T
~ A

(220)

"? 2.0 (200) é‘ 04+
a £
£ 15 1 g%
¥ t
= 0] (222) 1 = 02

0.5 L& : 01

0.0 A : M o o .) oA 0.0 . :

by 15 20 25 30 246 248 250 252 254 256 25.8
o. o
20 () 20 (%)
(c)

Fresh UO llet
5.476 | res 2 pellets ]

5.474 | B
- 5.472 | -
'

.470 - R
® 5.470

5.468 - i

5.466 | —l— Experimental value J
—@— Calculated value

5.464

Standard UO2 chromia-doped UO2

Figure 3.2 (a) Micro-XRD spectra for pristine Uamples (both standard and chromia-doped);
(b) experimental (311)-diffraction lines betwedh\alues of 24.8and 25.9 together with fitted
curves and; (c) comparison of experimental lattieestants derived from (311)-reflections and
values calculated using the empirical equationf¢6ja Cr dopant in U@ Data are shown using
symbols and the solid lines are to guide the eye.

Comparing theu-XRD data for standard UQwith the chromia doped sample in Figure
3.2b and the results presented in Figure 3.2ccieiar that the diffraction lines profile are
almost similar, and the doped fuel has a smallgicéaconstant than the standard fuel.
For the (311) lines of standard and doped,U®full width at half maximum of 2=
0.325 and 0.292, respectively, are measured. The lattice parasietss found to be
5.472 and 5.469 A for undoped and doped,U®@spectively. The lattice contraction is
0.003 A. These results on Yonit cell lattice parameter obtained for fresh oped and
chromia doped specimens are consistent with lilegatalues. A similar effect of Cr in
UO, has been recently described in Ref. [7]. In therditure, both substitutional model
and/or location of trivalent Cr at the interstiteates in UQ have been discussed [1,3,7].
The defects formed in UQdue to the added chromium can exist as isolated defects

at low concentrations, but aggregate into clust¢dsigher concentrations, depending on
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defect structures. Previous studies have also ateddor the formation of an'lattice or
interstitial species to achieve partial electricgutrality, but these were found to be
uncompetitive compared to thé @nechanism [8]. Nevertheless, it is still not egioto
give a clear image of the lattice structure of i@orporated U@ The occurrence of short
range order of oxygen ions and vacancies may b&rowd experimentally through an
X-ray absorption fine structure (XAFS) study measyrthe first neighbour bond
distances and CN’s for Cr and U ions in doped, d@terial. These results would help to
describe details of the physical structure of theomia doped U@lattice. In Chapter 4,
we will present the XAS results on the lattice lma of Cr in UQ lattice. In the
following, the lattice parameters of YQuel materials before and after irradiation are

compared.

3.1.2 Irradiated standard and £x;-doped uranium dioxide

From the irradiated fuel pellets, sub-samples weepared and analyzed pyXRF to
locate the irradiated Ufparticles. Subsequently, high resolution smalkgueXRD
scans were performed. An example of a comparatikefyer-aregi-XRF map together
with the reconstructed-XRD scan, measured at a selected location on a8 fIC) is
represented in Figure 3.3. The irradiated fueliglarhas a size of about 46n x 40um
comprising 3 to 5 adjacent Y@rains which complies with the average grain sizZ& 10
um UG, microstructure. It is important to note here tadhough theu-XRF technique
could be successfully applied to detect those jhaeticles, the lateral resolution is not
high enough to distinguish U@rains from other grains and grain-boundaries. sy,
the fuel particle illustrated in Figure 3.3 is sead with the X-ray beam in gm steps.
Representative 1D intensity plots over tigeierval from 16 to 30 from two different
positions within the fuel grains are also illustihin the figure. The power of this micro-
diffraction technique can be clearly seen where ititensity variation of several
reflections can be remarked. It demonstrates timatdiffraction spectra are not similar,
both in terms of line shape and integrated intgndtior example, note the relative
intensity variation between (311) and (222) peaid lne profile of (220)-reflection in
Figure 3.3. The broadening effect is also strongugh to be considered by visual

inspection. In general, the sub-structure of thadiated crystallites gives wide poorly
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shaped additional spots (see Figure 3.1b). Othaturfes include smearing of intensity
and elongated Laue spots showing sometimes cutkeaks around the spots (see Figure
3.1c), yielding some imperfect structure in theaengles. The observed changes are
related to several effects such as the spatiailglision of the irradiated U©crystallites
within the investigated fuel particle, change irstdbution and variance of the local
orientation inside a single damaged and stressaith,gdifference in local (micro- to
nano-)strains and strain gradients inside crystalldue to the cation disorder and/or the
presence of any non-stoichiometric oxygen, ;UQ@rain-subdivision also called
polygonization, and other structural disorder oréging from irradiation effects in UO
lattices. Streaking in micro-Laue patterns duenioomogeneity in dislocation density
and/or elastic stresses is common and has beenvelise deformed materials. Further
discussion on these aspects is beyond the scop@sofvork. It is important to also
mention that some complexity may arise from therlaypeof Laue patterns which can be
attributed to each grain and that the multiple mganay have been illuminated more or
less in some of the CCD images due to the penatrafi X-rays and therefore sampling
depth in broken grains. In a future work, we siadhlight these points and capabilities
of scanningu-XRD resolving depth information of diffracting YQgrains. It would

require a depth resolve method and data analysig uemputer aided software tools [9].
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Figure 3.3 (a) Uraniump-XRF map of an irradiated fuel particle (scan sifgum x 60um). (b)
Reconstructed 2-XRD map of the fuel particle shown in (a). In @)d (d) integrated 1D
diffraction spectra from two different fixed locatis (marked as arrowed lines) within the
sampling area are shown. See the text for othailslet

The specific microstructural information that cam studied from our recordgd XRD
data of irradiated fuel particles is sample depahte some extent, in particular, particle
size dependent. If the YQ@rain size is of similar dimensions or greater thanincident
X-ray beam, grain specific crystal phase compasitiomogeneity and other micro-
structural information can be measured. If thergsaze is less than the focused X-ray
spot size, average crystal structure informatiotatireg to the phase, grain size,
macroscopic deformation and stress/strain relatipsscan be detected. In the later case
it also provides a better crystallite statisticsl amproves the statistical relevance of the
results. In the following, the results of latticarameter are presented for irradiated,UO

materials. The analysis is based on the averagbait 225 CCD image$](100 um x
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100 um examined area; fim step size, 1s exposure) captured from each atexdli
particle examined. This procedure has been apphiely for the lattice parameter
determination of U@in irradiated fuels. In a similar way as of fredlD, pellets, the
(311) diffraction line for irradiated fuels is agaéd. The specimens examined are sample
3 (IC and IR) and sample 4 (IC and IR). Portioriref experimentghi-XRD spectra and
the variation of experimental lattice constants siiewn in Figure 3.4. The measured

lattice parameters are listed in Table 3.1. Theutated g, ¢ Values reported in

Table 3.1 are obtained by the substitution of @iemt and isovalent cations of fission
products in solid solution for the hosf*Wtation in UQ. We will discuss this point later

in this section.

Table 3.1 Experimental and calculated Y@nit cell lattice parameters for the standard and
chromia-doped fuel samples. Results are shown rieghf and irradiated materials. Note the
calculation values for irradiated fuel are consgveaconsidering Cs, Xe, Rb and Kr as partially
dissolved in the fuel (see text); calculations wdttia from Table 3.2.

Fuel type/region Lattice constant
Experimental value Calculated value
(£ 2.0x10%) (A) (A)
Standard U@ fresh fuel (NI) 5.472 5.47065 (from literature)
Irradiated centre (IC) 5.482 5.47449
Irradiated rim (IR) 5.483 5.47567
Chromia-doped U@ fresh fuel (NI) 5.469 5.46715
Irradiated centre (IC) 5.482 5.47099
Irradiated rim (IR) 5.485 5.47217
(Pu,U)G fresh fuel (NI) 5.454 5.468
Irradiated center (IC) 5.487 5.469
Irradiated rim (IR) 5.456 5.468

It has been observed that the diffracted peakstipnsof the (311) plane decreases
towards lower 2 values for all irradiated Usamples. This result indicates an increase
of the lattice spacing in the irradiated comparedfresh fuel. Within the measured
uncertainty limits, a slight variation in the lati spacing of the (311) planes also exists
between the centre (IC) and rim (IR) regions of shedied samples (see Figure 3.4 and
Table 3.1). For the standard kQhe average lattice constant is increased tauledbx
5.483 A which is very close to the lattice constairthe irradiated chromia doped sample
from our measurement, 5.485 A with ~ 0.03% accur@pmparing these values with
those of fresh Ug) one can notice that the difference in latticeapaaters is significant

and vary between 11-16 x 1® (00.22%, an average value) for both the standard and
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chromia-doped samples. Notably, the structurackthnodifications and change in lattice
parameter in these two different materials (undoged doped Ug) are similar. The
differences noted in the lattice parameters areciest®d to the atomic scale structural
alteration of UQ caused by the irradiation effects. Since undexdiation these fuels
undergo a number of micro-structural and compasdicchanges depending on local
burn-up as well as temperature experienced in ¢gfletphere we are interested primarily

in those changes most likely influencing the lattstructures.
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Figure 3.4 Comparison of experimentalXRD intensity plots and measured lattice parameter
values for irradiated materials: (a) standard,@@d (b) chromia-doped UQIn (c) the burn-up
increases from left to right and solid as well ashied lines connecting data points are to guide
the eye.

Incorporation of fission products in UO, lattice. During the fission process a wide
range of solid and gaseous fission product (FRyatare generated from fissile uranium.
They disturb the cation-cation and cation-anionmogk of the host U@ lattice. The
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formation of FPs together with other activationguots leads to a doping of the lattice
depending on their solubility limit and chemicaliaty in UO,.x. Complex inter-metallic

and other oxide precipitates involving FPs, Pu,nd ® atoms are also formed which is
controlled by the temperature (diffusion), fissiield of elements and oxygen potential
of the fuel. The gaseous FP atoms such as Kr andr¥ereported to be practically
insoluble in UQ[10]. As a consequence, the fission gas atomslaver yield may be

trapped at defect sites in the bJ@ttice. At higher concentrations they always form
bubbles, move and accumulate at the grain boursjaaied the final release along this

pathway to the free volume of the fuel rod.

Over the past decades many experimental tests hesudetical calculations have been
carried out for interpretation and understandirggdgbmplex fission products behaviour in
nuclear fuels. There are also many codes develomettlwide in order to model FP
behaviour and impact in irradiated nuclear fuelgy.(@RIGEN, FALCON, ANGE,
TRANSURANUS etc.). Post irradiation examinationigadiated UQ has revealed that
in the matrix fluorite phase some of the actinided rare earth elements are incorporated
as solid solutions. A part of Sr, Ba and Zr comptsuis also soluble in this phase. This is
in agreement with theoretical calculations [11]smiution energies of fission products in
predicting their site occupancy in YQ although the extent of solubility critically
depends on the oxygen to metal ratio in the fudle Tission product oxides whose
cations are closer in size to thé"ldre the most soluble. Larger FP cations belontging
the alkali metal group such as Cs require a lagtige incorporation energy in YO
when trap sites are equivalently available for petions in the lattice, and therefore,
incorporation is energetically less favourable [1&]the same time iodine, whose fission
yield is roughly one order of magnitude smallerntiihat of Cs, can form Csl that is
insoluble in UQ.x [13]. Transition metal ions of Ru, Pd, Rh, Tc ece known to be
resistant to oxidation and always precipitate dusalution in a more stable secondary

phase as metallic inclusions in the fuel.

In the following, an analysis of lattice parameggolution for the accommodation of FPs
in uranium dioxide is presented. It should be nwerdd that the theoretical analyses are

done only for irradiated chromia-doped b&nd MOX fuels. Since the average burn up
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in irradiated pellets of standard and chromia-dojpi2 was comparable, the lattice

constant calculations were not taken up for thediated standard UQuel.

In the analysis, inert gas species Kr and Xe aeglipted to be insoluble [14], and
influence on UQ lattice parameters of some FPs (e.g. Br and Itkvhre possibly stable
as anions in U@y is disregarded. In a simplified approach only aradi of rare earth
elements and other FPs mentioned before, which meayntroduced as dissolved atoms
into uranium dioxide fluorite structure, have bemmsidered. Regarding Cs there have
been a number of attempts to understand its belwaas a dissolved cation in YO
Earlier Kleykamp [15] has reported that no thermmayic equilibrium can be attained
between C£ and UQ in the annealing experiment at 1000 The results of electron
probe micro analysis (EPMA) measurements in seveabient-tested fuels have shown
a very low solubility of Cs in U®(less than 0.06 wt% at temperatures between 1760 a
1950C [16]). In this work, therefore, any Cs influenoa UQ; lattice parameter for
irradiated materials could be neglected. This ag$iam could be supported by the size
factor rule described by Hume-Rothery [17] thawbdity is limited if the size of the
solute ion differs from that of the host ion by mahan 15%. The radius of thé&Uon in
the cubic structure (coordination number 8) is 130@hereas the ionic radius of the'Cs
ion varies from 1.67 (coordination number 6) to81A8(coordination number 12) [18].

Table 3.2 Fuel elemental fractions, ionic radius of U, Pd & atoms considered in Eq. 3.3. The
analysis is shown for the irradiated chromia-dop€d. Note: * C$ and RbB estimated solubility.

Cation lonic radius (A) Centre region (wt.%) Rim area (wt.%)
u* 1.00 86 80
Pu* 0.96 0.85 2
Sm** 1.079 0.1 0.2
Pm** 1.093 0.005 0.01
Nd** 1.109 0.35 0.5
Pra* 1.126 0.1 0.2
ce* 1.143 0.2 0.4
La® 1.160 0.1 0.2
Ba®* 1.420 0.1 0.2
Cs' 1.740 0.06* 0.06*
Nb** 0.790 0.005 0.01
Zr 0.840 0.35 0.5
Y3 1.090 0.05 0.15
Sr? 1.260 0.05 0.15
Rb* 1.610 0.06* 0.06*
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In Table 3.2 average elemental concentrations wéraé FP elements for the irradiated
chromia-doped U@sample are shown. The irradiated pellet had a Iboah-up of(]
3.1% and 7.5% FIMA (fission per initial metal atom)the centre and periphery regions,
respectively. The quantitative data on elementadtion in Table 3.2 are obtained from
EPMA studies on the radial distributions of FPs suead on this irradiated doped fuel
pellet. Additional data of a few selective FP eletsethat we have not measured by
EPMA are estimated from expected fission yielddgsams for a given burn-up as found
in Ref. [11]. Values of ionic radii are taken fra&hannon’s table [18]. The maximum
solubility of selective FPs, such as Zr, Ba anth@t have shown only a limited solubility
in UO,; and (U,Pu)@ are estimated from solubility data available he titerature [19].
Lattice parameter changes are calculated on this bégheir ionic radii and valence
states. These two factors, size and their charffereince with the host uranium
determine whether additive cations will either caant or expand the initial UQunit cell.

It should be noted, however, that the calculat@dmsot include the UQlattice dilatation
due to defect formation bw-particles self-radiation and/or other irradiatiorduced
defects that have occurred in this irradiated pelleis also presumed that fission

products do not interact with each other.

From Eqg. (3.3) and (3.4) the YQattice parameter is calculated wheag, p (S€€

calculated values in Table 3.2 represents thecéatparameter of uranium dioxide
comprising soluble fission products in solid saati Our analysis shows that the cations
with larger ionic radius (e.g., La, Ba, Cs etc. 3able 3.2) tend to increase the lattice
spacing of UQ and those with smaller ionic radius decrease plaeing. The net effect
depends on the concentrations and valences obtsituting elements. The component
of the lattice parameters that are derived frone iampensation of larger cations and
those from the lower ones largely balance out amigt small variations in the lattice
parameters remains. Maximum deviations found betweg, g and the lattice
constant of fresh UDare only 3.5 x 18 A and 4.7 x 13 A (~3.8 x 10° A and ~5.0 x
102 A in a very conservative way, considering smalloants of soluble Xer( 2.2 A)
and Kr ¢: 2.0 A) e.g. 0.01 wt%), respectively, for the cerand periphery regions of the
doped pellet. Our calculations agree reasonablyl wéh fission product oxides

67



Chapter Jranium Dioxidet~XRD Investigations

solubility calculations of Kleykamp [15] and expaental observations by Uret al.
[20], in which they found thaka ~ 0.7 x10° A per percent burn-up (FIMA) in irradiated
UQO,. All these results imply that substantial quaestiof fission products can be
accommodated without significant changes in thiéckatHence, the anticipated change
of UQO; lattice spacing in irradiated fuels due to onlgassive inclusion of soluble FPs
is small (in the range of 4 3 x 10° A and up to 5 x I8 A in a conservative way), and
can not be used alone to explain the enlargemetiteofattice constant by 12 x IGk
that we have measured. This discrepancy is retatdte accumulated irradiation induced
defects and fission gas which have modified thestafhylattice of UQ in the irradiated
matrix. It is generally accepted that atomic displaents caused by the fission processes,
are the most important source of radiation effectthe fuel. Displacements lead to local
changes in the microstructure, composition andBitometry. Those effects result in the
modification of physical properties. For example tattice parameter in YOncreases
as a function of irradiation dose/burn-up and is ttuthe variation in the population of
defects (interstitials and vacancies) and theistelts [21]. It is emphasized that the
resulting processes are very complex. AlthougHdtiee expansion measured can not be
assigned only to any particular type of defect bempmenon, interstitial dislocation
loops certainly contribute in a significant way [2Zomputational models [8,23] and
experimental investigations [24,25] on the nature stability of defects generated during
irradiation in UQ, on damage formation and recovery, and on theofisproducts
behaviour have shown that a large fraction of themage can be recovered
instantaneously by the temperature effects. THisshte explain the structural stability of
UO, and the absence of amorphization. However, evéyntouigh concentrations of point
defects and extended defects together with fisgamncoexist in high burn up YQwhich

thereby expand the crystal lattice as observed.

3.1.3 Irradiated MOX fuel

Typical Laue patterns recorded for (Pu,JPe given in Figure 3.5 for the non-irradiated

(NI) as well as irradiated sample for the cent® @nd rim region (IR). The single peaks
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observed in the @ range 11°-13°, 13.5°-14.5°, 19.5°-20.5°, 23°-24aP4°-25°,
correspond to the (111), (200), (220), (311) argP)2eflections, respectively.

