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you, Andréa and Nico, for the metallo and XRD experiments, throughout
the whole three years of the PhD. Thank you also, Renaud, for assist me
every time with the refinements or the experiments, your help was always
precious. For the experiments performed at CEA, Saclay. Thank you, Do-
minique, for the time you dedicated to me and the goodwill you showed
at every moment during my time at Saclay. I would like also to thank
Martiane, of the laboratory CP2M of the Université Aix-Marseille, your
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Introduction and objectives

”La terre nous en apprend plus long sur nous que tous les livres. Parce qu’elle nous
résiste. L’homme se découvre quand il se mesure avec l’obstacle.”

-Antoine De Saint-Exupéry

Economic and industrial context

A sustainable and balanced energetic matrix is essential for any society to develop a
robust economy. Fossil fuel such as coal, crude oil or natural gas, represents today
around the 80% of the world energy supply [1]. These types of energies have been
wildly used to provide any ordinary citizen as well as the industrialized nations af-
fordable energy to enable the use of state of the art technology, economic grow and
higher quality of life. Even if the world’s most accessible reserves of fossil fuel have
been significantly depleted, new and more complex techniques to extract these types
of fuel are in constant development, which means that the extraction of fossil fuels
is increasingly more expensive and yields a lower energy return on energy invested.
Furthermore, there is a global consensus on the impact of carbon emissions on the
climate of our planet. This situation is further aggravated by continue population
growth and accumulation of wealth at rates where the difference between the energy
needed and the energy provided by the society is increasingly higher [2]. In this
context, nuclear energy provides a middle-term valuable alternative capable of play-
ing a key role on balancing the energy matrix. Indeed, one of the most important
benefits of using nuclear energy is the low carbon emissions to the atmosphere. The
difference on the greenhouse gas emissions between nuclear power plants with coal-
fired power plants is very significant (20 g CO2/kW.h vs 1000 g CO2/kW.h) [3]. For
this reason, nuclear energy along with the other sustainable types of energy such as
photovoltaic, wind or hydroelectric plays a major role on powering the world’s future.

Pressurized Water Reactors (PWR) and Boiling Water reactors (BWR) are nu-
clear reactors that have been developed for over six decades. These reactors are
capable of working using an enriched amount of 235U (∼5%). In the case of PWR,
this reactor is also designed to work with mixed oxides (MOX) fuel where the fissile
cores are based of 235U (contained in depleted uranium), but also of 239Pu (∼8%).
More innovative types of reactors are still today being developed to produce energy
by burning a large part of the waste produced in conventional PWR and BWR. These

7



Introduction and objectives

reactors are named as Generation IV, and they are meant to run with concentrations
of Pu sensibly higher than those of the MOX fuels (from 23 to 45% 239Pu).

Independently the type of reactor, all nuclear reactors are designed under the same
mechanism: the generation of energy after self-sustaining chain reactions that produce
neutrons, fission products (FP) and energy. The FP are not randomly produced
inside the nuclear reactor. On the contrary, the fission of a fissile core results in the
formation of two atoms with different mass, one lighter and another heavier. The
bimodal distribution of FP for 235U is presented in Figure 1. Among the high yield
FP it is possible to distinguish mainly Xe, Zr, Nd, Ce, La, Y, Eu and Pr [4].

Figure 1: Distribution of FP after the fission reaction for 235U.

During operational conditions, the fission reactions do not take place uniformly
along the nuclear pellet. In UO2-based PWRs there is a higher density of nuclear
reactions (or local burn-up) at the external rim of the pellet, since the 235U atoms
located in this region are more likely to react with the neutron located on the putter
side of the fuel pin. In the case of MOX fuels, the local burn-up is concentrated
around the regions enriched with 239Pu, which are distributed along the fuel pel-
let. These regions affected with higher local burn-up present sensible microstructural
changes respecting initial the grain size and pore density, defining a particular struc-
ture commonly known as High Burn-up Structure (HBS). On the HBS region there
is an important accumulation of FP [5–10]. Figure 2a displays the burn-up profile
along with the retained Xe on the matrix of the fuel and Figure 2b shows the Nd
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concentration profile respecting the radius of the pellet. In both cases the amount of
FP at the external region is higher than the inner region.

(a) (b)

Figure 2: (a) Burn-up profile and Xe retained fraction along the relative radius and
(b) Nd concentration profile along the distance from the pellet edge of UO2-based
fuel. [7, 10] .

FP can be found under many forms in irradiated fuel, some can be found under
the form of precipitates, others are found as gas FP, and others dissolved on the
UO2 matrix. However, it is the chemical concentration of soluble FP the one capable
for changing sensibly the properties of irradiated fuel, such as the oxygen chemical
potential (µO2) or the thermal conductivity, among others. Therefore, in order to
better understand the behavior and thermochemical properties of irradiated fuel, it
is of great interest to study different UO2-based systems doped with soluble FP. In
this scenario, the study of the U-Nd-O system is of major importance, since Nd is the
most abundant lanthanide of all, and represents an important fraction of the nuclear
inventory [8]. Therefore, this work focuses on the assessment of the solubility of Nd
in order to define the U-Nd-O system.

Scientific context and aim of the dissertation

Fuel development and qualification are traditionally spread over decades, and the
process is costly. The basis for fuel development has long been empirical and ex-
perience based since the underlying physical mechanisms are not fully understood.
This is especially true for fuel fabrication where the experienced-based approach is
generally used to establish a basic recipe that provides a consistent and reproducible
industrial product. Parametric studies lead to a limited understanding of the effects
of process variables because of the system complexity (multi-scale problem). Among
the advanced fuel candidates, lanthanide-doped urania, dispersion fuels and trans-
mutation fuels reducing actinide inventories using PWR are particularly important
systems. Spent fuels are also important systems that require accurate description to
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predict their long-term behavior in interim and final storage conditions. While fuels
were already irradiated in test reactors, the limited neutron exposure and limited
available irradiation temperatures that are and will be available will be insufficient to
fully understand their structural behavior and their microstructural stability during
commercial operation, waste management, and accident conditions. The primary ir-
radiation effects occurring in fuels during commercial operation are swelling, decrease
in thermal conductivity, and changes in mechanical properties. Swelling at low tem-
perature is generally related to defect accumulation. The number of surviving defects
at a given temperature depends on the diffusion and recombination of point defects
that reduces the lattice strain, which is related to the structural and microstructural
characteristics of the fuel that determine the transport properties. The knowledge of
the phase occurring in these systems is an important starting point for modelling and
predicting how those mechanisms change the properties of the fuels. The thermal con-
ductivity of all ceramics degrades with neutron irradiation and tends to saturate at a
very low dose (less than 1 dpa). The cause of this degradation in thermal conductivity
is phonon-scattering by irradiation-induced defects (primarily vacancies and small va-
cancy clusters). Although the unirradiated thermal conductivity is dependent on the
sample material and processing route, the thermal conductivity following radiation
is a function of the radiation parameters that drive the final microstructures. The
knowledge of the possible phases occurring at-the-equilibrium and out-of-equilibrium
in the substituted urania fluorite structure are again an important factor for under-
standing and predicting these effects. Similar considerations apply to the description
of the effects of irradiation on the strength, elastic modulus, or fracture toughness of
ceramics, especially at intermediate and high temperature.

The current industrial fabrication process for conventional oxide fuels is based on
a dry powder route [11]. This is typically made by blending and milling two pow-
ders in several stages to obtain a material that can be compacted and that will give
the required homogeneity and microstructure after sintering at high temperature.
This process is very compatible with separation processes as they yield the sepa-
rated products in oxide form, the most stable chemical form of the actinides under
atmospheric conditions. Unfortunately, this process also involves high temperature
reduction processes that can be incompatible with the volatility of some compounds
(for instance americium) that can lead to process losses that need to be captured and
recycled in other ways. Also, the cooling down to room temperature of these nu-
clear fuel pellets produced at high temperature can leave them in out-of-equilibrium
conditions that display properties that cannot be extrapolated from at equilibrium
systems. This can be addressed by reducing process temperatures, and possibly by
novel fabrication processes, but this is certainly beyond the understanding provided
by a conventional parametric study approach. Structural and thermodynamic data,
combined with fundamental material properties, is used for mechanistic models in fuel
performance codes, which can be employed for predicting behavior beyond existing
experimental data. However, there is a substantial lack of knowledge on fundamental
materials properties even for conventional unirradiated fuel materials, and essentially
no information exists for most of the advanced actinide/lanthanide containing fuels.
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This situation has persisted for three main reasons. First, the experimental basis for
the properties of most simple compounds of the minor actinides is small, principally
because the engineering needs did not exist in the past. Second, many of the required
experiments are complicated: not only the materials can be radioactive, but inher-
ent difficulties exist due to the fact that the properties of these systems can change
sharply with composition. Third, reliable fundamental thermochemical and thermo-
physical information cannot yet be generated using computational techniques due to
the lack of an adequate underlying theory for the electronic structures in actinides.

This dissertation tries to provide elements to describe the thermochemical and
thermophysical properties of two different ternary systems: U-Nd-O and U-Ce-O,
relevant for advanced fuels. Accurate modeling of these systems has been unsuccessful
to date because of the complicated electronic structure associated with these materials
where the behavior of 5f-electrons is the controlling parameter. Specific attention is
devoted to microstructural evolution because of its effects on the thermomechanical
response of fuel. Many of the mechanisms relevant to microstructure evolution in
these systems seem to involve into complex structures where oxygen sublattice defects
and cation substitutions can order, and some of those features can be of kinetic origin
rather than at-the-equilibrium features. These structural and microstructural features
influence the atomistic behavior of point defects and the way they cluster, the fission
gas nucleation, migration, coalescence, bubble growth, and also phases and precipitate
formation and their thermal evolution under irradiation. Pieces of this information
are intended to enable the development of atomistic simulations for these systems
where a strong interaction between structure and defect migration and accumulation
is expected. For these reasons, a research effort is required to analyze the impact of
synthesis approaches and processes for advanced nuclear fuel forms that include sol-
gel techniques and soft chemistry processes that can change drastically the sintering
protocols and the atomistic distributions of the system components. These methods
hold promise for controlling the structural characteristics of the fuel as well as the
distribution of substituted ions and stoichiometry of these innovative fuels. We believe
that this reassessing of the structures and microstructures observed in U-Nd-O and
U-Ce-O systems can provide key elements for advancing in the challenge to develop a
fundamental understanding of these complex multicomponent and multiphase systems
that irradiation is driving far from equilibrium.

Organization of the manuscript

This dissertation describes mainly the experimental characterization and thermody-
namic modeling of the U-Nd-O system on stoichiometric and hypo-stoichiometric
conditions. A critical review of published experimental data of the three composing
binaries as well as the U-Nd-O ternary phase diagram, crystallographic structures,
and thermodynamic properties are presented in Chapter 1. This chapter also includes
the comparison with similar U-Ac,Ln-O systems (where Ac=Pu and Ln= Ce, La and
Gd). This review highlights the experimental conditions needed to evaluate the cur-
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rent miscibility gap predicted for the U-Nd-O system and the possible shortcomings
of this description. Chapter 2 addresses these shortcomings by extended characteriza-
tion of the Nd-doped samples by different techniques Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD) and X-
ray Absorption Spectroscopy (XAS)). Thermal annealing is also performed under con-
trolled reducing conditions. In Chapter 3 in-situ High Temperature-XRD (HT-XRD)
and a high temperature thermal annealing experiments are carried out to probe the
system maintained in substoichiometric conditions at lower oxygen to metal (O/M)
ratios. This chapter also analyses experimentally the U-Ce-O system to establish
a direct comparison of the phase diagrams between these two systems. Finally, in
Chapter 4, the data collected in this work are used to revise and optimize the initial
thermodynamic model of the U-Nd-O system using the CALPHAD method.
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Chapter 1

Review of the literature data on
the chemistry of UO2-based
solutions

”Science is the father of knowledge, but opinion breeds ignorance.”

-Hippocrates

The first part of this work is dedicated to analyze experimentally the U-Nd-O sys-
tem, making a particular focus on the presence of the miscibility gap, and the second
place of this work intents to develop a thermodynamic model to describe as precisely
as possible the ternary system U-Nd-O using the CALPHAD method. Therefore, to
initiate this work it is crucial to make a critical review of the published data. For this
purpose, this section presents an overview of the crystal structures, phase diagrams
and thermodynamic properties of the three binaries of the U-Nd-O system. In addi-
tion, a global review of the different U-Ac,Ln-O systems (being Ac=Pu and Ln=Ce,
La, Gd) is made about their phase diagrams and the experimental conditions used to
describe them. This overview reflects the starting point for the optimization of the
existent thermodynamic model of the U-Nd-O system.

1.1 The U-Nd-O ternary system

The first step on the assessment of an existing ternary system is to carefully evaluate
existent data related to it. The necessary data to describe a ternary system and define
its thermodynamic model can be classified basically into three groups. They are:

• Phase diagram: all phase diagrams must be considered. In a ternary system it
is first necessary to define all three possible binaries and then the ternaries at
different temperatures.

• Crystallographic structure: the description of the spatial symmetry and motif
of all atoms, oxidation states, vacancies or interstitial defects.
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• Experimental thermodynamic properties: they are necessary to define the end
members or to fit the model, like the formation enthalpy, the standard Gibbs
free energy, the heat capacity, the enthalpy increment or the oxygen chemical
potential.

1.1.1 The U-O system

Phase diagrams

The U-O system has been studied over the years due to its importance in nuclear
power plants. A critical assessment of the thermodynamic properties such as chemi-
cal potential, melting point, oxygen solubility or heat capacity of the stoichiometric
and sub-stoichiometric UO2 region, as well as the U4O9 and U3O8 phases allows to
have a fair description of the U-O system. All this information was compiled by
Guéneau et al. to model this system through the CALPHAD method in [12], leading
to the binary diagram in Figure 1.1.

According to this diagram, the formation of U+3 below 1500 K is not possible.
This means that for the stoichiometric UO2 (when the molar fraction of O equals to
0.66), the equilibrium below this temperature for the hypo-stoichiometric region is
only shared between stoichiometric UO2 and metallic uranium.

Metallic uranium can exist under different polymorphs depending on the temper-
ature [13]. From room temperature until 961 K, it exists as orthorhombic α-phase,
from 961 K until 1048 K it exists as tetragonal β-phase, and from 1048 K until its
melting point, 1407± 20 K, it exists as body-centered cubic γ-phase.

At higher temperatures, liquid uranium is at equilibrium with UO2−x [14–16].
However, a miscibility gap has been identified for the liquid phase at 3090 K [17].
These results helped to describe the transition between the liquid phase rich in ura-
nium and the fluorite phase with near stoichiometric oxygen content at 2709 K.

Unlike the hypo-stoichiometric region, the hyper-stoichiometric region of UO2+x

starts to appear at a much lower temperature, that is around 500 K. The formation of
interstitials of oxygen on the anionic sublattice on stoichiometric UO2 is more favored
than the formation of vacancies. However, at room temperature UO2 will be only in
equilibrium with U4O9, since the fluorite phase of UO2 cannot stabilize the presence
of oxygen on an interstitial position [18, 19].

Between room temperature and 1400 K, U4O9 can exist under different poly-
morphs [20–24]. They are the α-U4O9 (space group R3c), which is stable from room
temperature until 353 K. It transforms into β − U4O9 (space group F 4̄3d), stable
until 873 K, followed by a transition to its final polymorphic state under the form of
γ-U4O9, stable between 873 K and the maximum temperature of 1400 K [25, 26].
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Figure 1.1: Representation of the U-O binary diagram according to the model de-
veloped by Guéneau et al. in [12]. Solids are presented according to their chemical
formula and the liquid and gas phases are presented as L and G, respectively.

The region of existence of U3O8 is not completely defined. The domain of existence
of the U3O8−x can change according to the authors, some of them have found a
coexistence between γ − U4O9 and different intermediate phases such as γ-U3O8 [27]
or γ-U5O13 [28], others defined at lower temperatures a coexistence between the phases
α-U4O9 or β-U4O9 with α-U3O7, β-U3O7 or γ-U3O7 and U3O7 with U3O8 too [29–34].
Finally, UO3 can be present also under several polymorphs, they are α, β, γ, δ and
ε− UO3, also several authors have identified an amorphous UO3 phase [35–38].

Crystallographic structure

UO2±x

UO2±x is spatially organized according to the fluorite-type structure. This struc-
ture was initially defined after calcium fluoride (CaF2) and is the one that describes
many UO2-based systems doped with different lanthanides (La, Ce, Gd, Nd) or ac-

15



Chapter 1. Review of the literature data on the chemistry of UO2-based solutions

tinides (Am, Pu) [39–56]. The space group is Fm3̄m (number 225).

Stoichiometric UO2 displays a perfect fluorite long-range structure, where uranium
atoms have formally an oxidation state of +4. All uranium atoms are located at face-
centered cubic (FCC) positions, with coordination number 8, and all oxygen atoms
occupy the tetrahedral sites, with coordination number 4. Figure 1.2 shows the
atomic disposition of the atoms of uranium and oxygen on the fluorite structure for
stoichiometric UO2.

Figure 1.2: Fluorite structure of UO2, the grey spheres represent the atoms of uranium
and the blue spheres represent the atoms of oxygen.

The fluorite structure has a cubic unit cell with a lattice parameter (a) equal to
5.47127(8) Å (at 293 K and O/U ratio of 2.000(1)) [57]. The presence of defects
change the original stoichiometry of UO2 such as vacancies or interstitials on the an-
ionic sublattice and have consequences upon the symmetry of the resulting structures.

UO2 consists formally of U+4. Nevertheless, at higher temperatures uranium can
also exist as U+3, that causes the local relaxation of the oxygen environment and
increases its volume [58]. In contrast, the excess of oxygen will create interstitial and
vacancy defects, and U+4 oxidizes to U+5 to maintain the local charge neutrality of
the system [18, 59, 60].

Oxygen atom positions in a single crystal with composition of UO2.13 were assessed
by neutron diffraction by Willis et al. and Murray et al. in several papers [44, 61–63] .
Oxygen is at three different specific sites for this hyper-stoichiometric sample. These
three particular oxygen sites were referred as O, for the oxygen atoms located at the
classic fluorite positions, O’ and O” , for the interstitial oxygen atoms, displaced 1
Å along the directions < 110 > and < 111 >, respectively. The displacement of
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these oxygen atoms is associated with oxygen vacancies. This mechanism of atomic
rearrangement leads to the idea that oxidation of UO2 develops through the formation
of defect groups, e.g. 2:2:2 clusters or Willis defects. An illustration of the anionic
sublattice showing the 2:2:2 defect is presented in Figure 1.3.

Uranium Normal oxygenO'-[110]  

O''-[111]  Vacancy

Figure 1.3: The 2:2:2 cluster defect proposed by Willis et al. [63].

At higher O to U ratios, the initial structure develops more complex fluorite-
related phases where anion excess forms clusters with different rearrangements such
as the cuboctahedron unit U6O36 or U6O37 [61, 63].

U4O9

Depending on the temperature, U4O9 can be present under different phases. From
room temperature, until 350 K U4O9 is stable as α-U4O9. A first attempt to describe
the transition of the structure α-U4O9 to the structure β-U4O9 was made using X-ray
diffraction [20]. These results on attempting the characterization of the structure of
the α-U4O9 were not conclusive, but they indicate that it might present a trigonal
structure with the space group R3c, number 161. Even today, a number of studies
through different techniques such as X-ray diffraction or neutron diffraction to charac-
terize the atomic arrangement of the α-U4O9 phase are still in progress [19, 21, 24, 25].

Unlike the α-U4O9 phase, the β-U4O9 has been well described by a number of
authors. Different studies agreed that the structure of β-U4O9 develops a long-range
ordering superlattice in which a single unit cell contains 4x4x4 fluorite-related subcells
[20, 21, 31, 61, 63], with the space group I 4̄3d, number 220. The arrangement of atoms
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is related to the one on the fluorite structure. Its cationic sublattice remains FCC
composed by uranium atoms, however, the anionic sublattice hosts a cuboctahedron
cluster instead of a cube, like the one seen in Figure 1.2 for UO2. This arrangement is
composed by 12 oxygen atoms placed in all the 12 vertices of the cuboctahedron plus
a 13th placed in the center, see Figure 1.4. The 5 extra oxygen atoms of the β-U4O9

compared to stoichiometric UO2 affect the O to U ratio (2.2345 instead of 2.25) [13,
21].