Figure 3.5 Typical patterns obtained for (a) pristine MOX fusmple 5 (NI), (b) irradiated
centre (IC) and (c) irradiated rim (IR). Directiofte 20 angle and for circular positio# are
noted. ¥ - reflex circular positiony — reflex azimuthal width.

All these peaks are fitted using the PeakFit pnogta reveal the contributions of
individual phases to the intensity values of expertally observed peaks. Due to the
decreasing error of measured reflexes with an asgef 2 angle, the (222) reflex was
taken into account. In this work, attempts have ddeen made to evaluate the lattice
parameters in MOX based on the ionic radii of tbastituent elements. The empirical
formula used to calculate the lattice paramatépm) is same as used for the standard
and CpOs-doped fuel comparison (see Eg. 3.3).

In the pristine state, the lattice constantbtained from Eg. (3.3) was simplified to the
terms related to UPand Pu@. For the irradiated specimens contributions frame of
the known FP phases crystallizing in a cubic sydiean CeQ, ZrO, and BaO) are taken
into account with their molar fractionas measured by EPMA [26] (see Table 3.2).

In Table 3.1 the lattice parameters obtained froqmeamental data are compared with
those calculated using Eqg. 3.3. The ionic radiliagdd from Table 3.2 are for the
coordination number CN = 8, which corresponds {6 UO,. The results in Table 3.1
reveal that the relative difference between expental and calculated lattice parameter

Is about 0.22% in average.

Experimental intensity plots and calculatetivalues for the (111) reflex are compared in
Fig. 3.6 for un-irradiated, irradiated fuel cengred rim. The 2 shifts between dashed
lines and intensity profiles are smaller than tlmeore(A26 = 0.02°). Actually, the
determination of lattice parameters needs to bg pezcise. According to Amayet al
[27], the change od for 60 MW d kg' is only 0.2% with a detection limit of 0.08%.
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Figure 3.6: Comparing experimental intensity plots and cal@da® values for reflex (222) for
un-irradiated fuel, irradiated fuel centre (locairt-up ~50 MW d k@) and rim (local burn-up
~110 MW d kg").

Via 26 only smalld-spacing shifts are detected as function of locahkup. In the case of
the (222) reflex the shift goes to slightly higi#r values or a smaller lattice spacing
(compare Table 3.1,Figure 3.6). A reduction of ldtgce spacing with local burn-up can

be explained by 2 possibilities:

» fission products are formed and reduce the spaagig, Table 3.1, where lattice
constants for fuel with and without fission produate considered;
= stress on the lattice is reduced in a sort of elar by sub-grain formation which

results in a decrease of the lattice spacing.

The first explanation is endorsed by the calculatdidence of the fission products; the
second explanation is supported by the fact tretrtbasured lattice constant reduction is
stronger than the calculated one. Due to the dightsshifts and the scarce data a final

assessment of the importance of the two effedgfisult.

3.2 Strain analysis

As thep-XRD methods allow examining very small sample syéiais very suitable for
the analysis of grain specific uniform and non-ami strain in irradiated U9 High

spatial resolution in scanningXRD determines subtle variations in strain andesds
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differences between crystallites and strain digtidms within crystallites. Stress or strain
in the irradiated U®@is known to cause visible changes in the diff@ctpatterns due to
deviations from original crystallinity [28]. The ahges can be observed as diffraction
peak asymmetry, peak broadening, and peak shiftmghe following, average strain
energies in standard YGnd chromia-doped UQare evaluated fromp-XRD results.
From single spot consecutive Laue images and qmynebng integrated intensity plots
we have also attempted to obtain information alstnatin distributions within irradiated
UQO, crystallites. It requires decoding and separatecontributions of overlapping Laue
patterns from (sub)-grain volumes along the incidemay beam path. However, these
are much more rigorous analysis and have not yet bempleted.
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Figure 3.7: (a) Microprobe synchrotron radiation XRF map ofriuan from an irradiated chromia

doped UQ fuel particle taken from the centre region of edlet (sample 4, IC); scan dimension
80 um x 115um; step size 3.am. (b) plots of intensity versug)2or XRD (311) peaks, derived

from the integration of respective CCD images takem different locations in the fuel particle
shown in (a). The diffraction curves are verticahjfted with respect to each other for clarity.

It is mentioned earlier that the average grainssare about 10 and %0n in the standard
and chromia-doped UCresh-fuel, respectively. Therefore, we have selkbarradiated
fuel particles of similar dimensions in sample & aample 4 for scanningXRD. Due

to higher burn- up in the rim area of irradiatedlgis and hence complexity in the
observed micro-Laue patterns (spot intensity distions, elongated or diffused spots,
large streaking etc., which can no longer be fittgtth the Gaussian function to identify

the spot centres and/or to estimate widths), amdy particles from the centre region (IC)
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of the irradiated pellets were examined for straimalysis. Careful analysis has been
carried out on selected single spot Laue imagestlaadorresponding diffraction line
patterns in different regions within the fuel pelgi The intensity distributions -XRF
maps are used to choose areas that minimized ppértaof different grain orientations
and compare two single spot diffraction spectrayinating apparently from identical

domain volumes.

An example that illustrates combined micro-beprXRF with p-XRD approach to
quantify strain in chromia-doped U@ shown in Figure 3.7. A selected apeXRF map

of uranium in UQ fuel particles collected from the centre regiorthad irradiated pellet
(sample 4, IC)s displayed in the left plot. The mapping remanson-absolute analysis
and gives the spatial distribution of uranium ie thewing region. Also the colour bar
counts presented in the image are only meaningfal felative way. It is evident from
Figure 3.7a that the uranium distribution is hommegmus at several regions in the map,
but can also be observed at higher concentratibssrae locations of the particles as
distinct from the surrounding regions. This uranibaterogeneity is associated with the
thickness variations in the U@atrticles within the sampling area. Thereforeglgrspot
U-XRD spectra are selected from regions where tbbgut volumes are rather similar to
quantify average strain energy in the material. plo¢ on the right in Figure 3.7 shows
four single spot (311) diffraction lines collecttdm the specified locations labelled in
Fig. 3.7a. Note that there is little differencevoe¢n the diffraction patterns in term of
peak angular width, suggesting little differencdhe state of irradiated Urystallites
between these zones. All the peak widths are, hexyeotably broader compared to that
is measured for not irradiated W&amples (see Figure 3.2b).

Without discussing here the algorithm in detailisippreferred to mention the following
relations that are required to determine straimggas from experimental diffraction data.
The strain energy density), which is the total strain energy per unit voluwiea

material and isotropic too, can be approximatethieyfollowing relations [27]:

3
U= E Egtital 53
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_ 2
=& + 7_T£nu

wheregoa represents the total strain alds the modulus of elasticity (Young modulus).

&

total

(3.6)

In this work, uniform crystal strairgf) in irradiated UQ crystallites is estimated from the
lattice parameter changes in irradiated \lamples with respect to soluble FPs-doped
UO, at a given burn-up as proposed in Ref. [29]. The aniform strain or microstrain,
(&), occurring between irradiated crystallites, isleated by adopting the Williamson-
Hall technique [30]:

pcosf = % +4¢,,sSin8

\

(3.7)

wherefis the peak broadening of a reflection (in radjidosated at an anglel24 is the
wavelength of incident X-rays and, is the volume weighted crystallite size. In all

analyses, a Gaussian convolution for the experiahg@eatak profiles is assumed.
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Figure 3.8 Williamson-Hall plot to determine the,, value in irradiated crystallites for; (a)

standard UQ (b) chromia-doped UOThe error bars on data points show the standarzhtibns
to the mean responses. The dashed line in eaclshpots a linear fit to data points. See text for
details.

Figure 3.8 shows Williamson-Hall analyses of thdfraction peak widths from
successive orders for standard and chromia-dopadiated UQ. The measured FWHM
of peaks from irradiated crystallites have beemested for size and instrumental effects
based on the experimental result of the unirradi&t®, sample. The slope of the plot

betweenpcod and 4sif in Fig. 3.8b gives the microstrain &f, = 2.1 x10° for the
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chromia-doped specimen. The uniform crystal sttaipis found to be about 3.0 20°
for a local burn-up ofB.1% FIMA. This results in an accumulated straiergy ofU =
6.4 MJ m® in chromia-doped fuel, when any significant levélLaue pattern streaking
and/or change in Laue spot shape in transversetidineis excluded. The uncertainty
estimate in the obtained strain energy 0%, associated with the linear least square
fitting procedure (Figure 3.8). Following a similanalysis for the standard Y&ample

3, IC), we obtain approximately a value bf= 7.1 MJ m®. This magnitude of strain
energy slightly overestimates the result of Amayaal [31] reported for U@ samples
irradiated in test reactors at various burn-up. éfiheless, our results provide a
quantitative trend on accumulated strain energieswo samples of standard and
chromia-doped U@ Relatively, their behaviour is rather similartae given burn-up.
The strain energy is dependent on the irradiatioycess, the sum properties of the
modified strain regions and the strain reactivadiation induced micro-structures. It is
considered that accumulated irradiation defectgiims of dislocations and their motion
are the most important mechanisms responsible tfamnsvariation in irradiated U
matrix [27]. If the strain is too large for elastieformation, grains polygonization allows

random dislocation arrays to rearrange to redueinstnergy.

3.3 Laue diffraction from polygonized Urains

It is known that in the rim at the pellet periphavith a thickness of 50-20@m at high
burn-up the so-called high-burn structure is crda@riginal UQ grains of typically 10
MM in size are subdivided into new smaller grainshim size range of 150 nm down to
sub-nm, depending on the local burn-up. At veryhhibgirn-up ¥ 75 MW d kg') this
structure extends deeper into the fuel pellet. Aigé burn-up or rim structure observed
in irradiated UQ is apparently the result of different mechanisdefect accumulation,
reorganization of dislocations as precursor fordsuidled grains, fracture of grains due to
intra-granular bubbles, polygonization and finaljyossibly temperature induced
recrystallization. The schematic drawings for tleéical Laue reflections obtained from
ideal and polygonized grain are presented at FigugreExperimental observations of the
UO, polygonization have been reported in many pubbeat[32,33].
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Figure 3.9 Schematic graphs of Laue transmission diffractfon.the top picture — “ideal” grain
without stress. In the middle — bent grain deforngest to stresses (broadened peak on the
diffraction pattern). On the bottom — grain withbsgrains (peak modulation on the diffraction
pattern).%treflex circular positiony+reflex azimuthal width

Several models are also present in the literat@Be3p] to describe the UQOgrain
subdivision mechanism. In the simplest pictureyganization of dislocations into sub-
boundary domains is the main mechanism respon&iblde formation of smaller grains.
It occurs in the fuel after a certain burn-uB@ MW d kg' [36]) forming low angle
smaller grains and each newly formed polygon ierdadd slightly differently from its
neighbours so that the boundaries between thehowrangle tilt boundaries.

To illustrate the consequence of WJ€ub-grains formation on Laue spots shape as well a
on intensity distributions, we now return to thepesmental Laue images shown in
Figure 3.1. The most obvious feature identified tive irradiated samples is the
modification of spot shapes in transverse directibme Laue pattern of the IR sample
(Figure 3.1c) exhibits clear and strong streakhmg ts distinctly different from the other
spots. These features, however, have essentiaftynidhed and are only occasionally
present in the IC sample (Figure 3.1b). No stregkiould be identified in spot patterns
from fresh UQ sample (Figure 3.1a). We may recall that the tequiesented in Figure
3.1 are single spot Laue images. Within the coreptita-set in scanning-XRD of

irradiated UQ particles, slight transverse curvatures and umfatreaking in spots
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(mostly induced by cross-slipped and tangled datioos) are also observed in some
cases. These data have not yet been analysedaih aled are therefore not presented.
Here, we have concentrated on the spot intensdyiloitions that display non-uniform
streaking, observed experimentally as occasionitisg of individual spots into 2 or
more sub-domains. Samples of irradiated,p@rticles are examined and single point
Laue image analyses have been performed to logatiBgonized regions. To estimate
the apparent number of sub-grains per grain thélgsoof intensity distribution of the
(311) reflection were analysed as a function ofmaghal anglep as described below.
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Figure 3.10 Plot of Laue spot evolution and intensity distribatover a limited azimuth range for
chromia-doped U©fuel specimens. Laue spots are shown in insdiastrhted are representative
examples showing the characteristic peak splitihtne (311) reflection; (a) fresh fuel pellet, (b)
centre region of the irradiated pellet (IC), andderiphery region of the irradiated pellet (IR).

Examples of magnified images of the (311) reflectidlustrating the change in spot
shape and distinct splitting observed experimeniallchromia-doped U@samples are
shown in Figure 3.10. Pixilation of the CCD detectan be clearly seen in all Laue
spots. Analysis of the (311) YQaue spot (inserts in Figure 3.10 for irradiatachples

reveals strong broadening in the transverse dmectvhich can not be observed for the
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fresh UQ. The comparison of the intensity distribution fanirradiated, IC and IR
samples shows that the total angular width (azialytbf the two IC and IR samples is
much larger than for the unirradiated sample. fer wnirradiated material, only one
single peak without satellite is always recordeghrdless of any specific location within
the fuel pellet examined. This is shown in Figur&0& and the measured value of the
peak widthAyg (FWHM) is 1.0 + 0.2, the error corresponds to flieel size and the
standard deviation from the fitting. Profiles otdnsity distribution of irradiated UQ
however, are different, typically consisting of mothan one single peak. In the IC
sample, 2= 3 main peaks (Figure 3.10b) are observed in sisygbe images; for IR up to
4 peaks have been recorded (Figure 3.10c). Cwednes ofAy range from 0.7 to 1.5 £
0.2 for the (311) reflex in these samples. Interesgingnost of the peaks are well
separated although some components have a rejatiedker signal at the respective
intensity level. These structures seem to emanaim fpolygonized sub-grains in
irradiated UQ. The presence of several peaks or group of pealkl dndicate that
subdivided grains have been illuminated by the Brotcon micro-spot beam in the
respective location within the sample particle exed. In that case, it seems plausible to
assume that the number of peaks recorded is relatdte number of sub-grains being
exposed to the beam. For a given diffraction ling at the next step (ofi8n interval) in
scanningu-XRD similar Laue pattern does not always reappé€&his suggests the very
local occurrence of these sub-grains and the pifityaior yielding any reflections from
sub-grains depends on the probability of findingy anch micro-structures within the

illuminated sampling volume being spanned.

The comparison between sub-grains size values aeitlial grain size, as they appear in
scanningu-XRD, is not very straightforward. It is difficutb extract such information

automatically by image processing, as varying samgalepths due to the penetration of
X-rays and remnant structural disorder originafiogn irradiation effects do not allow to

separate these features from the images. In fagtaatitative connection between sub-
grains and original grain necessarily needs assangobn the actual size of the irradiated
UO, particle that we have analyzed. Sub-grain num@ers number of recorded peaks)

in each analyzed sample particle were counted fatinsingle shot Laue images and
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normalized with respect to the corresponding gdimension of fresh fuel (see Table
3.1). The size of the analyzed irradiated pariiclscanningu-XRD was about 8@um for
the IC and about 6Am for the IR sample. Figure 3.11 presents the aedlyhumerical
results for the apparent number of sub-grains pelrdrain as a function of local burn-up

in the standard U£and the chromia-doped Y®ample.

The data from (Pu,U)OMOX fuel are also included in Figure 3.11 as thpgvide
additional data for intermediate and/or high bupnregime. The results show a general

trend that polygonization increases with local bum

Coming back to Fig. 3.11, we may infer that evenddurn-up of about 30 MWd Ky
the first steps of U®polygonization is evident from X-ray diffractiomhich otherwise
may not be observed from other typically employadrascopy techniques like EPMA
or scanning electron microscopy. It is importanietophasize here that this step is not
due to only the presence of fission gases or aeyspirized intra-granular bubbles, which
may induce fracture of UQgrains as discussed in prior research [37]. Thus,
polygonization is obviously also driven by the stranergy. An estimation of the strain
yielding cracking in U@ may be calculated using the strestgain relation given by
Hooke’s law:

o=Ele &3.

whereois the normal stress proportional to strainyith the constant of proportionality,
i.e. the elastic modulus, denoted By as also used in equation (3.5). In a simplified
approach, it can be assumed that the stress isased linearly with the strain up to a
critical limit of & beyond which the U©grain fails and a fracture is initiated. For
calculating an estimate @f, experimental data from literature can be utiliZédjolet al.
[38] have shown that dissolution of fission productuses U@stiffness to increase
during irradiation, namely at a rate of 3.5% perM®/d kg™ of burn-up. The average
value ofE reported from experiment iS260 GPa for a burn-up of 30 MWd kgNote
that the fracture stressi) of UO;, is temperature dependent. Using a fracture stase

of 200 MN/nf [39] for a temperature of 1300 K that is in thexge of operating

conditions at the pellet centre of LWR fuels, wéreate & of ~ 0.8 x 10° by equation
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(3.8). This critical strairg: is already lower than the strain we have founceexrpentally
to be about 4 x I9in our results (see previous section), based esithplified approach

considering fuel polygonization at this burn-up36fMw d kg'.
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Figure 3.11 Apparent number of sub-grains per grain as a fanadf burn-up for irradiated fuel
materials. The dashed line is only to guide the 8ge the text for detalil.
During normal operating conditions, the fuel expedes temperatures betweéh
1300-1500 K at the centre area and betwe00—- 800 K at the periphery. As already
mentioned, polygonization in UQs probably triggered mostly by irradiation inddce
dislocations. The grain subdivision is controlledtbhe competition between dislocation
production, which is governed by the local fissiate, and defects annealing, which is
mainly controlled by temperature. The damage ammgas higher (so called healing
effect) for the centre area than for the peripherythe fuel pellet. The effect of
temperature on the failure behaviour of {}@as been investigated by Caratnal [40].
With four-point bend tests a brittle-to-ductilerisition temperature could be revealed at
about 1500 K. This is a further argument for lesf/gonization in the hot fuel centre

compared to the colder rim.
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3.4 Intermediate XRD summary and conclusions

The following samples have been analysed: (a) rathated un-doped and (b) chromia-
doped; both, irradiated (c) standard and (d) chaetoiped U@ which stem from a
commercial LWR reactor irradiated up to an average-up of ~ 40 MWd kg and (e)
MOX fuel irradiated up to a burn-up of ~ 60 MWdkg

Synchrotron based analytical methods of micro- X{ftaorescencel(-XRF) and X-ray
diffraction (-XRD) were used to probe the specimens. Single spoke diffraction
images of the specimens in scanning XRD mode haen Ixollected with a high
resolution CCD camera. The diffraction data éftietween 1®and 30 were analyzed
with an emphasis on the (311) XRD line profile, @akas indictor of any structural
alteration of UQ crystallites in an atomic scale. There was a nraaéel variation in the
position as well as the width of this line in scamgnu-XRD data set obtained from
irradiated fuel particles. The lattice parametdr§@, in fresh and irradiated specimens
have been measured and compared with theoretiedigiions. In the data analysis, the
role of Cr as a dopant and the impact of sevesaldn product elements resulting from
irradiation have been considered. The trends obdeave that in fresh UChe lattice
contracts as a result of £ doping, but expands in irradiated materials. Taitice
parameters in fresh materials are found to be 548202 A and 5.462 0.002 A for
undoped and doped UQrespectively. All irradiated samples behave similar manner
(at the given burn-ups) with UQattice expansion occurring upon irradiation, vehany
Cr induced effect seems insignificant and irradiatinduced defects prevail. The
expansion is about 12 x 2 (an average value) with respect to the unit patlameter
of fresh UQ. Elastic strain energy densities in the irradiateels are also evaluated
based on the Ufcrystal lattice strain and non-uniform strain. Tévggin of the strain
both for undoped and chromia-doped specimens isidered to be the same, i.e.
irradiation defects. Results gi-XRD measurements on chromia-doped ;UfDel
particles, taken from the centre region of thediated pellet, indicate a lattice strain of
about 0.4%, which is not significantly differenbifn the corresponding result for the
standard U@ This magnitude of strain is in the range linkedhwpolygonization. As a

consequence, subdivision of W@rains occurs, and this can be observed inutX&kD
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data. In this work, the grain subdivision proceas heen observed in all irradiated 4JO
samples that were examined. Polygonization is ddgr@ron local burn-up: in fresh fuels
no polygonization is found, in the centre regionrcddiated pellets some polygonization
is detected. The effect is more pronounced in itinearea of irradiated pellets. Apparent
numbers of sub-grains per Y@rain as a function of burn-up are reported. Thethod

described here, applying micro-focused synchrotaatation, appears to provide a novel

method of determining grain specific both stregefrlattice spacing and strain
distributions in irradiated nuclear fuels.
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Chapter 4: Chromium Speciation

The objective of this part of the study was to gpalin a non-destructive way the atomic
scale microstructure of the chromium oxide preaie$ found in the chromia doped ¥O
fresh fuel. The next neighbour atomic environmdrdissolved chromium in UPmatrix
(before and after irradiation) has been also ingattd for chromia doped fuel&\n
industrial grade fresh @Ds;-doped UQ pellet was examined beforehand, using scanning
electron microscopy and electron probe micro amalyi$e average grain diameter of the
UO, matrix was obtained by a SEM image analysis metRoecipitates were detected by
EPMA. For all precipitates of micrometer scale gmnatl by EPMA the composition was
determined to be very close t0,0%. In the following, the structural properties aie t
next neighbour Cr atomic environment in these pitaties were studied by a
combination of more sensitive tools such as miomied X-ray diffraction-XRD)

and absorption spectroscopyXAS).

4.1 Chromium precipitation

The grain microstructure of the chromia doped,Was examined with the help of the
SEM, see the example in Figure 4.1. The dopedi$uetharacterized by a homogeneous
grain microstructure comprising large Y@ains as compared to conventional, undoped
UQO, fuel [1]. As pores are inherent parts of as-seddQ they are also observed, both
within the grains and at grain boundaries. A corabiSEM and image analysis revealed
an average grain size bf48 um using the standard procedure [2]. The largereize
has been estimated to be between 0.3 apth/located in some areas of the sample

examined.
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Figure 4.1: SEM image from a selected area of the sintered W@l pellet fabricated with
0.16 wt.% of C§O3 as a dopant. The polished L§pecimen was etched with a3, (10%) and
HsPO, solution (490 K, 400 s) prior to the SEM examioati

4.1.1 EPMA Studies

It was difficult to examine by SEM directly Cr-richegions in the specimen and
distinguish between pores and precipitates and/oy aurface particles from
backscattered electron images (BSE). The precggitaire either spherical appearing
similar to pores or they are angular especially nvleecasionally found at grain
boundaries. Remains of precipitates were also wbden pores suggesting that part of
them were lost during sample preparation:GgIparticles were observed by EPMA and
the chemical compositions were determined from elgal X-ray mapping of uranium,
chromium and oxygen. Furthermore, several mappgsirious locations were made to
visualize the distribution, size and number densftfr,O; precipitates. In these zones,
additional spot-mode analyses were made to cortfisrmatrix Cr content in the fuel. In
order to quantify the chromium content as accuaateossible either dissolved in the
UO, matrix or in the precipitates, several analysesewembined.

An example of EPMA observation of chromium in chrardoped UQ is presented in
Figure 4.2. The elemental mapping of Cr shows highnsity localized spots at the
surface of the specimen (Figure 4.2a); mappingxgfjen revealed similar spots (image

not shown). Figure 4.2b represents typical charistite X-ray spectra of Cr in the doped
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UO, pellet. Characteristic Cr KX-rays under the micro-particles are observed Wit
intensities, whereas the,K-rays intensity of Cr in the Umatrix is very low (inset in
Figure 4.2b). The bright spots obtained in the @i & elemental EPMA maps always
coincide with surface features observed at theesponding backscattered electrons
(BSE) images, suggesting the presence of chromixide @recipitates. Detailed EPMA
image analyses reveal that the precipitates jukiwbéhe surface appear apparently
smaller depending on their locations in a shalla-surface zone and the penetration
depth of the incident electron beam. Their numiper gize distributions are quite regular
all over the specimen, whereas the exact quartidicaof the number or sizes has not
been considered for this work. The shape of theipitates found is spheroidal and the
size range is from submicron up to aboupum when the precipitates in pores are
included. The characteristic X-ray fluorescencecgpereveal that all precipitates contain

Cr and O and they are clearly in an oxide state.
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Figure 4.2: EPMA — distribution of chromia. a) X-ray image wi@lt mapping; b) X-ray spectrum
(Cr K, line) measured from a €03 precipitate. In the inset the respective Cr X-spgctrum of
dissolved chromium measured in W@atrix is shown. Note that the X-ray yields diffley
almost two orders of magnitude in the two specife analysis was carried out under identical
EPMA conditions (10 keV, 92 nA, electron beam sgip¢[1150 nm). See text for details.

Figure 4.3 illustrates the distribution of Cr, Odabl from a selected region of the
specimen, observed by high resolution EPMA mapp@itaracteristic line-scan profiles
over the exposed areas are displayed in the imadges.mappings are a non-absolute

analysis and give the spatial distribution of elataen the observed region. The colour
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bar counts presented in the image deliver onlytivgainformation. Figure 4.3a and
Figure 4.3b clearly show the presence of Cr and @eé precipitates. From EPMA line
analysis, little or no uranium is found inside theecipitates (Figure 4.3c) and little
chromium in the U@matrix (Figure 4.3b). When little uranium is fouriéxists only in

small concentration, for smaller precipitates imtipalar, which is due to the resolution

effect in EPMA with impact originating from the saunding matrix.
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Figure 4.3 Single-precipitate analysis in high resolution mdgeEPMA in a 50um x 50 um
area. The selected L), precipitate has a diameter of about 2. The X-ray mappings together
with intensity scales of the specific elements @) (b) O and (c) U are shown as well as
corresponding line-scan profiles over the exposed.a

We have analyzed 10 large chromium precipitate2 jgim) at different locations on the
sample. The composition of the precipitates is tbom be very close to gDs. The
uncertainty estimate in the obtained chemical caitipm is < 1%, associated mainly
with the analysis of oxygen content in the fuel cpen and its comparison with
reference standard materials. The trace amount b€ been also verified and measured

at 10 different locations excluding pores and ppk&ies in the fuel matrix. Due to a low
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chromium signal from the matrix, Cr, U and O fluszent spectra in spots mode have
been acquired for longer measurement time. The r@gaoncentration in the sample is
found to bel 0.0A#0.01 wt.% as the dissolved component in the, Wdatrix, from
EPMA data analysis.

4.1.2 p-XRF andu-XRD Analyses

Results from elemental-XRF scans showing the Cr distribution in chroméped UQ
are presented in Figure 4.4. The incident syncbnok-ray energy of 6200 eV, slightly
above the Cr K-edge excitation energy, was selefctiethe mapping. A measuring time
of 10s per pixel was chosen to achieve data withdgoounting statistics. Figure 4.4a
displays a larger area map on the specimen ande~gdb represents the high resolution
u-XRF scan of an isolated Cr-bearing precipitatanfra selected sampling area. The
colour bar of Cr K counts in Figure 4.4 deliver only relative infortioa. It is important
to mention that Cr counts are magnified in Figudb4so that areas with intermediate to
low Cr fluorescence counts also appear. Partidesrare indicated by the presence of
purple and red colors in Figure 4.4a, while thencyatches also indicate Cr-bearing

precipitates below the sample’s surface.

-3.29 -3.28 -3.27 -3.26 -3.25 -3.24 -3.23
distance (mm)

Figure 4.4 (a) u-XRF 200um x 200um map of chromia-doped UQecorded at excitation
energy of 6200 eV. The distribution of Cr is shoamd regions with high concentration are
detected. (b) High resolutign-XRF scan of an isolated Cr-bearing precipitatee @rameter of
the precipitate is aboutpn.
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All hotspots appear as somewhat elongated horiketreaks. It is related to the different
focal spot size of the incident X-ray beam usedhensample, approximately aboupif

x 1 um, elongated along the horizontal direction.

As already mentioned in chapter 2 (section 2.3) thERD measurements were
performed using the photon energy of 17200 eV.hd energy and normal incidence
angle geometry, the X-rays attenuation length in, iBDabout 22um. Therefore, the
diffraction signal arises from a sample volume Whis defined by the lateral beam
dimensions, i.e., im x 1 um, and the attenuation length, which is @&. At this
condition, the structural information that is gatt should correspond to an average
result of a couple of individual precipitates presalong the beam path and illuminated
by the X-ray beam. These patrticles, however, weteeasily detectable using 17200 eV
X-rays because of the absence of any Cr fluoresignal and their fine dispersion in the
UO, matrix. In addition, the volume fraction of £ with respect to U@was extremely
low; the latter was dominating to yield CCD satimatfor longer acquisition times.
Therefore, the complete micro-diffraction analysims accomplished by step-wise
moving the sample edge across the focused beanumf 2 1 um in steps of Jum. The
Laue images were captured for an exposure time f I8 practical terms, the
measurements were evaluated by analyzingD£crystalline phase by means of a
search/match program [3] and inspecting about 2faction spectra collected from the
thinner area at the sample edge.

An example of combinef-XRF with u-XRD to analyze GOs precipitates is shown in
Figure 4.5. The probing region of the specimencaengingu-XRD was identified by the
uranium u-XRF map recorded over the same sample area amtmioned incident
energy. Figure 4.5a shows the |J fluorescence intensity map covering an area of 100
pm x 100um. As seen in the micrograph, uranium imaging dugsprovide any good
colour contrast for additional patterns or weak/gpots in the specimen. Although the
specimen should have some@y particles in the scanned area, their contribuseams
hidden by the high uranium intensity. The later@salution in the uranium map is

furthermore limited by the penetration depth of ¥ieay beam. However, rescaling the
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U map using a log-scale band in higher magnificetiomicrographs clearly demonstrate

weaker phase contrast of open pores on thg u@ace.
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Figure 4.5: (a) p-XRF map with U Iy fluorescent line measured from the sample shown in
Fig. 4.1. Imaging size: 10m x 100um, pixel size: 5um x 5um, XRF spectrum collection time
per pixel: 3 s. (b) Selected single-spot 23XRD image from the sample. (c) Integrated 1D X-ray
diffraction pattern of the Laue image showing sabetiffraction lines for GiO; doped and
undoped standard UOThe plots are vertically shifted to each other dtarity. (d) Magnified
view of the CsO3(110) diffraction peak from the extracted residfistandard U@and chromia

doped samples. See text for details.

Since each image pixel is related to a positiothensample, the main utility of the map

is that it makes possible to identify areas of hgemeous U@ matrix, avoiding open

surface-pores or artefacts, thus allowing the siele®f representative spots for the

XRD spectra.
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Figure 4.5b shows a selected Laue image obtaired fnicro-beam XRD. The gauge
volume was located very close to the border ofapex (Figure 4.5a). The micro-beam
has penetrated through the YJ&nhd produced Laue spots both from the,@d@d CsOs.
Most of the bright spots in Figure 4.5b originatenfi UG,, contributions of chromium-

rich particles are not directly visible due to fheticles’ low volume fraction.

Figure 4.5c¢ illustrates the integrated 1-D X-rajfrdction pattern of the Laue image
shown in Figure 4.5b. The background intensityuistisacted using the dark current CCD
image. For comparison, a micro-beam XRD spectrumasoed form a standard YO

specimen is included in the figure. Figure 4.5dvehahe enhanced line profile of the
Cr,03(110) diffraction peak from the extracted residfithe standard and chromia doped
samples. All intense peaks of the standard anddlbjg® specimens can be well-indexed
to a cubic fluorite structure of uranium dioxidg.[Fwo distinctive weak peaks (see
arrows at about 1.8 and 2.4 A d-spacing in FiguBz)are observed for the chromia
doped specimen. There is no exact match of theslespeith those of Ug) but the best

match is for the chromium sesquioxide phase [3].

The crystal lattice structure of £¥; is of corundum type (space grouﬁSR no. 167) and
the hexagonal close packed unit cell at room teatpss is given byy/ay = 2.740 [4].
Here, cy denotes the height of the cell aag represents the length of the sides of the
base. The interplanar spacing of successive lapii@ees @) of Miller indices fkl) is

given by the following relation:

5 72
A = {(hz +k* + hk)3:§| +l_£l 2 (4.2)
The residual method, using PeakFit [5] has beehetpfor the analysis of the diffraction
peaks in the chromia doped WOn this method, the residual is the differencdhay

values between a data point of two specimens (wealapd doped U£) evaluated at the
data point'sx value. The results show that those peaks are dhatiegolycrystalline GiO;

phase, exhibiting well resolved (024) and (110)frddtion lines corresponding to
interplanar spacingsl) of 1.79 and 2.42 A, respectively, determined imithn accuracy

of £0.01 A. Using the relationship given by Eq. (4.1¢ wnit cell lattice parameters of
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the chromia particles are estimated tcapes 4.84 A andcy = 13.72 A. These values are
somewhat different compared to those found indiee,ay; = 4.953 A andcy = 13.578

A for standardo-Cr,03; hexagonal crystal cells [6]. The differences canatiributed to
the crystallinity level of chromia particles in YQt also should be mentioned that both
(024) and (110) lines widths of chromia particles the fuel exhibit larger values
compared to the reference powder specimen. Thasereto the measurgdXRD pattern
of fine CrO;3 precipitates in an imperfect state resulting Bragattering in the presence
of lattice defects. Further investigation on thekanges (i.e., intensity, line width etc. in
the XRD pattern) can be performed by detailed syotobn u-XRD measurements on
isolated CsOs3 precipitates especially prepared from J&amples. Future attempts shall
be made to produce such specifically targeted spaw by focused ion beam (FIB)

methods.

Analyzing thep-XRD data of chromia precipitates the sole prodsi@ssumed to be pure
Cr,03. However, one can also consider the lattice siraabf (AkCr;.4).O3 depending on
the aluminium content in those fx particles. The presence of a trace amount of Al was
confirmed (Al seems to stem from the lubricantizeitl during pellet fabrication) by
analysis with EPMA which showed a varying levelAdfconcentration (atomic) between
6 to 8% relative to the total chromium content lre tchromia precipitates. It is also
necessary to mention that no detectable amounuofiasium was measured in the YO
grains. According to the Vegard's law [7] for terp&Al«Cr1.4).03 compounds, the lattice
parameters have a linear dependence on the compositccording ta(X) = X X Capos +

(1 = X) X Ccros Wherecanos, Ccros andc(x) are the respectiveaxis lattice constants of
the hexagonal structured A3, CrO3, and (AkCri4).03. The same relation also holds
good for thea-axis parameter of (ACr).03 alloy. Taking the average Al fraction
from EPMA results and using the literature datauoit cell parameters of AD; [8] as
well as CsO; [6], we estimateay = 4.94 A andcy = 13.53 A for the AJ1LCrsdOs
composition. These lattice constants values with grediction of Vegard’s law do not
agree well with the experimentally observed valudss result validates that the poor
crystallinity and/or lattice distortion in remnaakromia crystallites is not due to any
aluminium doping into those precipitates.
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4.1.3 p-EXAFS Investigations

The p-XAS experiments in fluorescence mode were perfdrmaethe same area pf
XRD measurements. We examined Cr K-edge absorpsipectra in Cr-bearing
precipitates of the U@ specimen. Precipitates were easily identified giginkXRF
mapping on the specimen (see Figure 4.4) and feparate precipitates analysis joy
XAS were realized. At least ten individual scansevaveraged to improve the signal-to-
noise ratio for the Cpu-XAS spectrum taken at a single spot location o sample

analyzing eaclum-sized C#O; precipitates in the fuel.

All chromium XAS data were reduced to normalizeday-absorption near edge spectra
(XANES) and extended X-ray absorption fine struet(EXAFS) files using the
computer program IFEFFIT [9]. Thereaftek®weighted EXAFS was Fourier
transformed (FT) into real space to obtain a radiatribution function (RDF) of the
near-neighbors around the absorbing Cr atom. Atifatiwe analysis was done on the FT
peaks by using standard fitting procedures. Averdgsd lengths, R, average
coordination numbers, CNA\E; (E, correction), and Debye—Waller (DW) factors’,
were derived from these fits. Theoretical phasé-stund backscattering amplitude
functions for quantitative EXAFS fitting were geatsd using the modern relativistic
code FEFF-8.4 [10] and known atomic coordinatesaeafr,O; structure as referred
earlier [11]. The FEFF model comprises all singtattering paths within the fit range
and some selective multiple scattering paths ub%and 3.5 A for standamCr,Os and

Cr,O3 precipitates found in the chromia doped 4fQel, respectively.