Figure 1.4: Oxygen motif of β-U4O9 proposed by Willis [61]. The outer cube stands
is the uranium sublattice and the inner cuboctahedron presents the arrangement of
the oxygen atoms with 12 vertices and an extra oxygen atom in its center. The arrows
(out of scale) show the relaxation of the neighboring atoms of uranium (not shown)
from their original fluorite positions [21, 22, 31] .

The third polymorphic phase of U4O9 is the γ-U4O9, which appears above 873
K [64]. The accurate description of the crystallographic structure of γ-U4O9 is still
in progress [23], however, numerous authors suggest that the anionic sublattice can
also be represented, similarly to β-U4O9, through the arrangement of cuboctahedral
clusters [31, 64].

U3O7

U3O7 is not a thermodynamically stable compound and it is capable of transform-
ing into a mixture of U4O9 and U3O8 [65]. Desgranges et al. showed that oxidation
of U3O7 can start only 17 hours after its formation at temperatures as low as 483 K
[25]. U3O7 has been identified in three polymorphic states, α, β and γ. All these 3
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phases display a tetragonal distortion. The ordering of the clusters varies; this affects
the unit cell parameters. For the α-U3O7, the c/a ratio is the shortest of all three
phases, c/a=0.986-0.989 with the space group I/4m, number 87 [31], whereas for the
β-U3O7 c/a=1.03-1.034 with a space group of I 4̄2d [25, 31]. Finally, the c/a ratio for
γ-U3O7 is 1.016. The group of γ-U3O7 is still unknown [30, 31].

U3O8

U3O8 can exist under two different crystallographic forms, α-U3O8 and β-U3O8.
Normally α-U3O8 is found, which has space group C2mm, number 38, but under
special circumstances of oxidizing atmospheres and temperatures (1623 K) β-U3O8 is
obtained [66], with space group Cmcm, number 63. The transition to the hexagonal
UO3 structure when heated in air is at 523 K. However, this value is very sensitive
to pressure; it was found that under primary vacuum conditions the temperature can
increase up to 673 K [67].

The crystallographic structure of α-U3O8 and β-U3O8 are related to α and γ UO3

phase, also orthorhombic. In α-U3O8 the missing oxygen atom is located on the third
row of UO3, whereas in β-U3O8 two oxygen atoms are replaced by one halfway. Figure
1.5 shows the relationships between α-U3O8, β-U3O8 and UO3.

Figure 1.5: (a) the structure of α-U3O8, (b) UO3 and (c) β-U3O8 at room temperature.
The green circles represent the atoms of uranium, the white circles the atoms of
oxygen, and the right-hand blue circles disappear to form α-U3O8 [66].
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UO3

UO3 can be found under different polymorphic phases depending on the manu-
facturing process [30]. It can appear as amorphous UO3, or it can be present as α,
β, γ, δ or ε-UO3. The structures that define all these phases are diverse, they can
vary from hexagonal for the α − phase, orthorhombic for the β and γ-phase, cubic
for δ-phase or triclinic for the ε-phase [13, 30].

Thermodynamic properties

The thermodynamic properties of the different U-O compounds are presented in this
section. Starting from the standard formation enthalpies, standard entropies and
formation Gibbs free energies at room temperature, followed by the increment en-
thalpies, the heat capacity and oxygen chemical potential.

Standard formation enthalpies, entropies and Gibbs free energies

The measures of standard formation enthalpies, entropies and Gibbs energies were
reported by Konings et al. and Grenthe et al. in [37, 68], see Table 1.1.

Compound ∆fH◦(kJmol−1) S◦(JK−1mol−1) ∆fG◦

UO2 −1085.0± 1 77.03± 0.2 1031.833± 1.004

α− U4O9 −1128± 1.7 83.53± 1.7 −1069.125± 1.702

α− U3O8 −1191.6± 0.8 94.18± 0.17 −1123.157± 0.804

γ − UO3 −1223.8± 1.2 96.11± 0.4 −1145.739± 1.207

Table 1.1: Formation enthalpies, entropies and Gibbs free energies for the different
uranium oxides at room temperature [37, 68].

High temperature enthalpy increment and heat capacity

Experimental thermodynamic data of UO2 were characterized by a number of au-
thors. Measures of enthalpy increment and heat capacity can extend to temperatures
as high as 8000 K. Figures 1.6 and 1.7 show the evolution of both the enthalpy incre-
ment [69–77] and heat capacity of UO2 [74, 76, 78–84], respectively. It can be seen
that there is a general agreement between authors. Rochi and Hyland [85] stated that
the increase of the heat capacity from room temperature until 1000 K is governed by
progressive excitation of the harmonic lattice vibrations, which can be approximately
described by the Debye model. From 1000 K to 1500 K, the heat capacity contin-
ues to slowly increase as a result of the progressive increase in the anharmonicity of
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the lattice vibrations. After that, from 1500 K to 2670 K the increasing is governed
mainly by the formation of lattice and electronic defects. Hutchings et al. [86, 87]
and Clausen et al. [88] analysed this anomalous behavior by performing neutron scat-
tering measurements, they stated that thermally induced disorder can be caused by
Frenkel pair formation on the oxygen sublattice at temperatures greater than 2000
K.

Figure 1.6: Reduced enthalpy increment of UO2 [69–77].

Konings et al. re-fitted the experimental data to define the heat capacity as a
function of temperature [68] including the results presented by Ronchi et al. in the
pre-melting and liquid range [79] in a combined treatment of enthalpy increment and
heat capacity, which gives,

C◦p(JK−1mol−1) = 66.7437 + 43.1393x10−3(T/K)− 35.64x10−6(T/K)2

+11.655x10−9(T/K)3

−1.16863x106(T/K)−2

(1.1)

Oxygen chemical potential

The oxygen chemical potential, µO2 , is a partial molar property, therefore, it can
also be referred as ∆GO2 . The oxygen chemical potential is a very important property
of the system, since it links directly the partial pressure of oxygen with the stoichiom-
etry of the system, O/M, at the thermodynamic equilibrium. It can be defined as,

µO2 = ∆GO2 = − ∂G

∂nO2 T,P

= RTln(
PO2

P ref
O2

) + µrefO2
(1.2)

where R is the gas constant equal to 8.314 Jmol−1K−1, T is the temperature in Kelvin,
and PO2 is the oxygen partial pressure, Pref

O2
and µrefO2

are the partial pressure and the
oxygen chemical potential of the reference state, respectively.
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Figure 1.7: Evolution of the heat capacity of UO2 as a function of temperature.

The evolution of the oxygen chemical potential presents typically a very rapid
increment around O/M=2. In Figure 1.8 it is possible to see that there are no
experimental values of the chemical potential for O/M<2 at temperatures lower than
1500 K, where U metal formation occurs. UO2−x starts to appear at temperatures
higher than 1500 K.

Figure 1.8: Modeling of the oxygen chemical potential for UO2±x with Thermo-Calc
in comparison with experimental data by Guéneau et al. [12, 26, 89]
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1.1.2 The Nd-O system

Phase diagram

Experimental data concerning the phase diagram of the Nd-O system were measured
by Sano et al. [90] at temperatures between 1000 K and 1800 K. The measures of oxy-
gen solubility in solid and liquid neodymium were made by diffusion couple method
and solid state electrotransport. Dottavio et al. reported a thermodynamic model
where the binary diagram Nd-O was fairly described with a very good agreement with
the results presented by Sano et al., see Figure 1.9 [91].

In contrast with this model, Lee et al. also modeled the Nd-O binary but without
taking into account the experimental values presented by Sano et al. (Fig 1.10) [51].
The binary diagram Nd-O published by Lee et al. neglects the low solubility of oxygen
on the α-Nd and β-Nd phases and it establishes directly the equilibrium between these
two phases and A-Nd2O3. At higher temperatures, they propose also an equilibrium
between the β-Nd phase and the liquid phase, in contrast with the observations made
by Sano et al. [90].

Figure 1.9: Calculated binary phase diagram of Nd-O for 0 < x < 0.16, reported by
Dottavio et al. [91]. The experimental points published in [90] are marked in blue.
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Figure 1.10: Calculated binary phase diagram of Nd-O, reported by Lee et al. [51].

Crystallographic structure

Nd2O3 has a special behavior among the lanthanide-based sesquioxides. At room
temperature, Nd2O3 is found typically under the trigonal A-type structure (space
group P 3̄m1, number 164). However, it can also appear under a metastable cubic
C-type structure which is the bixbyite structure (space group Ia3̄, number 206) [92].
This difference is accepted since the transition of lanthanides from the A-type to
the C-type structure occurs around (or at) Nd2O3 [93]. In general terms, published
thermodynamic data referred to A-Nd2O3 as the stable polymorphic form at room
temperature. Figure 1.11 shows the crystallographic structure of A-Nd2O3.

At higher temperatures, A-Nd2O3 exhibits the same behavior as the lanthanide-
based sesquioxides with higher ionic radius, which are praseodymium, cerium and
lanthanum, see Figure 1.12. The first phase transition is the transition A→H at 2373
K [94, 95]. The H-Nd2O3 has an hexagonal structure, with a space group P63/mmc,
number 194. Finally, the latest transition before reaching the melting point happens
at 2473 K , which is the H→X [95]. X-Nd2O3 has a cubic structure and a space group
Im3̄m, number 229.
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Figure 1.11: Polyhedral representation of A-Nd2O3. The blue spheres represent the
atoms of neodymium and the smaller red spheres represent the atoms of oxygen. The
sticks red and blue are the bonds between the atoms of neodymium and oxygen.

Figure 1.12: Evolution of the temperature-dependent polymorphic transition of lan-
thanide sesquioxides. The symbols represent the values reported in literature [96].
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Thermodynamic properties

Standard formation enthalpies, entropies and Gibbs energies

The standard formation enthalpies, entropies, transition temperatures, transition
enthalpies and transition entropies for the different Nd2O3 phases reported by Zinke-
vich et al. and Konings et al. [68, 96] are shown in table 1.2.