In the FT-data of standamt-Cr,O3 several peaks are visible, corresponding to distin
shells of Cr and O atoms at different distancesnfrthe absorbing chromium atom.
Figure 4.6 shows the FT-EXAFS dataofCr,O3 reference powder specimen ang@zr
precipitates found in U The results are shown as radial distance fun¢iRF) (both
experimental and corresponding best-fitted oneg Ghantitative EXAFS for all GD3
precipitates in U@ were very similar, though not identical, and ex@sapf only two
measureqi-XAS spectra are shown in Figure 4.6b and Figuée.4A cross check of the

investigated particles revealed that there is ngomdifference between them with
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respect to their Cr atomic environment, but thera idistinct difference to the puce
Cr,O3phase. This can be qualitatively seen in Figurd ¥bere the Cr FT of the EXAFS
signals clearly feature differences in many respestiggesting that there is significant
structural changes in the atomic neighborhood atdba Cr center. For the precipitates
formed in UQ, quantifiable differences in Cr—O and Cr—Cr boeddths, coordination
numbers and radial distribution functions can ksiglguished in comparison with those

of thea-Cr,Os structure.
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Figure 4.6 (a) Modulus of thé?weighted Fourier transforms of Cr EXAFS data meaddrom
reference GO; powder specimen. The spectra drawn with points soldl curves are the
observed and corresponding best-fitted one, reispéct In the inset, magnitude of thé-
weighted experimental EXAFS signal versus the phlettiron wave numbdeis shown. (b) and
(c) Normalized and background removed Cr K-edgeigi®n spectra of GD; in UO,. Data are
shown for two precipitates. In the insets, magréted the correspondinkf-weighted Fourier
transformed EXAFS signal (dot symbol) and the bé#ed curve (solid line) are shown. (d)
Comparison of the Fourier transformed Cr K-edge E®Aor reference @D; powder and the
two precipitates analyzed in the W@ample. In this plot, the curves are verticallyftet with
respect to each other for clarity. The first proemitpeaks in the Fourier transforms are assigned
to the C+O contribution.
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The EXAFS measurement from referenceCr,Os; reveals an excellent crystallinity
around Cr atoms. The FT data presented in Fig iflustrates Fourier features which
are characteristics of the L corundum structure cells [12]. By comparing the
structural parameters obtained from EXAFS analgkishromia precipitates in UQwith
those of the standard-Cr.Os, we have noticed that the interatomic distancehef
averaged first two Cr—O shells is significantly ghoin the chromia precipitates of the
doped fuel. In this sample the next neighbor nunatbeix atoms in the oxygen octahedra
is also reduced strongly in the Cr coordinationesphA single-distance fit, after X-ray
scattering phase shift is accounted for, yieldoardination number of 4£8.3, and a
distance of 1.90 A which is 0.80.02 A smaller than the one (1.99 A) evaluated for
standardx-Cr,Os. In addition, the oxygen site of the chromia ppéetes has about 28%
vacancy, suggesting that there is significant stinat change in the nearest neighbor Cr—
O coordination sphere. In contrast, when lookingthet metal-metal correlation the
shortest chromium atom pairs found at 2.72 A ewidea significant elongation of the
Cr—Cr separation with respect to 2.64 A distancthereference material. The derived
value of CN = 0.80.1 agrees well with the expected single-fold cowtion for this
shell. However, the best-fit average bond distaréeSr—O and Cr—Cr pairs, found for
more distant oxygen and chromium atoms, do nog tedty well with the corresponding
crystallographic values. Further details on thedttiral environment around chromium in
chromia precipitates found in YQare described in Ref. [12]. Additional)XRD and
UXAS work is required to determine the average afiist properties and/or atomic scale
microstructures of GOs; precipitates in doped UOpellets. Efforts will be made to
examine different chromia doped WY@esh fuel pellets as a function of initially adide

chromia enrichment, prepared under the same conditi
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4.2 Dissolved chromium

Since the Cr incorporated YQtructure can not be obtained directly from a mess$
EXAFS spectrum, model structures must be assuntesl cdrresponding simulated RDF
or EXAFS/XANES spectrum should be calculated, vddtermination of which models
best fit the data. The FEFF-code [10] has thisetitre property when simulated with a
cluster of atoms centered on the absorbing atonthdnfollowing we first describe the
results on experimental Uzledge EXAFS, the corresponding theoretical spectrum
calculated applying FEFF for a fluorite-JQ@tructure, and state various FEFF-control
cards required to match the experimental spectiiuns. is followed by a comparison of
experimental Cr K-edge results between fresh arabimted specimens, and FEFF
analyses considering a cationic substitutional behaf chromium in UQ. The aim was

to evaluate the number and kind of nearest Cr heigis necessary to reproduce at least
the general shape of Cr K-edge experimental RDEtgp®a. For the chromium uranium
substitutional model, the use of U-edge FEFF analysis made it simpler to analyze Cr
K-edge spectrum. It provided most of the necesgargmeters and relevant control-cards
in the FEFF input file generated from uranium ddexcrystal structure, for quantitative

fittings of Cr K-edge data.

4.2.1 p-XRF measurements

The region fou-XAFS measurements in the irradiated sub-sampledstesrmined using
U-XRF mapping. The elements analyzed by XRF weraium (L, line intensity) and
chromium (K, line). The elemental maps of uranium and chromium measatradselected
location of the sample and an XRF spectrum acquii¢idl an excitation energy of 6500
eV (above the Cr K-edge) from the specimen are eptesl in Figure 4.7. The
fluorescence images show that uranium and chronairgrsystematically co-located and

share rather a homogeneous distribution.
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Figure 4.7. Microprobe synchrotron radiation XRF maps from aadiated chromia doped YO
fuel particle are shown for elements (a) U andGh)Map size is 15@m x 150um measured
with a step size 3.Am in both directions. (c) A representative micr@admeXRF spectrum, with
indicated chromium Ksignal, measured from the sample. Strong XRF pehg&erved at the low
energy side emanate from atmospheric argon at 2958nd Ca (present in the adhesive Kapton
tape where fuel particles were collected) at 3682 e

The analyzed U@fuel particle has a size of about & x 70um. Based on the imaging
results single-spot Cr K-edgeEXAFS spectra were measured at different locations

from this particle, where the probed volumes wengaaently similar.

4.2.2 U Lz-edge EXAFS

Figure 4.8 shows the Ustedge EXAFS spectrum measured from the irradiated and

its simulation using the FEFF package. The firsivdgive spectrum, used to evaluate the
energy position of the edge, revealed thev&8lue of 17,17G 1 eV, is consistent with
published data for tJ oxidation state [13]. For a quantitative analyfishe experimental
EXAFS, the fitting procedure was adopted usingdtamdard methods as summarized in

the experimental section. The FT was performedhénspectrak range of 2.511.5 A™.
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The resulting RDF is shown in Figure 4.8 as antiriBee dots represent the experimental
values and the line the best fitted curve. Godih§itquality can be observed from the
figure. It can be observed that the RDF around iumanexhibits mainly two major
coordination peaks, the other peaks are only vergkw&he first strong one at1.8 A
stands for the nearest oxygen neighbours (eigitgtcand the second peak at about 3.7
A for the next nearest uranium (twelve atoms) niedghis that would tally well with the

fluorite-UO, model structure.

Uranium Ls-edge
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Figure 4.8 Normalized and background removed uraniuetige absorption spectrum measured
from the irradiated Utogether with FEFF calculated spectrum based errdfined structural
parameters derived from EXAFS fits. In the insebduius of thé-weighted FT-EXAFS data is
shown (uncorrected for phase shift function). Tpecsra drawn with points and solid curves are
the experimental and corresponding best-fitted oespectively. The fitting range was between
1.2 and 5.2A. See text for further details.

The local structural parameters obtained by therecfitting of U Ls-edge data are
summarized in Table 4.1. FEFF fits to the FT-EXAFRSeal the presence of-Q
backscattering at 2.360.02 A distance, YU at 3.83+ 0.03 A and WO at 4.41+ 0.03 A
corresponding to the first three single-scattepaths. The coordination numbers of the
U absorber are about 8, 11 and 24 with DW factbrrax10°, 6+2x10° and 132x10°
A2, respectively, for these shells. According to fiite results, multiple-scattering
components arising from oxygen and uranium neigtsalso contribute at 3.71 and 4.33
A distances. The spectral features shown in FiguBeand the reported best-fit values of
structural parameters in Table 4.1 are comparalifle the outcome of other EXAFS

studies on U@available in the literature [14]. However, it igar from the results of this
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work that the low chromium content in the chromapdd UQ grains does not produce
any EXAFS signal for UCr pairs, uranium being the absorber atom, duéhé¢overy
weak backscattering events from the insufficientoant of dopant atoms. On the
contrary, EXAFS study of chromia-doped & the chromium edge is able to provide a
signature of the GiU coordination shell discussed later in this sectio

Table 4.1 EXAFS fit parameters of U 3edge and Cr K-edge data. CN, R amdare the

coordination number, average radial distance andy®&Valler factor, respectively. The
estimated errors on the numerical results are mead in the text.

Chromia-doped UgXirradiated) Chromia-doped U
AbsorberNeighbout AbsorberNeighbour  Pristine Irradiated
aom TN RA) 4RY aoM ENRA) %A CN R(A) o4R)

U @) 7.7 2.36 0.004 Cr @) 6.5 2.02 0.003 6.2 2.05 0.004
U 11.1 3.83 0.006

Ab-initio calculations for the U edge EXAFS were undertaken using the FEFF
package. The calculation was characterized by sdefeult conditions, which included
Hedin-Lundqvist-potentials, the many-pole model ttoe self energy and loss function,
the core-hole treatment with final state rule amdf-sonsistency. Since the primary
purpose was to simulate uranium near-neighbour EXAfultiple scattering effects
were neglected. Self consistency calculations wefiaed with a radius of 5 A around
the central U atom. The refined experimental patarsef the radial distances (R) (see
Table 4.1) were reintroduced as fixed values withtielp of the ATOM card in FEFF for
the calculation of the EXAFS spectra. Since theecadhs unable to reproduce the
experimental EXAFS features during the preliminagalyses, several calculation
parameters in the relevant FEFF-control cards waried, with the aim to analyze their
influence on the theoretical spectra. After sonsstethe final calculation comprised a
correction factor of 9.5 eV related to the Fernveleand a Debye temperature of YO
(400 K [15]) in the DW factor calculations. A sHitcal structural disorder in the atomic
layers was furthermore incorporated with the hdlphe SIG2 card (a value of 0.004),
followed by a convolution with the experimental okegion of 1.0 eV (using the
CORRECTIONS card) in FEFF. In this way it was pbksito obtain a good agreement

between experiment and computed spectrum, in tefnimth absolute values and the
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line-shape. Most of the dominant EXAFS featuress@né in the experimental data are
reproduced.

4.2.3 Cr K-edge EXAFS

As already mentioned earlier, the energy calibratad the beam line for Cr K-edge
XAFS measurements was carried out using a Cr niellalMeasurements were also

performed fora-Cr,O3 reference powder.
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Figure 4.9: Normalized and background removed Cr K-edge abisorppectrum ofa-Cr,O3
powder reference material. The inset shows the @esivative of the XANES part of the
spectrum.

Experimental Cr K-edge absorption edge data, etetla&XAFS oscillationy(k) and
RDF spectra of fresh and irradiated 4&e shown in Figure 4.9. The profile and position
of the edges, XANES and EXAFS, FT magnitude cuesesall very similar for the two
samples examined. These results demonstrate thatrvironment of the chromium is
analogous in the two samples and no major charagesplace on the local structure of
Cr upon irradiation, at least for an average bysrofi~40 MW d kg in the irradiated
pellet. The threshold energy at the absorption e@dgen as equal to the maximum value
of the inflection point, reveals any Ealue of 6000 eV for Cr in the fuel samples. This
value is 11 eV higher compared to the referenced¢feeexcitation energy of a
corresponding Cr metal foil, and identical to thwdtthe a-Cr,O3; reference powder
specimen (see Figure 4.9).

This evidences an apparent Cr oxidation state ah3ke chromia-doped UOHowever,

a shoulder structure discerned at 5996 eV is atdwed in the XANES region (Figure
4.10b, marked by an arrow). It should be emphasited the Cr K-edge XANES
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spectrum ofa-Cr,03; reference powder sample does not possess any peebdge
feature at 5996 eV, and it is only observed inXA&ES data measured from Y@rain
regions in chromia-doped samples. The origin of #uditional structure is still unknown
at this time. With regard to literature denotatiboomay be attributed to the symmetry
forbidden 1s- 4s transition of Cf [16,17,18], although the exact assignment is
irrelevant for this work. This speculation, whetlagpart of dissolved chromium in Y&
reduced, requires in-depth simulations of the measXANES spectra for confirmation.

It will be the subject of future work. Another pdsbty would be the CrO phase present
in chromia-doped U&as an undissolved product, presumably with nanacetystallite
sizes. This should also be evaluated in detail fexqperimental work. In the following,

an analysis of the Cr K-edge EXAFS for the localiemmment of chromium in the UO
matrix is reported.

1.8

-
(-}

a) (1) Pristine 1.5 (b)
* >
2
%‘1.2_ i g 1.2 |
s e ]
£ 00 . { E o9
3 - 3
2 061 Soo N 0.6 (1) Pristine
& & %
N _
5 0.3_(2) e E 0.3 (2) Irradiated
z : °
0.0/(1) § TAE 678 8 oz z
7 L{L] - 0.0
5925 6000 6075 6150 6225 6300 6375 6450 6525 6600 5950 5975 6000 6025 6050 6075
Energy (eV) Energy (eV)
1'2 T T T T T T T
(C) —— Pristine

-
=]
!

—— Irradiated

°
®

FT magnitute [k”.7(k)] (A”)
° °
'y o

o
N

0.00.5 1:0 1:5 2:0 2:5 3:0 3:5 4:0 4.5

Radial distance (A)
Figure 4.10 (a) Normalized and background removed X-ray absmrpectra at the Cr K-edge
measured from the pristine and irradiategdzdoped UQ fuels. The plots are vertically shifted
to each other for clarity. The inset shokfsveighted EXAFS oscillation in overlap mode for the
two samples. (b) Zoom of the XANES part is compaf@dthe two samples. The region of
interest is marked by an arrow. (c) Results of RRIAES (without any phase-shift correction)
preformed in the wave vector region®5 A™.

The FT magnitude curves shown in Figure 4.10c tihis that there are several

coordination shells of chromium neighbours. The RIF spectra of fresh and irradiated
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UO, have similar features, confirming again the infatibon that the chromium
environment is not altered in irradiated &J& compared to its pristine state.

However, the contributions of the individual shelteund Cr are not easily resolved with
exception of the first shell (Figure 4.10c). Theriloant first peak afl 1.6 A stems from
the first neighbour O atom shells, and containgomtribution from any G+Cr or CrU
correlation. Group of peaks which have longer fadistances at about 2.4, 3.0 and 3.8 A
are sensitive to the coordination numbers as veefjeemmetry of O, Cr and U neighbours.

The spectral features of these peaks are cleanyplkoated as they are indistinctly
separated because of an overlap between peakdferedt O, Cr and U atoms shells
including multiple scattering effects. The closemetboth oxygen and chromium shells
combined with the effect of static and thermal diso and the limite#-space resolution

do not allow visually to resolve all next neighbainells in the 2 — 4.5 A region. It may
be noted that the FT magnitude curve is not the taglial distribution function, since the
EXAFS oscillations are phase shifted by the atormpctentials (absorber and

backscatters), so that the positions of the peaksat correspond to true distances.
Usually, the peaks should be shifted by some vadfiebout 0.1 to 0.4 A, when the data

is phase-corrected using a model structure.

For the assignment of different Cr neighbours weehanalyzed the radial distribution
function of pristine chromia-doped WOTheoretical amplitude envelopes and phase
functions were obtained by FEFF simulations basedhe reference model of the Cr
substituted U@structure. This assumption is based on the prapsskition mechanism
involving dissolution of GiO; and entry of Cr ions into the YQattice. For CyO3
solution in UQ chromium is in 3+ oxidation state where as in,U@anium has a 4+
valence state. Therefore, incorporation of chromiatoms into the U@ structure
requires evolution of charge compensating defesisH as &) and/or defect clusters
(vacancies, interstitials, Frenkel pairs or Schottlefects, etc.) in order to achieve
electro-neutrality in the crystal. For example, gwubstitutional entrance of Cr ions at
regular U sites requires creation of oxygen ioA’@acancies (one vacancy per two Cr
atoms to balance the charge), which can then achasye compensation species to

maintain electrical neutrality in the UQattice. Neutrality can be also maintained by the
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presence of a neighboring uranium atom in the Senee state for substitution of Uby
Cr*. If Cr ions enter interstitially and occupies tentral hole locations in the oxygen
octahedrons, oxygen interstitials and uranium veiesn could be formed. In the
literature, both the substitutional behavior of &rd/or location of trivalent Cr at the
interstitial sites within U@ have been discussed [19,20,21,22].The possihletste as
well as energetics of point defects and defecttefasformed in U@ due to the added
chromia has been also studied theoretically usiomia scale simulations [20,21]. Most
of these results highlight the fact that chromiuraf@rentially enters uranium dioxide by
substituting regular uranium atoms accompanied Hgy formation of charged defect
clusters. Recently, some works have indicated teeipitation of Ct* with U** to form
secondary UCr@® phase from hyperstoichiometric chromia-doped .LJOand/or
formation of other GFU-O based compounds such as &Grin combination with C¥
and U+ ions [23,24]. These double oxide compounds inGheJ-O system, however,
are known to be unstable in reducing atmospherdsathigh temperatures above 1000
°C [23,25]. Let us also mention that we have notigentified the presence of any-&i-
bearing oxides being UCir UCrOs from Cr, U and O EPMA quantitative analyses

performed on fresh and irradiated chromia-doped p&lets.

The postulated substitutional model fits well wekperimental data what is visible on
Figure 4.12a. Using the Fourier transformed EXFAgha and the chromium-uranium
model, it was possible to identify the atomic sheltcordingly: the first shell contains
oxygen neighbours of the absorbing Cr atom locatédll.6 A, and the peak at 3.8 A can
be assigned to the second shell, i.e. to theUCsingle scattering path from FEFF
including some multiple scattering processes. Bbeugh the amount of chromium is
small (1 1080ug/g) in the fuel and the dopant is expected tonbsoiid solution in the
UO, grains, the CGrO distance in the chromia-doped W@ffers significantly from the
true U-O bond length in standard Y@see Figure 4.10). Importantly, the assignment of
distinct FT feature at 2.4 A requires a—Cr contribution which can not be neglected in
the curve-fitting a priori. One way to have a—Cr peak at this distance is to add
artificially an intermediate FEFF path in order get an extra EXAFS signal

corresponding to a €C€Cr scattering path of the photoelectrons. The o#i@rnative

104



Chapter 4Chromium Speciation

would be to incorporate a second Cr atom in thaiura lattice. Note that the FT peak at
2.4 A points out a much smaller distance than tretest U-U distance (of 3.86 A) in
UQO.,. Therefore, replacement of two nearest uraniunchb@mium is not reasonable for
the analysis.

We have no unique explanation for the short@r signal found in the FT data. We
hypothesize that it reflects contributions of samedissolved nano-scale £ particles

in chromia-doped U@as already confirmed from EPMA mapping (see FigdrEl)
analyses on fresh fuel materials [12,19]. Theselfutte particles seem to be located in
deeper layers below the sample’s surface and wittenUQ volume probed by the
incident X-ray beam. Although they are not measimgatXRF maps, their contribution

to the measured Qr-XAFS spectra is obviously detected.

Figure 4.11: High resolution EPMA image showing Cr map in theochia-doped fresh fuel
pellet. A group of the nano-size Lk particles can be observed within the encircled.area

In this prospect, linear combination fits were ¢esfor the EXAFS and FT-EXAFS
spectra using FEFF calculated scattering paths rosubstituted U@ and a-Cr,Os
reference (Figure 4.12). The crystallographic dattea-Cr,O3 together with EXAFS
results can be found in the literature [12,26hds been noted that the relative intensity
of short C+Cr and first-shell GtO FT-peaks ina-Cr,Os is significantly different in
comparison with experimental results shown in FegulOc. Therefore, for resolving the
structural parameters, only paths of the singlé-émordinated shortest Cr—Cr pair (2.65

A) located along the-axisof a-Cr,Os hexagonal unit cell and the outer Cr—O pair at 3.36
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A (three-fold coordinated) have been considered nwfiting the radial distribution
function in the data reduction process. Due tolimi&ed data set of the wave vector
region 210 A in our measurements and increased number of Vesiab linear
combination fits, it was necessary to employ higbbynstrained fits where the Debye-
Waller factors of all atoms were empirically adpdtvalues. Under this approach with
restrictions it was possible to get a reasonabieeagent between experiment and fitted
RDF spectrum, in terms of both absolute magnitwedesthe line-shape, with physically
sensible values of the CNs and R parameters.
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Figure 4.12 Cr K-edgeky(k) experimental signal fitted with (a) substitutibnaodel with Cr atom
substituting the U site in the YQattice and (b) the-Cr,O; crystal phase. (c) Linear combination
fit to the spectrum (best fit for 85% substitutibmhromium and 15% GO,). (d) Individual
shells of the central Cr atom fitted in RDF. Setéxt for details.

An overall fit together with contributions from iimilual shells is shown in Figure 4.12d.
The determined GO and CrU average distances in J@re 2.020.03 and 3.750.04
A, respectively, with coordination numbers8006 and 11.81. This result signifies local

lattice distortions around Cr meaning large bomyie variations between 0.1 and 0.3 A
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depending on the Cr proximity to those oxygen arahium atoms, with lower distances
than anticipated. Note that the ideal crystallobrapalues of nearest+® and U-U
distances in uranium dioxide are 2.36 and 3.86eBpectively. The decrease of-Cr
and CrU coordination as well as bond distance in chroduped UQ may be explained
by the charge compensation effects resulting frorfi ®icorporation at ¢ sites and
ionic-size differences of cations. At the same tiateinitio fits based on the FEFF model
of the componenti-Cr,O; give a number of chromium atoms of £085 at 2.920.05 A
and a contribution of 5#1 oxygen atoms at 3.46.05 A. These results suggest that
although chromium im-Cr,O3 has only one chromium neighbour in the firstCr shell
[26], this contribution to the corresponding EXAFSis not negligible. On the other
hand, the contribution of chromium and oxygen frGrsO; precipitates does not result in
a very good fit (see Figure 4.12b and Figure 4.1@dhe analysed region of the RDF,
even though the structural values determined arsitde. This may be an indication that
more than one Cr environment, associated with Botand O atoms in those patrticles, is
required in determining the EXAFS pattern that vmeenmeasured. Thus, it is difficult to
provide any further detail of the Cr environmentummdissolved GO3 particles in UQ,
except that it exists to a considerable degreeadllorder as evidenced by the presence

of two well-defined expected peaks in the measuadal distribution function.
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Figure 4.13 Fit to the first-shell (GfO) back-transformed EXAFS function (usikgweighting)
with FEFF model calculations. The Fourier filteriramge is 1.41.9 A. The results are shown for
(a) pristine UQ and (b) irradiated U© The circles and the solid curves show the daththe
best fit, respectively.

Further reliability tests have been performed fog toordination parameters obtained

from linear combination fits, analyzing only thestishell signal of the Cr K-edge
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EXAFS data. After extraction of the €D shell component from radial distribution
functions (see Figure 4.10c), the back-transforsgectra were best-fitted by using R,
CN, ando as free parameters, which is a more realistic agaghr. The fitted curves

represent the experimental data, see Figure 4.13.

The gquantitative fittings of the nearest oxygenghbour in pristine and irradiated YO
samples give the average bond lengths and coom@inatimbers around the chromium
atoms, and those results are summarized in Tablé=#om this table, it can be seen that
the dissolved Cr in fresh UQs surrounded by approximately six oxygen atomsarat
average distance of 28@2.02 A, which is close to the CN and average@mnearest
neighbour bond length of 2.86.02 A, in irradiated U@ These findings are direct
experimental evidence, which circumstantiates tBat" incorporation at ¢ sites
disrupts both the cation-cation and cation-aniamvoek in the UQ lattice and our results
provide a quantitative atomic scale informationtloése processes. It appears that for
Cr/U = 0.0012 (and Cr/U = 0.006 in atomic ratiojpraic disorder around Cr become
large by the doping, as evidenced by the reduatibi€Ns and interatomic distance
between Cr and first nearest O atoms. But for tregliated specimen, as this effect has
already appeared by the doping, small irradiatitface (at the given burn up) is not
observed.

4.3 Intermediate XAFS summary and conclusions

Using the SEM image analysis method the average giiameter of the GOs-doped
UO, matrix was found to be about 48n. The presence of chromia precipitates were
evidenced by EPMA. For all precipitates of microenesizes analyzed by EPMA the
composition was determined to be very close teOgr The mean dissolved Cr
concentration in the UOmatrix is found to b&]0.07A0.01 wt.% .

The result obtained by EPMA was confirmed by Crd¢e XANES, which showed only
Cr* as oxidation state in the precipitates. Micro-bedRD and EXAFS data were
evaluated for quantitative results concerning dattiparameter and chromium

environment in the precipitates. The lattice partamsegy andcy) were calculated based
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on two diffraction peaks, namely (024) and (110g$ of the GOz hexagonal crystal
cell. The measured values of the same lattice pateasin the doped material showed a
decreasing trend iay, an elongation alongy and hence an increase of axial ratitay,
when compared with the unit cell parameters ofregfee chromium sesquioxide powder.
The diffraction peaks assigned to chromia predip&tan UQ are rather broader than
those of the reference powder. These results stijggsprecipitates contain structural
disorder and have a distorted lattice structurd wespect to that of standard crystalline
a-Cr,0s. According to the EXAFS results obtained from chi@ precipitates data, the
first two Cr—O coordination shells are populatedhwabout 4 oxygen neighbors at an
averaged distance of 18@02. This differs from Cr bonding configuration standard
and crystallinex-Cr,O3 (six oxygen atoms in octahedral symmetry at amaggeedistance
of 1.99 A). Regarding the metal-metal correlatithre, shortest Cr—Cr distance of 2.72 A,
measured from chromia particles is notably long@ntthe Cr—Cr separation of 2.64 A
evaluated for the standaodCr,0O3. The Debye—Waller factors associated to Cr—O and
Cr—Cr bonds in the precipitates are found largantthat of the reference sample. A
possible explanation to account for these obsematis the apparent sizes of thosgdgr

crystallites that are present as prh precipitates in the chromia doped djgzllet.

The speciation of dissolved chromium have beenietudsing XAFS techniques (both
XANES and EXAFS) of two GOs-doped (0.16 wt.%) U@fuels, a pair of fresh and
irradiated (average burn-up of 40 MW d*jgnaterials, using micro-focused synchrotron
light. The results provide quantitative insightarthe local atomic environment of the
dopant chromium in uranium dioxide grains includitig oxidation state assignment.
According to Cr K-edgel-XAFS spectra of pristine and irradiated k)@he profile and
position of the edges, XANES and EXAFS are all venyilar. The measured edge
positions of the XANES spectra are 6000 eV in b@hOs-doped UQ matrixes
furnishing the chemical information of Troxidation state. These results imply that the
local structure around chromium is comparable ettho samples and no major changes
take place on the state of Cr due to irradiatidrieast up to an average burn-up of ~ 40
MW d kg in the irradiated pellet.
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To determine the local atomic arrangement of choomidissolved in the uranium
dioxide matrix, the Cr K-edge radial distributiomnttion has been compared with fine
structures obtained by ab initio multiple-shellsABS simulations using the FEFF code.
Although the experimental EXAFS data resemble Crsabstitutional U sites in the
lattice, it does not completely match with the ttetically expected EXAFS signal,
indicating disordering of atomic arrangement aro@rdatoms. A direct comparison of
position and intensity of main+t® and C+O peaks in the FT allows figuring out the
significant structural information contained on The fitting results show that the
dissolved Cr in as-fabricated Y@ surrounded by approximately six nearest neighbo
oxygens at an average distance of 20002 A. The closest GtO shell of the irradiated
sample has a similar coordination number and bengdth to that of the pristine chromia
doped UQ. A comparison of these structural values with thadt the ideal
crystallographic values of nearest@ shell in uranium dioxide indicates that the bond
length contracts and the coordination number deeean chromia-doped UOWe
emphasize that these conclusions are still preéingirand confirmation will require
further theoretical work, including experimentavéstigation of ultrathin chromia-doped
UO, samples where the contribution to micro-beam XAp8ctra emanating from any
undissolved dopant product can be neglected inyaing large grains uranium dioxide

microstructure.
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Chapter 5: Analysis of Fission Gas using EXAFS

5.1 Krypton investigations

EPMA results of Pu and some of the selected FP exlesnobtained from standard and
Cr,0Os-doped UQ are shown in Figure 5.1. Due to the higher burrfrapre FPs) and the

lower temperature (less diffusivity), more Xe iggent at the periphery. Comparing the
two irradiated fuels also the insignificant diffeoe regarding the amount of xenon of

doped and standard fuel at the rim region can kervbd.
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Figure 5.1 EPMA fluorescence spectrum of an uranium peltstandard (b) doped fuel [1].

By consequence the samples for which fission gadysis was made were from the
pellet rim. As Xe K line is not detectable at thécioXAS beamline and the L line
interferes with signals coming from other fissiorogucts, the measurements were
focused on krypton. The XAFS spectra of the Kr Ky@dollected from standard and
doped fuel particles are comparable. They show defined XAFS oscillations after a
weak white line (Figure 5.2a&b). Spectra taken frorarious particles are also
comparable. Scans over the biggest particles doaveal any systematic change of the
spectra during successive recording. If a signiicahite line is not observed in the
XAFS spectra of the noble gases (it is ‘gases’ b&eaa mixture of fission gases is
assumed to be in bubbles) at room temperaturesymesgscillations are also absent in the
near edge region. After spectrum background suidra@nd normalization the edge

energy was found by derivation to be at 14326 eVhenstandard irradiated fuel and at
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exactly the same energy in the chromia doped fitedse data allow calculations in the

space (Figure 5.2b).
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Figure 5.2: (a) Kr K-edge XAFS spectra measured from standadddmped U@fuels. (b) Thed-
weighted EXAFS function extracted from the dat&ad samples is shown.

The recorded spectra contrast with the literataseld XAFS spectra of the noble gases at
room temperature and atmospheric pressure. Astegpor the literature, the white line
and oscillations appear when the gas pressure psitgeincreases. Two possible
hypotheses may be formulated to explain the obdeX®&FS features. First, partial
dissolution of Kr atoms in the UQmatrix is suggested, however, the concentration of
these species is rather limited. Second, kryptarallalensity increases in formed
nanophases. In the first case, krypton atoms arewswled by oxide ions. In the second
case one assumes that first neighbours are otsoriigases (i.e. Xe, Kr, He...etc.). The
backscattering amplitude functions for oxygen aobl@ gases are different. For oxygen
as a neighbour, backscattering amplitudes are ddmpee rapidly than for xenon or
krypton. The absence of rapid decrease of the EXsigBal (Figure 5.2b) testifies the
lack of the oxide neighbours and supports the stessumption [2]. However, it should
be noted that recorded EXAFS signal contains aeenaigrmation on the krypton local
environment. Consequently, a small part of theaigitained from dissolved Kr in the
fuel matrix cannot be excluded. A similar conclusabout the krypton neighbour can be
obtained taking into account thfatU fission generates about ten times more Xe than Kr
[3]. The dilution effect implies that Xe most prdibais the next neighbour of Kr in any
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cluster, nano- bubble or phase containing thedisgjases. Consequently, the analysis
focuses on the presence of Xe only in the surrawgndf Kr.

It should be noticed also that the Xe/Kr atomicoraff the generated fission gas in a fuel
is determined by various fuel design specificatiand irradiation conditions such as the
initial concentration of**U, weight of the fuel, neutronic flux spectrum,aitiation
duration, operation history of the reactor, and dhalysis date, which can induce some

variations even for fuels with the same initialienment and burn-up [4].

The occurrence of other rare gases is negligilmenesof the fuel vendors for instance are
using for manufacturing conditions an atmospherel%f hydrogen in argon, but the
residual argon fraction has been found to be msttiin spent fuel. Gas release from the
nuclear fuels out of pressurized closed pores medby autoclave anneals has been
studied by Thermal Desorption Spectrometry [5].sThelease occurred in a narrow
temperature range between about 1000 and 1500 KI@gr Presence of hydrogen was
consequently negligible. Occurrence of radiogemitum is also limited in a spent fuel
that has not been aged for 1000 years.

The Fourier transform of the XAFS signal recordedrty the experiment was performed

in the k range from 1.5 to 54
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Figure 5.3 Fourier transformed EXAFS of krypton K-edge XAFSal#for standard and doped

fuels fitted with Xe fcc lattice with one Xe atormbstituted by Kr per unit cell. Conditionk

window from 1.5to 5 A&, phase corrected.

The XAFS datacy vs. k between doped and un-doped fuel confirm a largerek of
correlation for Kr in the doped fuel compared tanstard fuel; the data of the latter

exhibits more noise.
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After Fourier transform (FT) of the signal signditt differences between doped and
standard fuel are observed (see Figure 5.3). TAeseneighbour distance for the doped
fuel (3.59 A) is smaller than for the standard (866 A). In addition, the amplitude of
the FT signal is higher for the doped fuel, sugggsthat in average more gas atoms
(besides Kr probably mainly Xe) are hosted in tli& d¢fuster in the case of the LOg-
doped UQ fuel.

The internal bubble pressure can be revealed wehhelp of recorded EXAFS signals.
The comparison of the absorption data recordedbfith materials with the spectra
reported by DiCiccoet al [6] reveals a very high krypton-xenon density.t&ded
oscillations in the absorption spectra are diffefen gas and are more comparable with
the liquid or solid state of krypton. From the peadhape of our recorded data the
predicted pressure seems to lie above the cripioadt for liquid-solid phase transition,
which is 0.801 GPa at 292 K [7].

The effect of the pressure on the X-ray absorptjgectroscopy on solid krypton up to 20
GPa has been reported by Polenal. [8]. This work was completed by the study of
Lecerdaet al. [9] who reported about the local environment ofdfoms implanted into
an amorphous carbon matrix; noble gas atoms wegpéd under different internal
pressure (intrinsic stress) ranging from 1 up t&GEA. The effect of the internal pressure
on the implanted Kr atoms subject to the highhaisgd environment of the carbon
matrix was investigated. The analysis of X-ray nedge spectroscopy shows an evident
increase of the white line for both gases as tlesstincreases. This result is indicative of
clustering of the implanted Kr atoms. The analysdfithe Fourier transformed EXAFS
results for Kr atom indicates an decrease of tts fieighbour distance to about 2.8 A at
a pressure around 10 GPa with increasing compeess$ress. Since due to assumption
mentioned above regarding the Xe as a next Kr eighthe work of Garciat al [10]as
well as Martinet al [11] on Xe in UQ must also be accounted for; a Xe—Xe distance of
about 3.5-4 A (pressure dependent) was found. ThXé&distance estimated from the
rare gas van der Waals (VDW) radii and the expantaledata are compared in Table 5.1.

An octahedral configuration for the Xe next neighbatoms is suggested.
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Table 5.1: Estimation of the Kr — Xe properties and comparigdth gas atom radii [12].

Noble gas Experimental values (+0.03)
parameter CN=12 CN=6 Standard Doped fuel
Kr VDW radiusr (A) 2.02 1.78

Xe VDW radiusr (A) 2.16 1.96

Kr — Xe distancedR (A) 4.18 3.74 3.66 3.59

* Estimate from the XAFS data measurements.

Using inter-atomic distances obtained for the séathdand CiOs-doped UQ fuel the
approximation of the atomic density can be caledaihe density in number of atoms
per unit volume may be estimated in an fcc strectnodel with a Xe atom substituted by
one Kr [13]. This structure for a Kr—Xe distance~&.66 A (standard U and ~3.59 A
(doped fuel) corresponds to a density of aroun® 28oms nrif and 30.6 atoms nifh
respectively. Following the work reported by DiGicet al [6] regarding inter-atomic
distances of compressed solid Kr the pressure o siensities can be predicted. As
found for densities from 28.8 to 32.6 Hrthe corresponding pressure is located between
2.0 GPa and 4.0 GPa respectively. However, cornsgletenon as nearest neighbour,
also the work of Asaumi [14] should be taken intoaunt. In his report the estimation of
xenon bubble internal pressure was done using ttreh-BMurnaghan type equation of
state (EOS) for solid xenon at around 0 K [14]:

o IROR U DI B

where:
Bo, Bo' - bulk modulus
Vo- molar volume (T=0, P=0)

V- molar volume

Pressure quantification using the same EOS wasrejgwted by Martiret al. [11] and
by Garciaet al. [10]. Similar investigations were performed witlata of this work.
However, due to changed conditions there are skewereections that need to be done.