Compound T (K) S◦ ∆fH
◦ Transition ∆transH

◦ ∆transS
◦

A−Nd2O3 298.15 157.89 -1809.9 - - -

H −Nd2O3 2373 - - A→ H 33189 13.986

X −Nd2O3 2473 - - H → X 11300 4569

Nd2O3(liq) 2593 - - X → L 99132 38.23

Table 1.2: Transition temperature, entropy, formation enthalpy, types of transition
and transition enthalpy and entropy for the different neodymium oxides.

The reported values of the melting point after the X-Nd2O3 transition can vary
depending on the authors [97–103]. The values of the melting point start from 2486
±30 K [97] and can go until 2613±10 K [100], the selected melting point on this
document is the one presented by Granier et al. of 2598 K [103].

Similar to the estimation of the melting point, the enthalpy of formation of A-
Nd2O3 was calculated by many authors using different methods such as combustion
calorimetry or solution calorimetry [68, 104–107]. There is a reasonable good agree-
ment, this document selects the value presented by Dinsdale et al. of 1809 kJ.mol−1

[108].

High temperature enthalpy increment and heat capacity

The measurements of the enthalpy increments were made by Blomeke and Ziegler
and Pankratz et al. from temperatures of 384 K until 1172 K and 400 K until 1795
K, see Figure 1.13 [109, 110]. The heat capacity of the A-Nd2O3 has been measured
from very low temperatures by different authors [111, 112]. Measures can start from
5 K and go on until room temperature [112]. A very good agreement between these
two authors allowed Konings et al. to recommend an equation of the heat capacity
based on the polynomial fit of the studies [68], which can be extrapolated until the
transition temperature (2373 K),
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C◦p(JK−1mol−1) = 117.1079 + 28.13655.10−3(T/K)− 1.25845.106(T/K)2 (1.3)

The heat capacity for the H, X and liquid phases have been only estimated, since
there is no reported experimental measurements, Konings et al. selected these values
[68] as,

C◦p(H,T ) = C◦p(X,T ) = 145J.K−1

C◦p(H = liq, T ) = 160J.K−1

Figure 1.13: Enthalpy increment in Nd2O3 presented by Konings et al. [68].

1.1.3 The U-Nd system

Phase diagram

To our knowledge, not many characterizations were made on the U-Nd binary system.
Haefling and Daane evaluated the solubility of different rare-earths in uranium with
equal amounts of each compound [113]. Their results on the U-Nd phase diagram
showed that both uranium and neodymium have almost negligible solubility with each
other, and that the phases present on the system are basically the metallic elements
on their stable form at a given temperature. The solubility of rare-earths in uranium
for temperatures above 1273 K is shown in Figure 1.14,
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Figure 1.14: Solubility of rare-earths in uranium for temperatures of 1273 K -1523 K
[113].

The U-Nd system was modeled by Dottavio et al. and Lee et al. using the CAL-
PHAD method [51, 91], see Figures 1.15 and 1.16. Both models present important
differences, the model made by Dottavio et al. takes into account the results pub-
lished by Haefling et al.[113] whereas the model published by Lee et al. does not.
Therefore, the model presented by Lee et al. has two phases completely insoluble
with each other. On the contrary, Dottavio et al. defined a region where there is sol-
ubility between uranium and neodymium on the liquid phase, which increases with
temperature up to concentrations of uranium near to 2% and 0.5% for Nd at 1500 K.

(a) (b)

Figure 1.15: (a) and (b) show on the extremes of the phase diagram to appreciate
the low solubility of both metals [91].
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Figure 1.16: Calculated U-Nd binary diagram after the proposed thermodynamic
model [51].

Crystallographic structure

The solubility of uranium in neodymium is very low at temperatures beneath 1273
K (less than 3%).Thus, it is not meaningful to refer to a crystallographic structure
made from these two metals.

1.1.4 The U-Nd-O system

Phase diagram

Neodymium can substitute in UO2 as a FCC mixed oxide. Concerning the solubility
of Nd in U, there is not a general agreement between the different authors. Some of
them propose the existence of a miscibility gap at room temperature on the hypo-
stoichiometric region of the phase diagram [114], other proposed the existence of a
miscibility gap on the hyper-stoichiometric region of the phase diagram [51] while
other propose a full miscibility up to 50% of Nd [52]. This section is dedicated to
analyze thoroughly the description of the phase diagram of these authors and expose
the differences between them.

The U-Nd-O ternary system was first assessed by Lambertson in [115] by studying
the pseudo-binary diagram UO2 - Nd2O3. In this work, the system presents a single
solution for temperatures above 2073 K for concentrations of Nd lower than 64%, see
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Figure 1.17. After this value, there is a coexistence region between the single FCC
solution and the trigonal A-Nd2O3 phase.

Figure 1.17: Description of the U-Nd-O system made by Lambertson through the
pseudo-binary diagram T vs UO2-Nd2O3 [115].

Another description of the phase diagram was made by Keller and Boroujerdi in
the region UO2-U3O8-Nd2O3 at 1623 K [116], Figure 1.18. On this isotherm it was
seen a coexistence region between the single FCC solution and a rhombohedral phase
for a concentration of Nd between 75% and 85%. In addition, for higher concentra-
tions of Nd they stated a coexistence region between a rhombohedral phase and the
A-Nd2O3 phase.

Wadier et al. schematized the U-Nd-O system at 1123 K (850◦C) using an orthog-
onal representation of the pseudo-binary O/(U+Nd) vs Nd/(U+Nd) in [52], Figure
1.19. A general agreement concerning the solubility of Nd is found with the precedent
representations. In this case, the rhombohedral phase is seen above 80% Nd and the
trigonal phase starts to appear above 84% Nd.

The major disagreements for describing the U-Nd-O phase diagram exist at room
temperature. Therefore, the assessment of this isotherm will not only involve the
description of the phase diagram, but also the conditions under which each author
defines it.
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Figure 1.18: Extract of the phase diagram at 1623 K reported by Keller and Borou-
jerdi [116].

Figure 1.19: U-Nd-O phase diagram proposed by Wadier in [52] at 1123 K (850◦C).
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Desgranges et al. first assessed the stoichiometric and hypo-stoichiometric region
of the U-Nd-O system at room temperature by describing the existence of a miscibility
gap using samples manufactured by the co-grinding of the initial UO2 and Nd2O3

oxides, sintered at 1623 K [114], see Figure 1.20. In this work, two FCC phases coexist
with two different lattice parameters. This difference was explained by the oxygen
to metal ratio (O/M) of each phase, where the phase rich in oxygen is described as
U1−yNdyO2 and the phase poor in oxygen as U1−yNdyO2−x, similar to what is observed
on the systems U-Pu-O or U-Ce-O [43, 54]. Figure 1.20a shows the difference of the
lattice parameter for each phase and Figure 1.20b schematizes the proposed U-Nd-O
phase diagram.

(a) (b)

Figure 1.20: (a) Lattice parameter of both the stoichiometric U1−yNdyO2 phase and
the hypo-stoichiometric U1−yNdyO2−x phase, and (b) extract of the phase diagram of
the (U,Nd,O) system at room temperature reported by Desgranges et al. [114].

The description of the phase diagram proposed by Desgranges et al. was not the
line with the observations made by Venkata et al. through a series of XRD patterns,
showing a single solid solution for samples with different concentrations of Nd and
different O/M ratio, Figure 1.21 [117]. This work used samples manufactured by the
chemical precipitation of the metals using nitric and citric acid and the only biphasic
system was seen for samples with a concentration of Nd greater than 85%, whose
origin was explained by the limited solubility of Nd in U.
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Figure 1.21: XRD patterns for samples with different Nd concentration and hypo-
stoichiometric O/M ratios [117]. All samples display a single solution except the
sample U15Nd85O1.61, which shows a coexistence between the FCC structure and the
Nd2O3 hexagonal phase.

Dottavio et al. were also able to spot the miscibility gap at room temperature
by performing one HT-XRD measurement on a sample doped with 28% of Nd under
reducing conditions (Figure 1.22), also made by the mechanical mixing process. This
study consisted on probing the reversible nature of phase separation by defining a
transition temperatures where the system reaches full miscibility and the biphasic
system becomes monophasic, being this particular temperature equal to 745 K. Fig-
ure 1.23 presents the phase diagram deduced from the HT-XRD measurement.

Figures 1.22 (a) and (b) compare the evolution in temperature of two samples
sintered at two different temperatures: 1973 K and 1673 K. The samples sintered at
1973 K display a reversible evolution whereas the samples sintered at 1673 K does
not. This contradicted behavior was explained by the author as a consequence of a
non-sufficiently high sintering temperature. It was explained that 1673 K as a sinter-
ing temperature could not allow to obtain homogeneous samples, unlike 1973 K where
complete homogeneity was stated to be found. These results question the validity of
the observations made by Desgranges et al. in [114], since the samples used in that
work were sintered at 1673 K, which were proven to by heterogeneous on the work
presented by Dottavio et al. in [118].

The thermodynamic description of the miscibility gap of the system U-Nd-O
through the CALPHAD method using the software Thermo-Calc was made by Dot-
tavio et al. in [91]. The model used on this work is compatible with the previous
observation in temperature and further studies by XRD at room temperature. where
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the miscibility gap is located on the hypo-stoichiometric region (Figure 1.24 (a)) and
745 K is the temperature at which the biphasic system becomes monophasic for a
sample doped with 27%Nd (Figure 1.24 (b)).

Figure 1.22: Isodensity maps of the HT-XRD measures reported by Dottavio et al.
in [91] for samples doped with 28% Nd. The picture on the left shows the reversible
behavior of samples sintered at 1973 K and the picture on the right shows the non-
reversible evolution of samples sintered at 1673 K.

Figure 1.23: Deduced description of the U-Nd-O phase diagram reported in [118]. The
yellow region stands for the miscibility gap and the blue line represents the tie line
that the defines both FCC A and FCC B phase at the thermodynamic equilibrium.