The main difference is the volume of the unit ¢esiélf. It is not made of homogeneous
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material anymore and substituting one Xe atom lyptkm will decrease the size of the
molar volume V). The next correction is the change in the bulldatos value. It was

reported already by [15,16] that the bulk modulmsKr fcc is smaller compared to the
Xe. The modulus difference between Xe and Kr fcab®ut ~8%. Compared to the
discussion on the changes in the atomic radii @&bl), also the difference in absolute
molar volume can be predicted and it may vary betwe2-9 %. The results for the

pressure as a function of inter-atomic distancesampared and presented in Figure 5.4.
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Figure 5.4 The apparent pressure as a function of inter-ataistance.

As can be seen the calculated pressure for staragavek!l as doped fuel vary between
the theoretical calculations for Xe and Kr fcc sture and is consistent with the
experimental data. The measured and calculatedsyreef krypton collected from
chromia-doped fuel is a bit higher than that fog #tandard one. This result could be
explained by the larger amount of FG atoms retaindthe CpOs-doped UQ material.
However, this extremely inter-atomic distance siresicalculation is strongly dependent
on the sample preparation method.

It must be noted that the way of how the samplas$ been prepared for the present
studies (2.2 Sample preparation method) is not@dti Under the peeling conditions
most of the fission atoms coming from larger bubldee lost and the signal collected
may come only from the highly pressurized nm-siggragates. Additionally, although

the investigated grains were coming from the saaggon of interest (periphery of the
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pellet) the original radial position of the graicmuld be a little different. This may cause
a small difference in the local burn-up and hemcéhe quantity of produced krypton in

both samples.

5.2 Intermediate fission gas EXAFS summary and conghssi

The krypton X-ray absorption signal has been ctdlgédor both irradiated specimens;
standard uranium dioxide and chromia-doped fuelrieo transformed EXAFS signals
revealed the nearest neighbour positions [~3.6&tAnflard U@ and ~3.59 A (doped
fuel)]. The analysis of the fcc structure densitg @ressure of the gas bubbles was based
on the presence of Xe only in the surrounding of Kr

Following previous studies described in literattine densities in number of atoms per
unit volume for standard and doped fuel were egéthand compared with the results of
internal pressure calculations obtained using tinehBMurnaghan type EOS. The results
show a slightly higher density (also pressure)asecof the chromia-doped fuel. This can
be explained as a consequence of the larger anodl#® atoms retained in the k-
doped UQ material compared to standard one. The obtainsdtsewere presented and
compared with the literature theoretical calculagioperformed for pure Xe and Kr
crystals and experimental data of xenon implantadium dioxide specimens.

It would not be correct to say that the measuredgure comes exclusively from te-
sized bubbles that are found by the EPMA investigat Due to the sample preparation
used and the size of the particles — also beingapm range — practically all fission gas
has been released. It can be assumed that onbyria gEare cases intact bubbles remain in
the ultra thin samples. However, the measured XAig8al implies the close vicinity of
gas atoms. If they are not in thm-sized bubbles, they must be either quasi disddlve
the bulk or in nano-sized aggregates. These wooldae visible with the EPMA. Here,
transmission electron microscopy (TEM) could helpobtain more information. It is a
speculation to state that the fission gas reterdiniity of doped fuel works on a scale

below the bubbles sizes measured in the typicaktamtlard examinations like EPMA.
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Chapter 6: Conclusions

This doctoral thesis is focused on studying then&toscale structural modifications of
the lattice structure in nuclear oxide fuel durimgadiation. The experimental
investigation has been undertaken for a set ohfessl irradiated standard YQCrLOs-
doped UQ and (U,Pu)@ MOX fuels; the irradiated fuel was procured froomonercial
nuclear reactors in Switzerland. One of the maijeaives of this work was to
investigate the atomic scale environment of chremas the dopant in chromia-doped
UQO, fresh fuel and the influence of irradiation onahium in spent fuels. From the
bibliographical review, it was found that the basiechanism of chromium incorporation
in the UQ lattice still remained unclear despite extensifferts. Most importantly no
information was available about the atomic scatacstire of the dopant chromium in
irradiated chromia-doped spent fuel. There aréatibt of open questions on the nature
and configuration of structural defects formed dgrirradiation in chromia-doped fuels
and the role of chromium on fuel structural evaatias well as the nucleation and
growth of fission gas bubbles, which are all catian affecting the doped-fuel
performance during reactor operation. The basimderstanding these phenomena is the
atomic scale structural development in the fuets. tRis reason, a series of experiments
based on micro-probe X-rays synchrotron light weeeformed, and modelling of the
experimental data was carried out.

The main results and their interpretation are surred as follows:

® The evolution of the U@ lattice parameter was observed in all irradiatadl f
specimens. The measured lattice parameters werpacethwith theoretical predictions.
In the data analysis, the role of Cr as a dopadtthe impact of several fission product
elements were considered. The trends observedharéentfresh U@ the lattice contracts
as a result of GOz doping, but expands in irradiated materials. Aladiated samples
behave in a similar manner (at the given burn-up) UO, lattice expansion occurring
upon irradiation, where any Cr induced effect seemagnificant and irradiation induced

defects prevalil.
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® Elastic strain energy densities in the irradiateeld were evaluated based on the,UO
crystal lattice strain and non-uniform strain. Thmain origin of the strain both for
undoped and chromia-doped specimens is considerdzk tthe same, i.e. irradiation
induced defects in the UQrystallites. The lattice strain for the chromigpdd UQ is
about 0.4%, which is not remarkably different freime corresponding result of standard
UO, specimens. This result confirms that there is etnimiental (like irradiation induced
damage) effect of chromia doping. The structurahaveour of chromia-doped and
standard UQis rather similar at the average pellet burn ofa® d kg™

® The magnitude of the measured strain in all irfediduel specimens is already in the
polygonization regime of U As a consequence, subdivision of Jgdains occurs, and
this has been clearly observed in the experimemisgaantified. Fuel polygonization is
dependent on local burn-up: in fresh fuels no potygation is found, in the centre region
of irradiated pellets some polygonization is detdctThe effect is more pronounced in
the outer or rim area of irradiated pellets. A dutative determination of sub-grains per
UQO, grain has been possible through the thesis work.

® The presence of chromia precipitates, originatechfexcess out of solid solution of
initially added chromia powder, was evidenced byWEPin chromia-doped U@fresh
fuel pellet and easily detected by micro-focusedchyotron light. The composition of
those particles was determined by EPMA to be véwgecto CsOs. Synchrotron XAS
results showed Gf as oxidation state in the precipitates. Accordimghe XRD results,
the chromia precipitates in YQontain structural disorder and have a distorsdtick
structure as compared to that of standard andadlipgt a-Cr,O3 hexagonal crystal unit
cell. EXAFS analysis has revealed that the firsb t@r—O coordination shells are
populated with about 4 oxygen neighbours at anamest distance of 1.20.02 in
chromia precipitates. This differs from Cr bondirgnfiguration in standard and
crystallinea-Cr,0O3 (six oxygen atoms in octahedral symmetry at amames distance of
1.99 A). Regarding the metal-metal correlation, shertest Cr—Cr distance of 2.72 A,
measured from chromia particles is notably longpantthe Cr—Cr separation of 2.64 A
evaluated for the standamatCr,Os;. A possible explanation to account for all these

observations is the apparent sizes of thos®{trystallites, grown on cooling to create
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second phase inclusions and present aspimnlprecipitates in the chromia doped JO
pellet.

® The local atomic structure of chromium in chrom@pdd uranium dioxide grains has
been assessed. For both fresh and spent fuelspichmohas a formal oxidation state of
Cr" in the UQ grains. The EXAFS experiments have clearly dentatesd that the local
structure around chromium is analogous in the fiasth irradiated chromia-doped WO
and no major changes take place on the state ofu€rto irradiation, at least up to an
average burn up of ~ 40 MWdkgn the irradiated pellet. This is valuable infotina for

the in-service performance and behaviour of chresojed fuel in the reactor. With a
postulated chromium-uranium substitutional, theegkxpental XAS data was analyzed in
details. There is a prominent reduction in the @efja CO bond length of about 0.3 A
in chromia-doped fresh Uompared to the idealt® bond length in standard uranium
dioxide that would be expected due to the changeffiective Coulomb interactions
resulting from replacing J by CP#* and their ionic-size differences. The contractidn
shortest Cr- U bond isd 0.1 A relative to the U- U bond length in bulk UQ It is
established in the present work that Cr incorporain UQ, disrupts both the cation-
cation and cation-anion network in the fattice and our results provide quantitative
atomic scale information of these processes.

e The X-ray absorption data of krypton in irradiatsghndard uranium dioxide and
chromia-doped fuel has been successfully achie@dained by Fourier transformed
EXAFS the nearest neighbour positions for bothdiated samples were used to calculate
the atom per unit cell density and correspondingrival pressure. The results of pressure
obtained for standard Und CsOs-doped fuel are compared and discussed. For the two
investigated samples the obtained pressure is hightéhe chromia-doped fuel.
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6.1 Outlook

The use of synchrotron radiation to analyze doped andoped fuel has revealed
structural as well as chemical information aboet doping element and fission products.
Although there are new findings and may be valuaddelts, ideas persist to continue the
work. In order to refine the results and the gyabt the sample improvements are
needed. The suggestions and recommendations tovepossible further experimental

work as well as an opening of the scope are giwetovb

. Sample preparation method Due to the activity limits at the synchrotron
beamlines one of the most difficult part of thesisewas sample preparation. In
order to obtain a better quality of spectra addaianvestigations in the sample
preparation method are required. One of the passillelas that could optimize the
volume, shape as well as the quality (polishingdlotained irradiated samples is
the sample preparation performed by means of faciuse beam (FIB). This
method combined with EPMA could also serve to pre@amples consisting of
material with purely dissolved Cr in the Y@natrix. FIB would also help to
investigate the fission gas bubbles. Having thesibdgy to determine the cutting
area of the pellet would allow collecting specimeiith chosen fission bubbles. It
would allow also collecting small samples with diint sizes and to analyse the
bubble gas pressure as a function of size of ilgegstd volume. This could then
give a hint about the nature of gas inclusionsidatthe bubbles.

. Additional investigation. The current investigations regarding the micro-
structural modifications as a function of burn-ug &#ased on results obtained
from Cr,Os-doped UQ fuels irradiated up to ~40MWd KgA new research work
could be done involving chromia-doped and standiaetiirradiated up to higher
burn-up where the atomic scale modifications areenpyonounced. Comparing
the same type of doped fuel irradiated to a highen-up would also help to
further clarify and confirm the postulates and dssions presented for lattice
changes, polygonization and state of dopant asaseilhternal pressure of fission

gas aggregates. A principal investigation of foioratnechanism(s) of high burn-
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up structure, in doped or undoped fuel, would &lsgossible. Another, complete
new field would be the analysis of fuel under ekpentally performed fast
power ramp conditions. Collaboration with respestiwmstitutes would be of
advantage.
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Appendix: Résumé de these en francais

La conjonction et l'analyse des résultats issussg#iss expérimentaux et de la
modélisation des combustibles nucléaires irrad@st :ieécessaires pour comprendre
I'évolution de leur structure a I'échelle atomiguebjectif principal de ce travail de thése
porte sur I'étude expérimentale a I'échelle atomidas changements micro-structurels
qui surviennent dans les grains de combustiblediabeyde d’uranium (U@ dopés au
sesquioxyde de chrome et dans des grains relatiigohes grands par rapport aux grains
du combustible standard. Il est par conséquent iitapb de déterminer l'impact du
chrome sur le comportement sous irradiation de ytedde fission spécifiques (gaz
nobles a la fois solubles et insolubles) sur l'étioh structurale de la matrice du
combustible irradié. Une partie du travail de thésacerne aussi les modifications
structurelles a I'échelle atomique d'un combustibOX (U,Pu)Q irradié pour
comprendre les changements structurels du comhbaustitres haut taux de combustion.
L'irradiation neutronique et les produits de fissgénérés influencent conjointement la
structure du réseau cristallographique du dioxydeadium. Par conséquent, afde
pouvoir prédire le comportement du combustible imaau macroscopique, il devient tres
important de connaitre les variations structureede comportement des produits de
fission au niveau nanoscopique et atomique. Letmbinest que les techniqgues modernes
issues des microsondes a rayonnement synchroteospg@ctroscopie d'absorption de
rayons X et de diffraction de rayons X), appliqa@Rns ce travail de these, ont la
capacité de sonder expérimentalement les structphgsico-chimiques de I'échelle

nanoscopique a I'environnement atomique.

Abréviations:

EPMA  Microsonde Electronique de Castaing TF Transformée de Fourier

EXAFS Absorption de Rayons X Etendu aux XANES  Absorption de Rayons X Etendu aux
Structures Fines Structures Fines

FDR Fonction de Distribution Radiale XAS Spectroscopie d'Absorption de Rayons X

MEB Microscope Electronique a Balayage XRD Diffraction de Rayons X

MET Microscope Electronique a XRF Fluorescence de Rayons X

Transmission
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1 Introduction

Le combustible nucléaire le plus couramment utildsins les réacteurs nucléaires
commerciaux est constitué de dioxyde d’uraniumlémitent enrichi (e fissile). La
fission de 1?®U génére des fragments Iégers et lourds qui pemurde réseau cristallin
de la matrice du combustible. La performance gmlhli combustible est associée au
rapport oxygéne uranium (O/U) de la matrice avecdioxyde d'uranium initial qui
engendre la forme hyper-stcechiométrique;lj@vec x suivant 'oxydation associée au
taux de combustion (également dénommé burn-up)

La performance du combustible standard ,U€st essentiellement limitée par les
phénomeénes d'interaction pastille-gaine (IPG), deflgment du combustible et par le
relachement des gaz de fission. Pour remédier dimgations, la tendance actuelle est
de fabriquer des combustibles Y@vancés. Une stratégie appliquée en vue d'augmente
le taux de combustion consiste a diminuer la poessinterne dans les crayons de
combustible grace a des pastilles d4BDgros grains. En effet dans ces combustibles, la
cinétique de relachement des gaz de fission (esHentent Kr et Xe) diminue. Les
études réalisées dans ce contexte montrent lgne des options possibles pour
augmenter la taille des grains des pastilles sagmenter la température et le temps de
frittage est I'addition de faibles quantités d'éitkliPar I'addition de certains dopants dans
la poudre d’'UQ (par exemple, Tig@ Nb,Os, CrOs, V,0s) la taille des grains et le libre
parcours moyen de diffusion sont augmentés, tagdés la surface totale de zone de
joints de grains est réduite. En particulier, |page de I'UQavec le CiO3 a été 'objet

de nombreuses études depuis une vingtaine d’anétees qui se sont concrétisées par
la commercialisation de produits combustibles.

D’autre part le combustible MOX contient des plutmns fissiles T°Pu et>*!Pu) issus

du plutonium produit par lirradiation de I'UOfaiblement enrichi en réacteur a eau
légere (REL), retraité puis mélangé avec de bUmur sa réutilisation en REL. Par
conséquent, le combustible MOX est a base d'unngélal'oxydes d'uranium et de
plutonium. En effet, lirradiation du plutonium come constituant fissile dans le
combustible MOX et I'immobilisation conjointe desoguits de fission radioactifs se

révele étre I'option actuelle de ‘disposition’ dufenium excédentaire.
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Alors qu'un travail expérimental important par ars&d EPMA, MEB et/ou MET a été
réalisé dans le passé en ce qui concerne |'étusleltngements structurels dans les
matrices de combustible Uu MOX, l'application de I'analyse de micro-faiaos
synchrotron |(-XRD et u-XAS) pour étudier 'UQ irradié a été tres limitéeUn frein a
I'utilisation de ces techniques est relatif auxleégentations dans l'usage de matériaux
de haute activité dans la recherche utilisantristallations de rayons X synchrotron. En
conséquence, des méthodes spécifiques ont étéogpees pour la préparation
d’échantillons a partir de combustibles irradiés.

Cette these présente une analyse approfondie giazative des résultats de mesyues
XRD et u-XAS de combustibles UQstandard, dopé au sesquioxyde de chromgOgLr

et du MOX, irradiés ou non. Elle présente égalenfamterprétation des résultats en
regard des effets induits par le chrome en tantdppant ainsi que par la présence de
plusieurs produits de fission.

Les paramétres de maille de I'Y@t les paramétres de densité d'énergie de déformat
élastique dans les matériaux irradiés ou non @ntetsurés et quantifiés. Les données de
pU-XRD ont en outre permis I'évaluation de la tailes domaines cristallins et la
formation de sous-grains a différentes positionssein des pastilles de combustibles
irradiés. On a également cherché a déterminerripzare de maille et I'environnement
atomique local du chrome dans des précipités d'exgd chrome présents dans les
pastilles de combustible non-irradié. La structiweale du Cr dans la matrice du
combustible dopé et l'influence de l'irradiatiorop le burnup considéré) sur I'état du
chrome dans la matrice de combustible ont été &sdEnfin, pour une comparaison du
comportement des gaz de fission et du phénomémésaéution induite par l'irradiation
dans 'UQ standard ou dopé, la derniere partie de ce trgwapose une tentative
d'analyse de I'environnement atomique du Kr darsscmenbustibles irradiés. Le travail
effectué par micro-faisceau XAS sur ce gaz dedissioncerne la détermination des
distances du Kr avec ses proches voisins, une a&stimdes densités atomiques des gaz
de fission dans les agrégats et des pressions@st@pparentes dans ces nano-phases de

gaz inertes.
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2 Expérimental

Dans cette étude, les analyses des matériaux déustivies ont été réalisées par
microscopie électronique (MEB et EPMA) et difféerehtechniques de spectroscopie de
rayons X (XRF, XRD et XAS) utilisant le rayonnemetit synchrotron avec un faisceau

focalisé au micrometre.