At this point, an important remark concerning the Figures 1.23 and 1.24 (a)
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should be made. Figure 1.23 schematizes the miscibility gap of the U-Nd-O system
based on a single HT-XRD measure. On this image the tie line (defined as the
lines on the phase diagram that join the two phases stable at the thermodynamic
equilibrium) indicates a phase FCC A with higher concentration of oxygen and higher
concentration of Nd than the phase FCC B. On the contrary, the Figure 1.24 (a)
displays three tie lines that evolve on the opposite way, that is, the phase FCC 1 has
higher concentration of oxygen but lower concentration of Nd than the phase FCC
2. These behaviors are incompatible, and require mass transport of the metals in the
cation sublattice. Cationic mobility in UO2-based systems was analyzed in multiple
occasions. Depending on the system, rearrangement of the cationic sublattice can
take weeks, since normally metallic diffusion coefficients are small in comparison with
oxygen diffusion coefficients (typically several orders of magnitude) [41, 119–121] .

(a) (b)

Figure 1.24: (a) Calculated U-Nd-O phase diagram from the model developed in [91]
at room temperature showing the formation of two phases joined by the tie lines,
and (b) pseudo-binary diagram in temperature. The blue dot stands the transition
temperature from the biphasic to the monophasic system obtained after the HT-XRD
acquisitions.

Another thermodynamic representation of the U-Nd-O system was made by Lee
et al.in [51]. Also through the CALPHAD method, but using the software Factsage,
the model uses A-Nd2O3 and rhombohedral phases at 1523 K and 1123 K seen in
Figures 1.18 and 1.19 from [52, 116]. The miscibility gap is located on the hyper-
stoichiometric region of the phase diagram, see the isotherm at 800 K in Figure 1.25.
This prediction is not supported by empirical evidence yet.
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Figure 1.25: Calculated U-Nd-O ternary isotherm at 800 K from the model developed
in [51].

Thermodynamic properties

Calorimetric measurements: enthalpy increment and heat capacity

Measurements of the enthalpy increment for samples in the temperature range
800 K - 1800 K were reported in [117] and were fitted into a four term polynomial
function as follows,

HT −H298(Jmol−1) = AT +B.10−3T 2 + C.10−5T 3 +D.10−4T 4 (1.4)

The concentration in Nd for the samples analyzed in [117] were 20, 40, 60, 80%
Nd and the coefficients of the polynomial function are presented in table 1.3.

Coefficients (U0.8Nd0.2)O2±x (U0.6Nd0.4)O2±x (U0.4Nd0.6)O2±x (U0.2Nd0.8)O2±x

A 77.81 69.01 68.16 68.5

B 1.859 3.714 2.846 1.616

C 13.4035 6.8215 8.6122 9.2436

D -2.7859 -2.3193 -2.3463 -2.3665

Error
(J mol)−1 609 761 755 949

Table 1.3: Coefficients of the polynomial expression of the enthalpy increment mea-
sured on temperature rang of 800 K - 1800 K [116].

In addition, measurements of the heat capacity by differential scanning calorime-
try (DSC) along with the fitted polynomial were reported also in [117]. Figure 1.26
presents the results of the measurement for the set of samples from the polynomial
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functions based on the experimental results calculated on the temperature rang of 280
K - 1800 K (table 1.4) in comparison with a baseline calculated between 280 K-900 K.
The values were extrapolated until 1800 K to visualize growing tendency of the heat
capacity at temperatures above 1200 K (similar to the behavior of pure UO2 showed in
Figure 1.7), explained also by the progressive formation of Frenkel pair oxygen defects.

The correspondent expressions for the baseline heat capacity and the experimental
heat capacity are,

Cp(Baseline) = A+BxT + CxT−2 (1.5)

Cp(Experimental) = A+BxT + CxT−2 +DxT 2 (1.6)

Figure 1.26: Heat capacity measures in [117] with the fitted polynomials.

Sample
Fit equation
(J.K−1.mol−1)

S. Error
(J.K−1.mol−1)

(U0.8Nd0.2)O2±x 85.49-5.89.10−3T - 1.828603.106T−2-3.0328.106T−2 0.35

(U0.6Nd0.4)O2±x 78.3-7.29.10−3T -1.134468.106T−2+5.3802.106T−2 0.69

(U0.4Nd0.6)O2±x 75.76-5.86.10−3T - 1.179640.106T−2+4.2573.106T−2 0.92

(U0.2Nd0.8)O2±x 73.10-3.24.10−3T - 1.193696.106T−2+2.2558.106T−2 0.52

Table 1.4: Coefficients of the polynomial expression of the heat capacity measured
on temperature range of 298 K-1800 K [116].

37



Chapter 1. Review of the literature data on the chemistry of UO2-based solutions

Oxygen chemical potential

Not many characterizations of the oxygen chemical potential have been made for
the U-Nd-O system. Tetenbaum measured the oxygen chemical potentials for samples
doped with 10% and 20% Nd through a transpiration technique at the temperatures
of 2155 K and 2485 K [122]. Wadier analyzed samples doped with 20%, 30% 40% and
50% Nd at 1123 K by measuring the O/M ratio with a thermobalance with different
CO/CO2 and Ar-O gas mixtures [52]. Une and Oguma also calculated the chemical
potential for samples doped with 14% and 27% at temperatures of 1273 K, 1573 K
and 1773 K measuring the O/M ratio by a spectrophotometric method [123]. Finally,
Lee et al. extended this study for samples doped with 5.6%, 15.5%, 29.5% and 53%
Nd at the temperatures of 1281 K, 1586 K, 1790 K and 1944 K [51]. Figure 1.27 shows
the thermodynamic calculations of the oxygen chemical potential made by Lee et al.
along with the experimental points measured by Lee et al. and Une and Oguma.

Figure 1.27: Oxygen chemical potential for the U-Nd-O system for samples doped
with 14% and 15.5% Nd (a), and 27% and 29.5% Nd at various temperatures [51].

1.1.5 Conclusion

The analysis of the existent data respecting the U-Nd-O system showed that there
is a disagreement on the definition of the phase diagram. Some authors detected the
presence of a biphasic domain for concentrations of Nd greater than 9% and O/M
ratio < 2, others detected the presence of the biphasic domain for O/M ratios > 2,
and others reported the full miscibility of Nd in the FCC phase. To have a more
comprehensive knowledge about what might cause this difference, it is essential to
assess other similar Ac,Ln-based ternary systems. For that purpose, next section is
dedicated to present a global overview of U-Ac,Ln-O phase diagrams.
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This approach allows us to make a global comparison on the solubility of different
dopants on the UO2 matrix, and their influence on the formation of the different
phases that compose the phase diagram.

1.2 Review of the literature data on the U-Ac,Ln-

O ternary systems

The following sections propose to analyze different systems based on Pu, which is an
actinide formed after the neutronic absorption of U238, and other high yield fission
products, they are, Ce, La and Gd.

For each assessed ternary, the analysis consists on presenting the set of samples
used by each authors along with the used manufacturing process and the definition
of the phase diagram reported by each author. This procedure allows us to detect
the differences and similarities reported by each author concerning the definition of
the phase diagram.

1.2.1 The U-Pu-O system

The phase diagram of this system was defined on both the hypo-stoichiometric and
hyper-stoichiometric region. The following subsection is then dedicated to describe
in detail the U-Pu-O phase diagram, particularly paying attention at the biphasic
domain.

Ever since the 1960s, the ternary system U-Pu-O has been of great interest on the
scientific community. Nuclear fuel based on U and Pu mixed oxides (MOX) are still
today used on Light Water Reactor (LWR) and are meant to be used in the modern
Generation IV Fast Breeder Reactor (FBR) [124]. Studies on the crystallographic
chemistry of (U,Pu)O2 indicated that the Pu atoms are placed at the same position
as U in its original FCC structure, see Figure 1.28a. Indeed, if all atoms of U and
Pu maintain their oxidation state as U+4 and Pu+4, the fluorite structure remains as
such varying only its size with the addition of Pu. This behaviour can be visualized
on the Figure 1.28b where is presented the variation of the lattice parameter as a
function of the Pu concentration for O/M=2. The systems follows the Vegard’s Law
[56].

39



Chapter 1. Review of the literature data on the chemistry of UO2-based solutions

(a)

(b)

Figure 1.28: (a) black and grey circles represent the FCC structure formed by both
U and Pu cations [125], and dashed circles represent the anionic sublattice in form of
a cube on U-Pu-O mixed oxides. (b) evolution of the lattice parameter for different
concentrations of Pu on the U-Pu-O system published by Truphémus et al. in [56]
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Manufacturing processes used to assess the U-Pu-O phase diagram

To describe the U-Pu-O phase diagram, the authors used different manufacturing
methods. Sari et al. studied the uranium-plutonium mixed oxide on samples doped
with 5 to 97%Pu by co-precipitating ammonium diuranate and plutonium hydroxide
from a nitrate solution [126]. The procedure consisted on calcining, compacting to
pellets and sintering in a N2+8%H2 mixture at about 1923 K. Markin and Street
also used samples made by co-precipitation of ammonium diuranate and plutonium
hydroxide, these precipitated powder was filtered, washed and dried in air at 373 K
for several hours and then heated in an H2 flowing stream at 973 K for 2h [127].
The powder was pelleted, and sintered in vacuum at 1823 K for 4h. Kato et al. and
Komeno et al. used samples manufactured through the mechanical blending method,
the mixed powders were pressed and sintered at 1923 K for 3h in an atmosphere of
Ar+5%H2 with added moisture [55, 128]. Finally, Truphémus et al. and Vauchy et al.
used samples made through the co-grinding process. Then, the powder was pressed
and sintered at 2023 K under Ar+5%H2+∼5 ppm HO2 for 24h under Ar+5%H2

[56, 129–131]. A summary table presenting the manufacturing methods used by the
different authors is presented below, see table 1.5.

Author Route Concentration range (%Pu )

Sari et al. Wet route 5-97

Markin and Street Wet route 11-58

Kato et al. Dry route 30

Komeno et al. Dry route 30

Truphémus et al. Dry route 15-65

Vauchy et al. Dry route 28-45

Table 1.5: Manufacturing processes and concentration ranges of the different authors
that described the U-Pu-O phase diagram [54–56, 126, 128–131] .

Description of the U-Pu-O phase diagram

Markin and Street, and Sari et al. were the first authors that described the hypo-
stoichiometric region of the U-Pu-O phase diagram at room temperature [54, 126].
For values of O/M<2, they identified a region where the system does not behave as a
monophasic system. The limits of this biphasic region are slightly different between
these authors, Markin and Street proved that this region starts for concentrations
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of Pu greater than 35% and Sari et al. stated that it starts above 17%Pu. To-
day, the phase diagram commonly proposed in open literature is the one proposed
by Sari et al. and this biphasic domain is defined as a miscibility gap, see Figure 1.29.

For concentrations below 45%Pu, the miscibility gap defines two FCC phases, one
phase rich on oxygen where all Pu is found as Pu+4 and another with lesser amounts
of oxygen where Pu appears as Pu+3. At the limit of the miscibility gap, the system
has a transition region from FCC to BCC for the phase poor in oxygen, marked on the
graphic as the zone with blue stripes [55, 126, 128, 132]. On this region, it is possible
to find a triphasic system between two FCC phases, and the third BCC phase. At
higher Pu amount, there is a biphasic system between the stoichiometric FCC phase
and the hypo-stoichiometric BCC phase.

Figure 1.29: Isotherm of the ternary diagram of the U-Pu-O system schematized in
[Gunéneau 2012]. The dashed central region represents the transition region where
the hypo-stoichiometric FCC structure becomes a BCC structure.

A representation of the evolution of the lattice parameter for different concentra-
tion assessed by Sari et al. and Truphémus et al. is schematized in Figure 1.30 [56].
In both cases, there is a good agreement concerning the lower limit of the miscibility
gap. Sari et al. stated a larger difference between the lattice parameters of the two
FCC phases than Truphémus et al. for concentration of 25%Pu. From then on, there
is a global general agreement on the calculation of the lattice parameter for both
hypo-stoichiometric and stoichiometric phases.
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Figure 1.30: Lattice parameter of the U-Pu-O as a function of the Pu concentration.
Grey symbols were acquired by Sari et al. and red symbols by Truphémus et al. [56,
126].

The miscibility gap on the U-Pu-O system is also capable of evolving with tem-
perature. Multiple authors assessed the critical temperature of the system for con-
centrations between 22 and 95%Pu [54–56, 126, 128–131] . The biphasic domain can
exist at temperatures greater than 900K for Pu concentrations over 95% [126]. Its
evolution in temperature was modeled by Guéneau et al. through the CALPHAD
method using the software Thermo-Calc [12], see Figure 1.31.

The description of the phase diagram established between the different authors is
coherent regardless the synthesis process used to produce the samples. All authors
indicate the presence of a miscibility gap at room temperature for O/M ratios <2 and
concentrations of Pu greater than 20%. Comparing Figures 1.24a with 1.29, one can
easily say that the systems are similar, considering the presence of a biphasic domain
and the concentration at which this region appears. The most evident differences
appear for higher concentrations of Nd (>50%), where the miscibility gap ends and
begins the equilibrium with the A-Nd2O3 phase. Another important observation
can be made considering the kinetics of phase separation. Both biphasic domains
were observed within the time of acquisition of the XRD patterns, which means that
phase separation is governed by the oxygen mobility since it occurs at relatively low
temperatures (<745K).
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Figure 1.31: Calculated phase separation temperatures for the concentrations 23,
30, 42, 58, 90 and 95%Pu from [12] in comparison with experimental results at the
different concentrations published in [55, 126, 128, 132] . The results reported in [56,
130] are also compatible with the development of the miscibility gap but they are not
included in this figure.

1.2.2 The U-Ce-O system

Ce is a high yield fission product capable of dissolving extensively into the UO2 ma-
trix. Thus, in order to predict the chemistry of nuclear fuel, it is of major importance
to understand its chemical behaviour. CeO2, like UO2 and PuO2, has fluorite struc-
ture, it also has similar ionic radii to Pu, and it is capable of existing as Ce+3 and
Ce+4 in solid solution [133–135]. These shared characteristics between Ce and Pu
have been the motivation to use Ce as a surrogate for Pu due to the many obsta-
cles associated to the handling of PuO2. However, this is not in agreement with the
thermophysical properties. A number of publications have shown that heat capac-
ity, thermal diffusivity or thermal conductivity of CeO2 exhibit important differences
with PuO2 [136–139].

Independently of these differences and similarities with the U-Pu-O system, the
U-Ce-O system is considered to have a major role in nuclear fuel performance in high
burn-up fuels. Therefore, a summary of the manufacturing processes used to describe
the phase diagram is presented. The next section is dedicated to describe the U-Ce-O
phase diagram at both room temperature and in temperature.
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Manufacturing processes used to describe the U-Ce-O phase diagram

The U-Ce-O system was described using samples manufactured by different means.
Markin et al. defined the phase diagram using samples prepared by evaporating the
uranyl nitrates and cerium nitrates with a stream of argon at 973 K for 2h. Then, the
remaining powder was pelleted and sintered in vacuum at 1873 K for 2 h, crushed, re-
pelleted and sintered again at 1873 K for another 2h. Finally, the final stoichiometry
was achieved by heating with a gas mixture 1/1 of CO/CO2 at 1123 K[43]. Lorenzelli,
on the other hand, defined the phase diagram employing samples manufactured by
co-grinding and then sintered twice at 1973 K under an atmosphere of Ar+10%H2

to guarantee a good homogeneity of the solid solution [42]. Finally, Simeone et al.
studied a single sample doped with 44%Ce made by the co-precipitation of an oxalic
precursor followed by a calcination stage and sintering at 1973 K for 4h under an
atmosphere of Ar+5%H2 and 0.12% of water vapor [140].

Author Route Concentration range (%Ce )

Markin et al. Wet route 34-75

Lorenzelli Dry route 20-70

Simeone et al. Wet route 44

Table 1.6: Manufacturing processes and concentration ranges of different authors that
described the U-Ce-O phase diagram [42, 43, 140].

Description of the U-Ce-O phase diagram

The first preliminary description of the U-Ce-O phase diagram at room temperature
has been made in the earlies 1950 [141]. However, a detailed and more precise descrip-
tion of the U-Ce-O phase diagram both at room temperature and in temperature was
made later on by Markin et al., and Lorenzelli [42, 43]. Similarly to what was seen on
the U-Pu-O system, the U-Ce-O presents a biphasic domain for concentrations above
30%Ce. These authors agreed on the definition of the lower limit of the miscibility
gap and its development in temperature. Nonetheless, they present some differences
on the lattice parameter and therefore on the O/M ratio of the phase poor in oxygen.
Figure 1.32 displays the description of the U-Ce-O phase diagram reported by Markin
and Street in [43]. A quick comparison with Figure 1.29 can highlight the similarities
with the U-Pu-O phase diagram. In this case, the biphasic domain starts at concen-
trations of Ce over 30% also with two FCC phases. Unlike the U-Pu-O system, in this
case there is no BCC phase, meaning that the miscibility gap consists of two FCC
phases and covers the phase diagram from 30%Ce up to CeO2-CeO1.818. The O/M
ratio for any point inside the miscibility gap is always <2, which involves one phase
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constantly stoichiometric and another always hypo-stoichiometric. To define the U-
Ce-O phase diagram the authors needed to take some careful precautions. Markin et
al. stressed the importance of carrying on a dwell at 323 to 333 K for several days to
induce phase separation on samples doped with concentrations of Ce over 34% [43].
Lorenzelli, on the other hand, needed to perform a very slow cooling of the samples
in order to achieve separation, otherwise the system would remain monophasic [42].

Figure 1.32: Phase diagram of the system U-Ce-O described by Markin et al. in [43]
showing the full extension of the miscibility gap at room temperature.

Concerning the evolution with temperature, the critical temperature for a given
Ce concentration is much lower than the one seen for the same Pu concentration, e.g.
the TC for 50%Ce is 473 K, whereas the TC for 42%Pu is 648 K. Between the results
published by Markin and Street and Lorenzelli there is a global agreement on the
definition of the biphasic domain in temperature. On the contrary, Simeone et al. de-
tected the phase separation for a sample doped with 44%Ce at a higher temperature,
573 K, where it was stated by neutron diffraction means that the hypo-stoichiometric
phase was not an FCC phase, but instead it was the oxygen-deficient C-type bixbyite.
Table 1.7 sums up the critical temperatures for each Ce concentration reported by all
authors.

To sum up, the U-Ce-O system was reported to form also a miscibility gap at room
temperature by numerous authors. This region starts around 30%Ce and it appears
only for O/M ratios<2. The U-Ce-O phase diagram is very similar to the one of U-Pu-
O, excepting for the formation of a BCC phase (present for >50%Pu). An important
difference between these two systems is related to the kinetic of phase separation. It
has been showed that the biphasic domain for the U-Nd-O and the U-Pu-O systems
appeared almost instantaneously during the acquisitions of the XRD patterns. On
the contrary, phase separation on the U-Ce-O system needs careful measures in terms
of cooling and dwelling at low temperatures the induce the formation of the second
phase, otherwise the system remains monophasic [42, 134].
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Markin-street Lorenzelli Simeone et al.

%Ce TC(K) %Ce TC(K) %Ce TC(K)

20 -

34 353 30 333

40 413 44 573

50 473 50 473

66 573 70 533

75 673

Table 1.7: Critical temperatures estimated on different concentrations for each author
[42, 43, 140].

1.2.3 The U-La-O system

La is a high yield FP. Along with U-Nd-O, the U-La-O system is one of the most
extensively studied system compared to other U-Ln-O ternaries. Like Nd, La is
capable of existing in solution exclusively as La+3, which makes the phase diagram and
its evolution in temperature suitable for direct comparison with the U-Nd-O system.
Hence, the next section is dedicated to present the manufacturing processes and
phase diagram of the system U-La-O. Differences and commonalities are highlighted
in comparison with the already presented ternary systems.