2.1 Matériaux

Les matériaux non-irradiés et irradiés de cetteleetsont de 'UQ standard, de 'U@
dopé au sesquioxyde de chrome, tous deux de qualitédnerciale, et du combustible
MOX (Pu,U)Q a 4,7% en poids de Py'autres détails sont présentés dans le Tableau
1.

Tableau 1:Caractéristiqgues des échantillons étudiés

Spécimen  Type de combustible Tauxde Tailede U Cr
combustion grain

MWdkg?)  (um) (%) (ug g*)

1 Standard non-irradié 0 10 49 <5
2 Standard irradié 39.3 10 4.9 <5
3 Dopé non-irradié 0 48 4,8 1080
4 Dopé irradié 39.6 38 4.8 1080
5 MOX non-irradié 0 40 0,8 -

6 MOX irradié 60 30 0,8 -

2Valeur indicative moyennée de la taille des granesurée au Laboratoire chaud du PSI selon la puogésSTN-E-
112, cette valeur ne représente pas la distribakiola taille des grains en fonction du rayon deslstille.
Pteneur initiale.

Le combustible dopé au sesquioxyde de chrome ¢unti®,16 % en GO3 (pour cent en
poids) et a une taille de grains ~5 fois plus é&eyée celle de 'U@standard.

Le combustible (U,Pu)fa été préparé par un procédé propre au Laboratbaed du
PSI de gélification interne résultant en petitelsesps de combustible. La taille de grain
moyenne est de ~4im contrairement a celle du combustible commerci@XVMIMAS

(mélange mere micronisé) irradié dans le mondee@tilOum).

Les matériaux combustibles ont été irradiés enraksst nucléaires suissgsqgu’au taux
de combustion souhaité_es mesures ont été effectuées sur des soustiiomsn
préparés a partir de la région centrale (IC) eiad@gion de périphérie (IR) des pastilles
irradiées.
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2.2 Analyses par MEB et EPMA.

Les analyses MEB et EPMA ont été effectuées au mdytee unité blindée JEOL JXA-
8500F a émission de champ et avec des spectroniti@sgueur d'onde dispersive.
L'analyse quantitative peut étre fagteec un faisceau d'électrons a haute énergie de 0,1
um de diamétre avec une résolution latérale gdml

Les mesures quantitatives par point ont été ré&aiséir des particules et des précipités
dans la matrice du combustible non-irradié ou idad plusieurs endroits. Les
concentrations radiales qui ont été mesurées spfrlUAlI et O dans les combustibles
non-irradiés et U, Cr, Al, Nd, Cs, Ba, Xe, Zr, Rlp et O dans les spécimens irradiés

2.3 Mesures par micro- XRF, XRD et XAS

Tous les travaux expérimentaux ont été effectuts source de lumiére suisse (SLS),
l'installation du rayonnement synchrotron de litlmstPaul Scherrer. La taille du faisceau
de rayons X focalisé utilisé pour les mesures estyrise entre 1 et dm®. Les méthodes
expérimentales utilisées sont [BXRF, la u-XRD et la p-XAS. Les éléments de la

matrice analysés dans les combustibles étaiemtrlium, le chrome et le krypton

3 Résultats et discussion
3.1 Etude duparamétre de maille des combustibles non-irradiés
La Figure 1 présente les résultats des paramétresadle des deux combustibles d'®O

non-irradiés (échantillon 1 et 3).

5.478 ;

Fresh UO5 pellets
5.476 2P i

5.474 -| -
-~ 5.472 4 B
~

.470 - B
] 5.470

5.468 - i

5.466 1| —l— Experimental value 1
—&— Calculated value

5.464

Standard UO2 chromia-doped UO2

Figure 1. Comparaison degarametres de maille expérimentales combustibles non-irradiés et
de leurs valeurs calculées en utilisant I'équadopirique basée sur les rayons ioniques et la
différence de charge entre le dopant’{Cet I'atome héte (&) dans la structure dans I'UQLes
données sont présentées en utilisant des symhidésslignes continues sont ajoutées pour guider
I'ceil.

137



Les paramétres de maille sont respectivement d&%45.469 A pour le standard et le
dopé. Ces résultats mettent en évidence une Iégeteaction du réseau fluorite cubique
par 03 x 10° A dans le combustible dopé. Pour le combustibleXM@rge (échantillon

5) le paramétre de maille mesuré est 5.454 A, valeche de celle attendue en raison de
I'incorporation de Pu dans la maille d'JO

3.2 Analyse de pecipités d’oxyde de chrome dans U@dopé non-irradié

Comme déja mentionné dans le Tableau 1 la tenelwCredans le combustible dopé
analysé étaif] 1080ug/g (soit 0,160% en poids deOg). La formation de précipités de
Cr,O3 n'a put étre évitée en dépit de la températureééleet des conditions de frittage
ajustées et appliquées dans le processus de pmuuetant donné la relativement faible
limite de solubilité de I'oxyde de chrome dans IJiDest reconnu que l'excés de,Gy
insoluble précipite toujours a partir de la solntisolide pour créer des inclusions de
phases secondaires dans la matrice d:We cartographie par EPMA est présentée sur
la Figure 2. Caractérisé par imagerie aux rayorle Kr, avec ses zones intenses (Fig.
2a), se révele clairement étre sous la forme daptés. Nous avons analysé, en utilisant
'EPMA, dix gros précipités d’oxyde de chronmeZ um) répartis a différents endroits de
I'échantillon.Dans tous les cas, la composition se révele étehprde GiOs, avec une
fraction d’Al,Os; provenant du lubrifiant utilisé lors de la fabricat

Les particules d'oxyde de chrome dans I'échantdierrombustible dopé non-irradié ont
également été mesurées paXRD. La Figure 2b présente l'intégration 1-D denfage

de Laue (non représentée). A titre de comparaisoispectre de diffraction des rayons X
micro-faisceau d’'un échantillon standard {J€st également inclus dans la Fig. 2b.
L'encart dans la Figure 2b montre le profil de la ligne deQg (110) du pic de
diffraction. A partir du résidules signaux des échantillons standards et dopés en

sesquioxyde de chrome sont extraits.
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Figure 2. (a) Exemple d'une analyse du Cr d'un précipité par EPMAsuré a partir de
I'echantillon 3. (b) Intégration 1D de l'image diiftion (Laue) des rayons X montrant plusieurs
lignes de diffraction pour I'UQdopé. A titre de comparaison, un spe¢t¥RD de I'échantillon
standard U@est également inclus dans la figure. (c) Companage la transformée de Fourier
de 'EXAFS du seuil K du Cr pour la poudre deCr,O; (référence) et deux précipités de chrome
analysés dans I'échantillon de combustible dopé.

Tous les pics intenses des échantillons d'dtandard et dopé peuvent étre attribués a

une structure fluorite cubique (groupe spatialé-‘rm no. 225) de dioxyde d'uranium.
Cependant, deux pics faible intensité (repérésdparfléches a 1,8 et 2,4 A le long de
I'axe x sur la Figure 2b) sont observés pour I'8than dopé au sesquioxyde de chrome;
ces pics ne sont pas détectés sur pWtandard. lls ne correspondent pas a des pics
mineurs d'UQ; ils correspondentependant a la phase de sesquioxyde de chrome. Cett
supposition est tout a fait raisonnable puisque pgecipités de Cr sont également

observés par EPMA sur cet échantillon.

La structure cristalline de &D; est de type de corindon (groupe d'espaée,Fho. 167)

et la cellule unitaire hexagonale compacte a teatpgr ambiante est donnée pafay =
2,740. Ici,cy désigne la hauteur de la celluleagtreprésente la longueur des cotés de
base. Les résultats montrent que ces pics sont flat eriginaires de phases
polycristallines de GOs, présentant des lignes de diffraction bien résol(@24) et (110)
correspondant aux distances interplanairds de 1,79 et 2,42 A, respectivement,
déterminées avec une précision 01 A. En utilisant la relation pour la structure
hexagonale, les paramétres de réseau des partidelegsquioxyde de chrome sont
estimés aay =4,84 Aetcy = 13,72 A. Ces valeurs semblent étre quelque pééreiftes
par rapport & celles reportées dans la littérgtore a-Cr,Oz qui sont deay = 4,95 A et

cy = 13,58 A pour la cellule standard. La légéreéléhce entre les valeurs peut étre
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attribuée au niveau de cristallisation des préggpitlans le cristal d’'UQ Il convient
également de mentionner que la largeur des deordig024) et (110) des particules de
Cr,O3; dans le combustible est supérieure a celles agtmesurées a partir de
I'échantillon de haute pureté de la poudrgOgde référence. Puisque cette largeur élevée
est la signature ep-XRD de précipités fins d€r,0O3 dans un état imparfait, on peut
conclure sur la présence de défauts dans les fgscge CyOz dans I'échantillon étudié.
L'environnement atomique local du Cr a égalemeatagialysé dans ces particules de
phases secondaires en utilisant la techniqgue ™&®%- Dans la Figure 2c, les
transformées de Fourier (TF) de 'EXAFS au K-sewilCr enregistrée pour la poudre
Cr,0O3 de référence et de précipités d’oxyde de chronaysés dans I'échantillon de
combustible U@ dopé, sont présentées. En ce qui concerne I'em@roent atomique du
Cr, on observe que qualitativement il n'y a padifi@rence majeure d’'un précipité a
l'autre, mais qu'ils différent tous distinctemerd & phase da-Cr,O; pure. Les TF des
signaux EXAFS du Cr présentent clairement des rdiffées a bien des égards, ce qui
suggere qu’il a des changements structurels nstatdas la sphére de coordination du
Cr. Les précipités formés dans I'UOprésentent des différences quantifiables de
longueur de liaison Cr-O e€r—Cr, de nombre de coordination et de fonction de
distribution radiale en comparaison des valeurd’ deCr,Os;. Dans les précipités de
Cr,03, I'analyse EXAFS a révélé que les deux premiemglgses de coordination Cr-O
sont remplies avec environ 4 voisins d'oxygéneedistance moyenne de 190,02 A,

ce qui correspond au sesquioxyde de chrome. Cédieredde la configuration de la
lisison Cr dans le GO; standard et cristallin (six atomes d'oxygéne eméigie
octaédrique & une distance moyenne de 1,99 A)eHpicconcerne la corrélation métal-
métal, la plus courte distance Cr-Cr de 2,72 A, urés & partir de particules de chrome,
est notamment plus longue que la distance Cr-C,64 A déterminée pour ke-Cr,O3
standard. Une explication possible, pour tenir denge toutes ces observations, est que
la taille apparente de ces cristallites dgdgrs’accroit lors du refroidissement pour créer
des inclusions de phases secondaires et se présentame des précipités dans les
pastilles d'UQ dopé au sesquioxyde de chrome. Les valeurs®dgacteur de Debye-
Walller) de toutes les paires atomiques sont semainit plus élevées par rapport a celles

de I'a-Cr,Os, ce qui implique un désordre structurel et detdifons dans les précipités
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d'oxyde de chrome, comme également suggéré paalysmu-XRD. Ces résultats
peuvent étre expliqués comme étant en partie tlaffet de la taille des particules L0,
probablement avec des tailles de cristalltes naomgques, nucléées par le
refroidissement de la solution solide en excesréart, par inclusion, des phases de
sesquioxyde de chrome dans le combustible tpé.

3.3Etude des parameétres de réseau des combustiblesadiés

D'une maniere similaire aux lignes de diffractices gastilles de UOnon-irradiées, les
lignes de diffraction mesurées pour les combudtilstadiés sont analysées en détail. Les
échantillons examinés sont I'échantillon 2 (IC B, II'échantillon 4 (IC et IR) et
I'échantillon 6 (IC et IR). Les valeurs expériméasaet calculées du parametre de maille

sont présentées dans le Tableau 2 et représemégdsqyement dans la Figure 3.

Tableau 2: Parametres de réseau cristallin expérimentaux letléa pour les échantillons de
combustibles dopés ou non a lI'oxyde de chrome (madié et irradié) et MOX. Les valeurs de
calcul pour le combustible irradié sont a considéaxec précaution compte tenu des effets du Cs,
Xe, Rb et Kr.

Spécimens/région Parametre cristallin
Valeur expérimentale Valeur calculée
(+ 2.0x10° (A) (A)

UOx standard non- irradié 5,472 5,47065
irradié centre 5,482 5.47449
irradié rim 5,483 5.47567
UOx dopé non-irradié 5,469 5,46715
irradié centre 5,482 5,47099
irradié rim 5,485 5,47217

MOX non-irradié 5,454 5,468

irradié centre 5,487 5,469

irradié rim 5,456 5,468

Sous irradiation, la constante de réseau moyenmemibustible standard YQOaugmente
jusqu’a 5.483 A ce qui est trés proche de la comstde réseau de I'échantillon dopé
irradié: 5.485 A avec une précision de ~ 0,03%. aport a la valeur de Uhon
irradié, la différence des paramétres de réseasigrsficative et environ égale & 123310
A (D,22% de la valeur moyenne) pour les deux comHastitopé ou non-dopé irradiés.
Les modifications structurelles du réseau et lengheent de parameétre de maille dans
ces deux matériaux (UQdopé et non-dopé) sont similaires. Les différenueservées
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dans les parametres de maille sont associéegh&lle atomique, aux modifications de

structure d'UQ@causées par les effets d'irradiation.

5.488 : : :
5.484 | i
5.480 - 4

2 5.476 i

~ ] -H - Standard UO,

]
5.472 —%— Chromia-doped uo, ~
5.468 | J. i
5.464 . : .
Pristine Irradiated Irradiated
center region rim region

Figure 3: Parameétres de maille des combustibles non-irragti@sadiés en fonction du taux de
combustion qui augmente de gauche a droite; lasdigeliant les points de données sont ajoutées
pour guider l'oell

Sous irradiation, ces combustibles ont subi urageritombre de changements de micro-
structure et de composition en fonction du tauxabustion local et de la température
dans le combustible. Ici nous nous sommes intégasacipalement aux changements
les plus susceptibles d’influencer les structuresr@seau. Dans l'analyse, nous avons
considéré principalement les substitutions de natisovalents et aliovalents des produits
de fission en solution solide avec les catiofisdans la matrice héte d’UO

L’analyse montre que les écarts maxima entre Igtante de réseau de I'J@on-irradié

et irradié, respectivement, pour le centre et é&gons de la périphérie de la pastille de
combustible, sont seulement de 3,5 £ £0et 4,7 x 10 A (sans Kr + Xe)et, de ~ 3,8 x
10% A et ~ 5.0 x 1§ A (avec Kr + Xe) pour le combustible dopé. Cesitees valeurs
sont estimées d'une maniére conservative, comptedie petites quantités solubles de Xe
(r: 2.2 A) et de Kri: 2,0 A), par exemple 0,01 % en poids. Tous cesltads indiquent
que des quantités importantes de produits de fispguvent étre accommodées sans
modification importante du réseau. Cependant, &mghment prévu de maille du réseau
UO, dans les combustibles irradiés en raison de Isepe successives de produits de
fission solubles est faible (de l'ordre de 1-3%1A jusqu'a 5x10 A d'une maniére
conservatrice), et ne peut étre utilisé seule paptiquer I'accroissement de la constante

de réseau de 12xF0A mesurée. En fait, de fortes concentrations deutg ponctuels et
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de défauts étendus dus aux gaz de fission coekkies UQ a haut taux de combustion,
ce qui augmente ainsi le réseau cristallin comnse e

Le parameétre de maille du combustible MOX non-igagkt sensiblement plus petit que
celui calculé et mesuré pour le combustible UOxj étant dii au rayon de Puplus
petit que U*. Les variations du paramétre avec la position darsombustible irradié

sont repris dans le Tableau 2.

3.4Tension critique et polygonisation du combustible dns I'UO, irradié standard et
dopé

Comme lau-XRD permet d'examiner des zones de taille micrposge, elle est des plus
appropriée pour l'analyse des tensions uniformemetuniformes de grains spécifiques
dans le combustible irradié. La Figure 4 (a&b) meres résultats de l'analyse de la

tension des combustibles irradiés standard ou dom&squioxyde de chrome.
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Figure 4. Graphique deWilliamson-Hall pour déterminer la valewr,, dans les grains de
combustibles irradiés pour: (a) Y&tandard, (b) U©dopé. (c) nombre apparent de sous-grains
par grains de combustible en fonction du taux daleetion pour les combustibles irradiés. La
ligne en pointillé est ajoutée pour guider I'oeil

La pente de la courbe dans la Fig. 4b donne lacatitatation e,, = 2,1x10° pour
I'échantillon dopé. La dilatation uniforme du tais. se trouve étre d'environ 3,0 x310
Celle-ci peut a son tour entrainer une énergieéfierchation accumulée d'U = 6,4 MJ m
% pour le combustible dopé. Suite & une analysdainmipour UQ standard (échantillon
2, IC), on obtient environ une valeur de U = 7,1 iM3J. Ces grandeurs de tension sont
déja au-dela de la limite de polygonisation du costible et la formation de sous-grains
dans les combustibles irradiés en est la conséquétsi, le nombre apparent moyen de
sous-grains par grain de combustible a été évalies résultats sont représentés

graphiguement dans la Figure 4c. Les résultats maontune tendance générale: la
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polygonisation augmente avec le taux de combudtioal. Alors que la polygonisation
n'est pas observée dans le combustible non-irratleédevient d’autant plus forte que le
taux de combustion local augmente. Cependant, ure dacteur important est la
température du combustible. Une température éleéeentre du combustible, peut étre
responsable d'un effet de ‘cicatrisation’ qui ré&d&a structure cristalline. Lorsque la
tension est suffisamment grande, les grains foolbjét de polygonisation avec des

dislocations aléatoires pour réorganiser le grainéduisant I'énergie de déformation.

3.5Environnement atomique du Cr en UOx dopé irradié enon-irradié.

Avant de discuter des résultats quantitatifs d’EX6AR est opportun de mentionner
guelques points pertinents en vue de l'analysaldesées. Comme la structure de I'JO
dopé au Cr ne peut étre obtenue directement ar mhuth spectre XAS mesuré, des
structures modeles doivent étre présumées. Laifoncte distribution radiale (FDR)
simulée correspondant au spectre doit étre calaée détermination des modeles qui
s'adaptent pour le mieux aux données. Dans ce ujyi reous décrivons d'abord les
résultats EXAFS expérimentaux sur le seujlde l'uranium. Elle est suivie par une
comparaison entre les échantillons non-irradiésratliés des résultats expérimentaux
enregistrés pour le seuil K du Cr, et 'analyse FEensidérant un comportement de
substitution cationique de chrome dans I'UQobjectif était d'évaluer le nombre et la
nature des voisins les plus proches du Cr nécesspaur reproduire au moins la forme
générale du spectre FDR expérimental au seuil KCduPour le modéle de substitution
de l'uranium par le chrome, I'utilisation du sduilde I'U permet I'analyse FEFF plus
simple pour le seuil K du Cr. Cette analyse a folarplupart des parametres pour les
cartes de contrble nécessaires dans le fichietrééeme FEFF pour générer pour la
structure cristalline du dioxyde d'uranium lesrastions quantitatives du seuil K du Cr.