Manufacturing processes used to describe the U-La-O phase diagram

The authors used different manufacturing methods to assess the U-La-O phase dia-
gram. Diehl and Keller assessed the system by precipitating equimolar mixed hydrox-
ides in ammonia, then preheated and finally sintered at 1823 K. Herrero et al., Rojas et
al. and Garcia-Chain et al. used samples prepared through a mixed ceramic/organic
precursor proceeding. The mixture consisted in grounding uranyl propionate and the
lanthanum sesquioxide at 1023 K, and then calcinating at 1623 K in air for 150h,
and quenching on a metallic plate [41, 142, 143]. Finally, Venkata et al analyzed the
solubility of La by the methods of combustion synthesis and solid-state route. The
first one consists on dissolving U3O8 and La2O3 in nitric acid by heating at 353 K.
Citric acid was added and mixed to get a clear solution. The remaining solution was
dried in a plate at 573 K, and heated at 1073 K for 4h to remove the carbonaceous
material. The resultant powder was compacted into pellets and sintered at 1873 K
for 6h. The second method consisted on grounding U3O8 with La2O3 in a mortar,
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then calcinating the sample in air for 8h at 873 K and finally sintering at 1873 K
for 6h. A summary table is presented below comparing the different authors and the
manufacturing methods they used to analyze the U-La-O system (Table 1.8).0

Author Route Concentration range (%La )

Diehl and Keller Wet route 0-100

Garcia-Chain et al. Dry route 70-80

Herrero et al. Dry route 56-67

Rojas et al. Dry route 56-67

Venkata et al. Wet route/Dry route 10-90/60-80

Table 1.8: Manufacturing processes and concentration ranges of different authors that
described the U-La-O phase diagram [41, 142–144].

Description of the U-La-O phase diagram

U-La-O phase diagram was described at different temperatures by multiple authors.
At room temperature, Venkata et al. analyzed the solubility of La in UO2 on samples
manufactured by two different methods: the combustion synthesis and solid-state
route in [39]. The combustion method displayed a full solubility of La until 80%,
whereas the solid-state route only until 70%. For higher concentrations the hexagonal
La2O3 was present in equilibrium with the FCC phase. This difference was explained
by the fact that the kinetics of diffusion process to form a solid solution in combustion
synthesis process was more favorable than the solid-state process. A more detailed
description of the U-La-O phase diagram at 1523 K was made by Diehl and Keller
in [144], see Figure 1.33. On this diagram it is possible to see that La is capable of
forming multiple biphasic domains between the FCC phase, two rhombohedral phases
named as RI and RII, and the A-La2O3 phase. The fluorite phase is present over a
wide domain of La concentration, at around 72% it appears the RII phase, defined as
U2La6O15, at 82% the fluorite is in equilibrium with the phase RI, which is the delta
(δ) phase ULa6O12, and finally, after 86%La the RI phase coexists with A-La2O3. In
addition, at lower temperatures the system also presents a third rhombohedral phase
RIII for concentrations over 52%La, described as (U,La)8O16. This latter phase was
also described in detail by both XRD and neutron diffraction in [41] after performing
a long annealing at 1373 K for 200h. This thermal treatment was made in such way
to allow cationic ordering achieve the equilibrium phase, RIII, otherwise the U and La
atoms would not have sufficient energy to move and the system would have remained
a fluorite.
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Figure 1.33: Extract of the U-La-O ternary diagram at 1523 K on the sections UO2-
U3O8-La2O3 reported in [144].

Diehl and Keller also reported the phase diagram for the pseudobinary system
UO2+x-La2O3 [144], showed in Figure 1.34. In this diagram it is visible that the RIII
phase starts to appear at 52%, and it is no longer stable at 1523 K, this is the reason
why this phase does not exist in Figure 1.33.

At 1523 K, it is possible to establish some clear similarities with the system U-Nd-
O. In first place, both systems exhibit a large solubility of the dopant (La+3 or Nd+3)
into UO2, since they are capable of forming the FCC phase up to concentrations of over
70%. Further, both systems also display the formation of at least one rhombohedral
phase. In the case of Nd, it is only capable of forming the δ-phase, and in the case of
La, it is capable of forming the δ-phase, and two other designated as RII and RIII.
Unlike the systems U-Ce-O or U-Pu-O, both Nd and La can only be trivalent, this is
why the formation of a rhombohedral phase is stable at high concentration of dopant,
where the crystallographic arrangement is basically based on U+6 and Ln+3 cations.
This is not the case on the systems U-Ce-O and U-Pu-O, as they can exist as Ce+4

and Pu+4, which allows to form a cubic structure, even for concentrations of dopant
above 90%.
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Figure 1.34: Phase diagram of the pseudobinary system UO2+x-La2O3 reported by
Diehl and Keller in [144].

1.2.4 The U-Gd-O system

Gd is another trivalent lanthanide that is formed as a product of the fission reaction,
and while it is not a high yield fission product (like Nd or Ce), its study is of major
importance since it behaves as a burnable poison and limits the initial excess of re-
activity of the reactor core [145, 146].

The first UO2-Gd2O3 poisoned fuel was introduced in 1967 in the Boiling Water
Reactor (BWR) type Dresden 2 reactor, and it has been routinely used in this type of
reactors since then [147]. The maximum usually incorporated Gd2O3 in BWR fuel is
about 4%, whereas in PWR the amount required to regulate the reactivity is higher
and can reach 10%.

Gd, like Nd and La, is an exclusively trivalent lanthanide, which makes also the
U-Gd-O system suitable for direct comparison with U-Nd-O and U-La-O systems.
Indeed, several authors described the U-Gd-O phase diagram taking as reference the
Nd solubility on the U-Nd-O system [46, 49].
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Manufacturing processes used to describe the U-Gd-O phase diagram

Lindemer and Sutton investigated the oxygen chemical potential in samples made
with Gd/(U+Gd) ratios of 0.1 to 0.8 by using the thermal denitration process. This
process consists on precipitating the metals on a solution of NH4NO3, then calcinat-
ing in air at 1075 K to produce the oxides, sintering the sample at 1275 K under an
atmosphere of Ar+4%H2, and finally at 2273 K in Ar for 2h. On the other hand, Une
and Oguma measured the oxygen chemical potential on samples manufactured by
mechanical grinding of the UO2 and Gd2O3 powers. Each mixed powder was pressed
at 350 MPa into pellets, and sintered at 1973 K in flowing H2 gas. Nakamura et al.
also measured the oxygen chemical potential on Gd-doped samples using the ceramic
method, the initial powder were mechanically blended in an agate mortar and heated
several times between 1523 K and 1673 K for 12 and 24h, in an atmosphere of flowing
He, with intermediate grinding and repelletizing.

A summary table with the route used by each author and the concentration range
is presented below, see table 1.9.

Author Route Concentration range (%Gd )

Lindemer and Sutton Wet route 10-80

Une and Oguma Dry route 04-27

Nakamura Dry route 05-30

Krishnan et al. Dry route 10-80

Table 1.9: Manufacturing processes and concentration ranges of different authors that
described the U-Gd-O phase diagram [47–49, 148].

Description of the U-Gd-O phase diagram

The burnable nature of the Gd atoms dissolved in UO2 solid solutions has been made
the focus of study of many authors. Different thermodynamic properties have been
studied over the years like heat capacity [77, 83, 148, 149], or oxygen chemical po-
tentials [47–49, 150], but no direct assessment of the phase diagram have been made
up to date. Instead, Lindemer and Sutton evaluated the solubility of Gd in UO2 by
measuring the oxygen chemical potential at 1773 K, and described schematically the
phase diagram at this temperature, see Figure 1.35. The studied concentrations were
10, 17, 20, 30, 40, 50, 60, 70 and 80%Gd at different O/M ratios. The heavy lines
within the shaded area represent these concentrations [49].
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Figure 1.35: Phase diagram of the U-Gd-O system at 1773 K reported by Lindemer
and Sutton in [49].

Also at 1273 K, 1573 K and 1773 K Une and Oguma measured the oxygen chemi-
cal potential on sampled doped with 14 and 27%Gd [47] indicating that the solubility
of Gd in UO2 was complete for an O/M ratio of 1.98 to 2.05. Nakamura measured
also the oxygen chemical potential on samples doped with 5, 10, 20 and 30%Gd at
1273 K, where a monophasic system was seen in all cases [48].

Concerning the ternary phase diagram at room temperature, all authors detected
the presence of the FCC phase for a concentration of Gd up to 80% and none of them
detected the presence of a rhombohedral phase at any temperature. Krishnan et al.
evaluated samples doped between 10 and 80%, where they reported an extra set of
peaks which were indexed as Hexagonal Gadolinia Lines (HGL) [148]. this means that
both U-La-O and U-Gd-O systems present a large solubility on the FCC phase up
to around 80%. Beyond this concentration, there is no information to our knowledge
of the phase diagram. For this reason different authors have used the description of
the U-Nd-O and U-La-O systems to describe the U-Gd-O phase diagrams at high
temperatures and concentrations [46, 49].

1.3 Conclusions

This chapter has reviewed relevant published data about the U-Nd-O system and the
related binaries. This information consists of the crystallographic structures, thermo-
dynamic properties and phase diagram for each system separately. In addition, other
related U-Ac,Ln-O ternary diagrams, with Ac=Pu and Ln=Ce, La and Gd, were also
reviewed.

U-Nd-O phase diagram is not unique. Some authors reported the presence of a
miscibility gap in the hypo-stoichiometric region [91, 114, 118], other authors de-
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tected only a monophasic system throughout a wide domain of concentration [50, 52,
115–117, 151]. Some authors predict a miscibility gap not in the hypo-stoichiometric
region, but in the hyper-stoichiometric region of the phase diagram [51]. No experi-
mental data that supports such statement. At present, to assess the U-Nd-O system
it is still necessary to establish the presence of the miscibility gap.

Different Ac,Ln-based ternary systems have a miscibility gap, like Pu or Ce. They
can exist with both valences +3 or +4. There are several biphasic regions in the U-
La-O system related to phases RI, RII and RIII. There is no experimental evidence
of a rhombohedral phase for Gd-related systems.

During the assessment of ternary phase diagrams, the authors suggest the manu-
facturing process does not affect the description of the phase diagram. Nevertheless,
Venkata et al. stated that the solubility of La on the FCC phase was lower in samples
made by dry route than in samples made by wet route [39]. The presence of the
miscibility gap in U-Nd-O was reported in different occasions only on samples made
by dry route processes [91, 114, 118], whereas a monophasic system is consistently
reported in samples manufactured by wet route processes [52, 117, 151]. This obser-
vation requires critical review of the influence of the manufacturing process on the
thermodynamic data used for the model. This analysis is the object of the following
chapter of this dissertation where dry and wet route samples are analyzed in pristine
and annealed conditions.
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Chapter 2

Experimental characterization of
the system U-Nd-O

”A failure is not always a mistake, it may simply be the best one can do under the
circumstances. The real mistake is to stop trying.”