3.5.1 EXAFS de l'uranium au seuil I3

La Figure 5 présente le spectre EXAFS du seudé_I'uranium mesuré a partir de I'gO
irradié et sa simulation en utilisant le programiRie-F. La premiere dérivé du spectre,
utilisée pour évaluer la position de I'énergie duils révele une valeug, de 1717@1

eV, elle est conforme aux données publiées potatlBoxydation 4+ de I'U.

144



Uranium Ls-edge

Y
a
1

Experimental
Calculated using Feff code -

N
N
1

e
©
1

*  Experimental
—— Fitted curve

g

-]

1
»

Normalized Intensity (-)

I
w
1

urier Transform [k".7(K)] (A*)
~

Fol

°

6

1 2 3 4 %
Radial distance (A) |

e
o
!

T T T T T T T T T T
17100 17175 17250 17325 17400 17475
Energy (eV)

Figure 5. Spectre d'absorption du seuy de I'uranium mesuré a partir de I'Y@®radié corrigé du
bruit de fond normalisée. Le spectre est calcue &EFF sur la base des parametres structuraux
dérivés de spectres EXAFS adaptés. Dans le méuaile modules des fonctions TF-EXAFS
pondérées ek’ sont présentés (non corrigées du déphasage)pkeses tracés en pointillé et les
courbes pleines sont respectivement expérimentaumacelélisés. La fenétre de calcul est
comprise entre 1,2 et 5,2 A

Pour une analyse quantitative de I'EXAFS expériadetd procédure d'ajustement a été
adoptée. Le FDR résultante est présentée en eswrde Figure 5. Une bonne corrélation
peut étre observée entre les spectres expérimemgawalculés. Les analyses FEFF
s'adaptent aux TF- EXAFS. Elles révéelent la présede rétrodiffusion pour des
distances U-O de 2,36 0,03 A, U — U de 3,83 0,02 A et U — O de 4,41 0,03 A
correspondant aux trois premiers trajets de difiusimple. Les nombres de voisin de
I'U absorbeur sont d'environ 8, 11 et 24 avec desefirs de DW de (& 1)x10°, (6 +
2)x10° et (13+ 2)x10% A respectivement, pour ces couches. Il ressort deérultats
que la faible teneur en chrome dans les grains gd't§pé ne produit pas de signal
EXAFS pour les paires U — Cr, l'uranium étant ha¢oabsorbeur, en raison de tres faibles
activités de rétrodiffusion a partir d'atomes ddpaAu contraire, I'étude EXAFS au seull
du chrome de I'U@ dopé est en mesure de fournir la signature deoleche de la

coordination Cr - U comme discuté dans la sectiovasite.

3.5.2 EXAFS du Cr au seuil K

Les données expérimentales des seuils d'absotgtdanCr, et les fonctiong(k) et FDR
extraites des oscillations EXAFS de combustibles-in@diés et irradiés sont présentées
sur la Figure 6. Le profil et la position des seUKANES, I'EXAFS et les courbes
d'amplitude TF sont similaires pour les deux édHans examinés. Ces résultats
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démontrent que I'environnement du chrome est anala@ns les deux échantillons et
gu’aucun changement majeur n'a lieu dans la stradacale du Cr lors de l'irradiation,

du moins pour un taux de combustion moyen desligastie combustible de ~40 MW d
kg™,
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Figure 6: (a) Spectres d'absorption des rayons X, corrigés dit bles fond et normalisés,
enregistrés au seuil K du Cr pour des combustibfesdopé non-irradiés et irradiés. Les spectres
sont décalés verticalement pour plus de clargndart montre les oscillations EXAFS pondérées
enk® en chevauchement pour les deux échantillons. édom de la partie XANES est comparé
pour les deux échantillons. Le pré-pic discuté dEngexte est marqué par une fleche. (c)
Résultats de TF-EXAFS (sans correction de déphaseffectués dans la région de vecteur
d'onde 2,6- 9,5 A™.
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L'énergie du seuil d'absorption du Cr esttde= 6000,5 = 1,0 eV dans les échantillons.
Ce spectre indiqgue que l'état apparent d'oxydationCr dans I'U@ dopé est 3+.
Cependant, un épaulement a 5996 eV (maximum) estedt dans la région XANES (Fig.
6b, marqué par une fleche). L'origine de cettecstne supplémentaire est encore
inconnue. Sur la base de la littérature elle pduétae attribuée a du € cependant la
transition de symétrie ks 4s est interdite. Dans la suite, une analyse EXéirSeuil K

de Cr pour les environnements locaux du chrome ldamsatrice UQ est discutée

Les courbes d'amplitude TF présentée sur la FiGarenontrent qu'il existe plusieurs
couches de coordination des voisins du chrome.€efoist les contributions des couches
individuelles autour du Cr ne sont pas facilessbuére a I'exception de la premiére (Fig.
6c). Pour l'affectation des différents voisins dul& fonction de distribution radiale pour
I'échantillon d’UG, dopé non-irradié a été analysée. Les enveloppasiptitude
théoriques et des fonctions de phase ont été otdgurar des simulations FEFF basées sur
le modele de structure de I'YGde référence substitué au Cr, comme indiqué
précédemment. L'affectation de caractéres distgwtda TF & 2,4 A (voir Fig. 6¢) exige
une contribution Cr - Cr ce qui ne peut étre négliglans I'ajustement de la courbe a

priori. Nous n'avons pas d'explication simple poaifaible signal du Cr dans les données
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de TF du Cr analysées. Nous eémettons I'hypothesk rgflete les contributions de
quelques nanoparticules de,Gs non dissoutes dans 'UQlopé comme déja confirmé
par la cartographie EPMA du combustible non-irragliéir les sections précédentes).
Dans cette perspective, des combinaisons linéaiteété testées sur les TF des spectres
EXAFS du Cr, en utilisant les chemins de diffusicaiculés par FEFF pour I'UO
substitué au Cr et pour la référencend€r,Os. Les distances moyennes-©r et Cr— U
déterminées dans YQlopé sont 2,02 0,03 A et 3,75 0,04 A, respectivement, avec
pour nombre de voisins 6:00,5 et 11,0t 1,0. Ce résultat signifie que des distorsions
locales de réseau s’installent autour du Cr dugsgeandes variations de longueur de la
liaison allant de 0,1 & 0,3 A en fonction de laxproté du Cr avec les atomes d'oxygéne
et d'uranium a des distances inférieures a cellégups. Il faut noter que les valeurs
idéales des plus proches distances cristallograpkid)-O et U—- U dans le dioxyde
d'uranium sont respectivement de 2,36 et 3,86 Adibdnution de la coordination ainsi
que des distances €D et Cr— U dans 'UQ dopé peuvent étre expliquées par les effets
de compensation de charge résultant de I'incorfmrateCr* sur les sites d'¢J et par la
différence de taille des catians

Un procédé de filtrage de Fourier a également ppticué pour analyser la premiere
couche d'oxygéne, le voisin le plus proche du @nsda matrice d' UOnon irradiée et
irradiée afin de déterminer la moyenne des longuele liaison et les nombres de
coordination autour des atomes de chrome. Lestaésuhontrent que le Cr dissous dans
UO, non-irradié est entouré par 6:20,5 atomes d’oxygene a une distance moyenne de
2,02+ 0,02 A ce qui est proche du nombre de coordinatiorCr: 6,0+ 0,5 et de la
longueur moyenne de liaison € : 2,05+ 0,02 A dans le U@dopé irradié. Ces
résultats sont la preuve expérimentale directelipeorporation du C¥ dans les sites
d'U** perturbe & la fois les systémes cation-aniont@re@ation dans le réseau d'Jét

que nos reésultats fournissent des informationgchdlle atomique quantitative de ces
processus. Il semble que pour 0,160 % en poidsyd®xde chrome dans UYQle
désordre atomique autour du Cr généré par le dogstgenportant, comme en témoigne
la réduction du nombre de coordination et la distanteratomique entre Cr et les atomes
d'oxygene les plus proches. Ce désordre atomigest ipas modifié par lirradiation

(pour le taux de combustion étudié ici).
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3.6 Résultats d’analyse du krypton.

Les spectres d'absorption du krypton ont été estrégi pour les deux échantillons
irradiés: UQ et UG, dopé. Les transformées de Fourier des signaux EBXét révélé

les positions des atomes voisins les plus prockaés A (UQ) et ~3,59 A (UG dopé).
L'analyse de la densité de Kr pour la structurdquea faces centrées est fondée sur la
présence de Xe seulement autour du Kr. Le rappgorhigue Xe/Kr, correspondant a
celui déduit de la littérature pour le taux de caostion des combustibles étudiés, est de
~10. Pour cettestructure et les distances Kr—Xe mesurées, lesitdsnatomiques de

~28.8 and~30.6 atomes nimsont respectivement déduites.
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Figure 7: Pression apparente en fonction de la distance atinees de gaz inertes.

Sur la base d’études précédentes rapportées dhimérigure portant sur le Xe et le Kr, et
les estimations des densités en nombre d'atomesngar de volume des combustibles
UO, et UG dopé irradiés, les pressions internes des gazpéeé@tre comparées avec les
résultats des calculs de pression internes obtenugtilisant I'équation d’état de type
Birch-Murnaghan. Ce résultat peut étre expliqué merune conséquence de la plus
grande quantité d'atomes de Xe et de Kr retenus léatombustible dopé par rapport au
combustible standard. Les résultats obtenus s@iemgnt présentés et comparés (sur la
Figure 7) avec les calculs théoriques de la littdéeapour des cristaux de Xe et de Kr purs

et avec des données expérimentales d’échantillonsitd@antés au xénon. Les résultats
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indiqueraient une densité de gaz rare légeremeist glevée (ainsi que de la pression)
dans le cas du combustible dopé.

Il ne serait pas exact de dire que la pression Mequrovient exclusivement de bulles de
tailles micrométriques que I'on détecte par EPM#iI{e de résolution). En raison de la
préparation de I'échantillon et de la taille degipales analysées de I'ordre de [if,

une partie des gaz de fission a été libérée. Lasgshnalysées sont celles d’agrégats et
de nano-bulles intactes restées dans les échantillliresminces aprés préparation. Le
signal XAFS mesuré implique la proximité des atorder et de Xe. S'’ils ne sont pas
dans des bulles de plusieyns de taille, ils doivent étre soit quasi dissoutsslia masse
(mais le voisin détecté est le Xe) soit en agrédatkille nanoscopique a haute densité et

pression.

4 Conclusions

Cette thése se focalise sur I'étude des modificatstructurelles a I'échelle nanoscopique
et atomique de matériaux de combustible nucléaiemtaet aprés irradiation. L'étude
expérimentale a été réalisée pour un ensemble mbusiibles U@ standard, U@dopé

au CpO3 et de combustible MOX (U,Pu}(non irradiés et irradiés dans des réacteurs
nucléaires en Suisse. L'un des principaux objeatiés ce travail était d'étudier
I'environnement a I'échelle atomique du chrome centuopant dans des pastilles de
combustible UQ dopé au chrome non-irradié et l'influence dealdration sur le chrome
dans les combustibles irradiés. Sur la base debléodraphie, il est apparu que le
mécanisme de base de l'incorporation du chrome ldadseau U@resteencore difficile

a cerner malgré les nombreux travaux déja réalB&aitre part la structure a I'échelle
atomique duchrome n’est pas connue dans les combustibleslié@gadopés au
sesquioxyde de chrome. Beaucoup de questions denteguant a la nature et la
configuration des défauts de structure formésdersirradiation des combustibles dopés
au chrome et le réle du chrome sur I'évolutionatieelle du combustible ainsi que sur la
nucléation et la croissance des phases de gazglenfi; questions qui sont essentielles
vis a vis de [l'évaluation des performances du castible dopé en service. La
compréhension de ces phénomeénes passe par |'arthlydéveloppement structurel a

I'échelle atomique dans les combustibles sousiatiad. Pour cette raison, une série
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d'analyses par micro-sonde a rayons X synchrottofa enodélisation des données

expérimentales ont été effectuées. Les principasxltats et leur interprétation sont

résumeés ci-dessous
e L’évolution du parametre de maille Y@ été analysée pour tous les échantillons
de combustiblesrradiés et non-irradiésLes valeurs des parametres de maille
mesurées ont été comparées avec celles préditda greorie. Dans l'analyse des
données, le réle du Cr en tant que dopant et l@tnge plusieurs produits de fission
résultant des effets d'irradiation ont été examihés tendances observées sont que,
dans I'UQ non-irradiée le parameétre de réseau diminue |égame en raison du
dopage au GOgs, il augmente cependant dans les matériaux irradiéss les
échantillons irradiés se comportent d'une maniémglesre (pour les taux de
combustion étudiés) avec l'expansion du réseau g’'dOrvenant lors de
l'irradiation, ou aucun effet induit par le Cr nentble significatif, alors que les
défauts induits par irradiation prévalent.
e Les densités d'énergie de déformation élastiquas B combustibles irradiés
ont été évaluées sur la base de la déformatioreskau cristallin de UQet de la
tension non-uniforme. L'origine de la tension emtstdérée comme étant la méme
pour les échantillons non dopé et dopé, ainsi gqaadéfauts des cristallites d'WO
irradiées, dont les plus importants sont les daioos. La déformation du réseau
pour I'UG, dopé au sesquioxyde de chrome est d'environ G;d%ui n'est pas tres
différent du résultat correspondant aux échansllda UQ non-irradié. Ce résultat
confirme que le dopage a l'oxyde de chrome n’adpeféet néfaste vis-a-vis de ce
parametre. Le comportement de la structure de 'st@ndard et de 'U@dopé est
assez similaire pour un taux de combustion moyetOddW d kg'.
e L’'amplitude des déformations mesurées dans tousétdmntillons irradiés
s’inscrit déja dans un régime de polygonisation @@sbustibles. En conséquence,
la subdivision des grains d’UOa été clairement mise en évidence dans les
expériences et quantifiée. La polygonisation du lmastible a été observée et
dépend du taux de combustion local. Pour les cotitibess non-irradiés, la
polygonisation n'a évidemment pas été détectéecehtre des pastilles irradiées,

une certaine polygonisation a été détectée localenh&effet le plus prononcé se
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situe a la périphérie des pastilles irradiées. datermination quantitative du
nombre apparent de sous-grains par grain d’'e@té possible durant le travail de
these Aucune différence significative n’a été trouvésre le combustible da@pet
non-doge.

e La présence de précipités de chrome non solulalisé& mise en évidence par
EPMA dans les pastilles non irradiées et facilentgéectés par micro-faisceau de
lumiére synchrotron. La composition de ces parisutiéterminée par EPMA
s'avere étre tres proche de,Os Les résultats XAS ont montré que I'état
d'oxydation du Cr dans les précipités est'ap'aprés les résultats de la diffraction
des rayons X, les précipités,Og dans 'UQ sont I'objet de désordres structurels et
ont une structure en réseau déformée par rappmileéadu cristal hexagonal £

de référence. Le détail des résultats d’analysendgo-EXAFS montre que la
longueur de la liaison des deux premieres couchd3reéD se trouvant sur le plan

b de sa cellule du cristal hexagonal est raccouroig poxyde de chrome précipité
tandis que celle de la premiére paire Cr - Cr dituéng de I'axe est Iégérement
allongée.

® La structure atomique locale du chrome dans lesgdHUO, dopé a également
été analysée. Le chrome a un état d'oxydatioti @ans les grains d'UGh I'état
irradié et non irradié. Les expériences EXAFS dairement démontré que la
structure locale autour du chrome est analogue tah$O, dopé non-irradié et
irradié et qu'aucun changement majeur n’a lieul'stat du Cr durant l'irradiation,
au moins jusqu'a un taux de combustion moyen ded~M¥V d kg ™. Cette
information s’avére de nature précieuse en ce qucerne la performance du
combustible pour des burn-up plus élevés qu’exasniimg et aussi pour le
comportement du combustible dopé en service. Lesi@ss XAS expérimentales
ont été analysées en détail en supposant une tsitibstiuranium-chrome. Une
réduction importante dans la longueur de liaisojacahte Cr-O d'environ 0,3 A
dans I'UQ dopé non-irradié par rapport a la longueur desdiaiidéale U-O dans
UO, serait attendue en raison de la variation desraatens coulombiennes
effectives résultant du remplacement d& par CP* et de la différence de taille des

cations. La contraction de la plus courte distaBce U est déD,1 A par rapport a
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la distance U-U dans le volume d’'YQl est établi dans le présent travail que
l'incorporation de Cr dans I'U®perturbe a la fois les systémes cation-anion et
cation-cation dans le réseau d'bJQCes résultats fournissent des informations

guantitatives a I'échelle atomique de ces processus
® Les données d'absorption de rayons X du kryptos teadioxyde d'uranium des

combustibles irradiés standard et dopé ont étégestrées avec succés. Les
distances des plus proches voisins du Kr obtenaesransformée de Fourier des
spectres EXAFS aux seuils K du Kr des deux échanslont été utilisées pour
calculer la densité d'atomes par unité de celluleles pressions internes
correspondanted.es résultats obtenus pour le combustible dopé mongue la

densité et la pression interne correspondante [gostimportantes que celles du
combustible standard, ce qui peut suggérer unentiéte plus forte des gaz de

fission dans le combustible dopé.

Afin d'affiner les résultats et la qualité des éulns, des améliorations sont
nécessaires. Les suggestions et recommandatiorss @arcadre ainsi que pour la
poursuite des travaux d'expérimentation sont:lidatiion d’une unité de faisceau d’ion
focalisé (FIB) pour la préparation de micro échimts, I'optimisation de la géométrie et
de la détection sur la ligne de micro-XAS et I'gisal d’échantillons pour des taux de

combustion plus élevés pour élargir le champ détdel ce travalil.
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