-B. F. Skinner

This chapter is dedicated to characterize experimentally the hypo-stoichiometric
region of the U-Nd-O phase diagram. To do so, it is mandatory to have a high-quality
homogeneous set of samples.

In Chapter 1 it was seen that different authors described the phase diagram differ-
ently. Some of them detected a miscibility gap at low concentrations of Nd and some
of them did not [50–52, 114]. A detailed assessment of these results revealed that the
only significant difference between the authors that could justify the description of
the phase diagram is the manufacturing process. The miscibility gap was described
using samples manufactured by a process called dry route, whereas the single solid
solution was seen by using samples manufactured by a different process named wet
route. Thus, this chapter is meant to compare them both. The techniques used
in both cases are assessed X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM). In addition, samples manufac-
tured through wet route are also assessed after a thermal annealing under reducing
conditions and described by X-ray Absorption Spectroscopy (XAS).

2.1 Sample manufacturing through dry route

Dry route manufacturing methods are widely used around the globe to produce nu-
clear fuel pellets at an industrial scale. Indeed, all MOX fuel in France is produced
through the MIMAS process (MIcronised MASter blend) that rely upon basically on
the mixture of the fine powders of UO2(s) and PuO2(s) [152].
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In this work, the mixture consists of powders of UO2(s) and Nd2O3(s), to form
the samples U1−yNdyO2±x, with y=0.04, 0.17, 0.27 and 0.33. These concentrations
and manufacturing procedure were chosen similar to the works that allowed detecting
the miscibility gap in first place [114, 118, 153]. The process involves the co-grinding
of the UO2 and Nd2O3 oxides, a sintering under a reducing atmosphere of Ar +5%H2

at 1973 K for 72h and cooling down for 4h to insure that all elements reached the
equilibrium. This process can be described schematically in figure 2.1 as follows:

Figure 2.1: Manufacturing process through dry route of the mixed oxides (U,Nd)O2,
obtained from [118, 153].

2.1.1 Microstructural characterization

Scanning electron microscopy (SEM) analysis was performed on the samples to iden-
tify the shape and size of the grains, as well as the distribution of Nd across the fuel
pellet. The SEM image and X-ray mapping, obtained by Energy Dispersive X-ray
Spectroscopy (EDS), for three different samples are shown in Figure 2.2(4, 27 and
33%Nd, respectively). For the sample doped with 4%, SEM imaging reveals a mi-
crostructure formed by grains with a size of several microns and high porosity, where
the zone rich in Nd (green) seem to be more porous than the U rich zone (blue), see
Figure 2.2a. The same observations concerning the fluctuations of the Nd concen-
tration and pore formation can be seen on the samples doped with larger amounts
of Nd (Figures 2.2c to 2.2f). In these cases the samples display a more important
formation of large pores, since they are associated to the concentration fluctuation,
which is more evident on samples doped with higher amounts of Nd. The formation
of the larger pores might related to the local Nd accumulations, since the low Nd
diffusion coefficient limits densification, which unable the pores to develop uniformly
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across the pellet.

(a) (b)

(c) (d)

(e) (f)

Figure 2.2: SEM imaging and X-ray mapping for the samples doped with 4%Nd ((a)
and (b)), 27%Nd ((c) and (d)) and 33%Nd ((e) and (f)).

Further characterizations by Electron Backscattered Diffraction (EBSD) were car-
ried out to assess the grain size distribution. This technique is particularly appropriate
to assess these samples, to avoid a chemical or thermal etching that might damage
the sample. Only one sample characterized by EBSD (33%Nd) is presented in this
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work (Figure 2.3). Figures 2.3a reveal the orientation of each grain, by representing
it with different colors and shows a larger distribution of the grain size. After the
EDS analyses we can confirm that the larger grains around the pores are rich in Nd.
The grain distribution schematized in Figure 2.3b shows that the great majority of
the assessed grains are smaller than 0.5 µm. In addition, this assessment allows also
to relate the size of the grains with the Nd concentration, indicating a coarsening
mechanisms followed by a densification mechanism in presence of Nd. Figure 2.3a
indicates that the surroundings of the larger pores are mainly constituted by grains
of micrometric size, which where seen to be rich in Nd by X-ray mapping in Figures
2.2b, 2.2d and 2.2f.

(a) (b)

Figure 2.3: EBSD imaging of the sample doped with 33%Nd in (a) and grain size
distribution in (b).

A characterization at nanoscopic scale was made by Transmission Electron Mi-
croscopy on sample the doped with 33%Nd. Heterogeneous distributions of Nd were
also observed at this scale. Different grains present two domains with different Nd
concentration, see Figure 2.4. In Figure 2.4b is possible to see one domain richer in
Nd (26%, green circle) and the other with no Nd (orange circle). This difference on
the Nd content is not caused by the presence of a miscibility gap, since the tie lines
defined by Dottavio et al. indicate in all cases some presence of Nd on each phase
after phase separation [118]. Respecting the cooling time of the experience (6h) [118],
low Nd mobility on the UO2 lattice does not allow the migration of 26%Nd from one
phase to the other in a matter of minutes at a temperature beneath 745 K, since its
diffusion coefficient is extremely small [120]. This supports the fact that the presence
of these two phases with different concentration of Nd are attributed to the manu-
facturing process and not to a thermodynamic instability. In addition, Figures 2.4a
and 2.4c present the Selected Area Electron Diffraction (SAED) pattern indicating
in a first approach that both these phases have the same crystallographic structure,
which is the FCC structure projected in the [0 1 3] zone axis.
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(a) (b) (c)

Figure 2.4: Figures (a) and (c) show the SAED corresponding to the green and orange
circles and (b) TEM imaging of the sample doped with 33%.

2.1.2 Solubility studies

All four compositions haven been analyzed by XRD. The patterns were defined at
room temperature on powder for the range of 2θ of 20-100◦ and 5-145◦, using a step
of 0.01◦ and a counting time of 0.5 s.step−1. Different samples with the same compo-
sition have been studied to assess the heterogeneity observed by SEM.

Figure 2.5 shows the XRD patterns of two different samples doped with 4% Nd.
Both acquisitions show the characteristic pattern of the single monophasic FCC struc-
ture, where only the peaks corresponding to the Kα1 and Kα2 wavelengths are seen.
There are no supplementary peaks that might indicate the presence of a secondary
phase. This first observation supports the observations made by Dottavio et al. in
[118] where it claimed that 1973 K was a temperature sufficiently high to achieve
homogeneity, and that at 4% the system is still monophasic (since the miscibility gap
begins only appears with concentrations of Nd greater than 9%). The lattice param-
eter of the two samples remains sensibly the same. Table 2.1 shows the estimated
values of the lattice parameters for both samples, which were estimated using the Le
Bail method [154].

Sample Lattice parameter (Å)

Sample 1 - 4%Nd 5.4710(9)

Sample 2 - 4%Nd 5.4700(6)

Table 2.1: Lattice parameter of the samples 1 and 2 doped with 4%Nd.
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Figure 2.5: XRD patterns for the samples 1 and 2 doped with 4%Nd produced by
dry route showing in both cases the presence of the FCC structure and a monophasic
system.

Two other samples substituted with 17%Nd were also measured by XRD, see fig-
ure 2.6. A more detailed examination of the sample 3 (red) allows to see that the
peaks related to the original FCC structure have a shoulder on each peak at lower
angles, indicating the presence of a second crystalline phase, FCC-2 (Figure 2.6b).
On the other hand, the sample 4 (blue) displays other peaks that are characteristic of
hexagonal Nd2O3 (space group P6/mmm, number 191), signaled on the image with
black stars, besides the main FCC phase, referenced with yellow triangles [155]. All
these extra peaks seem to indicate that the samples 3 and 4 are not monophasic and
that the synthesis process is not reproducible.
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Figure 2.6: (a) illustrates the XRD patterns of two samples doped with 17%Nd
through dry route and (b) presents a magnification of the framed region in red or
blue to highlight the presence of the second crystallographic phase, FCC in sample 3
and hexagonal Nd2O3 in sample 4 (black stars).

One sample doped with 27%Nd was also analyzed by XRD (Figure 2.7). In a pre-
liminary analysis it is possible to distinguish the FCC structure as the predominant
phase. However, a Rietveld’s refinement allowed to see that there is also a minoritary
phase that can be indexed as the cubic bixbyite (C-Nd2O3), see Figure 2.7a [156].
Figure 2.7b details in a portion of the full pattern to highlight the main peaks that
confirms the presence of this phase. In addition, there are also present the diffraction
of the Kβ wavelength corresponding to the peaks with higher intensities, specially at
lower 2θ.

The refinement indicated that the phase fraction of the second minoritary phase
was around 5(1)%. Further, the lattice parameter of the FCC phase of this sample
was 5.4591(8) Å, which according to Wadier measurements, this value corresponds to
the concentration of a sample doped with 20%Nd [52]. This implies that the global
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(a)

(b)

Figure 2.7: (a) presents the full XRD pattern of the sample doped with 27% Nd
and (b) magnification of the pattern to highlight the presence of the cubic bixbyite
C-Nd2O3(*).
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concentration of Nd, which is 27% is distributed in both phases, the FCC phase and
the cubic bixbyite. The refinement also revealed the lattice parameter of the second
phase, the bixbyite, this value is 11.397(3) Å. According to a number of published
articles, the value that this phase can adopt is around 11.08 Å [157, 158], which is
lower than the obtained value. This observation leads to think that this phase is not
the final state that can be found at the thermodynamic equilibrium, instead it is a
phase formed as a consequence of the interplay of a random distribution of atoms
at high temperature with specific conditions of oxygen partial pressure, and do not
have enough energy at lower temperatures to settle on the stable form, which indi-
cates that this phase is not stable, but it is metastable. This reasoning implies that
a random fluctuation of the Nd concentration reacts differently to different oxygen
partial pressures and is capable of forming different phases, which explains why it is
possible to see the different phases on the assessed samples.

Finally, two other samples doped with 33%Nd were studied by XRD (Figure 2.8).
They are sample 6 (light blue) and sample 7 (blue). Sample 6 is biphasic, since there
is a clear peak splitting, one for each phase, designated in the inset image as Phase
FCC 1 and Phase FCC 2, respectively. This is the opposite to what is observed in
the sample 7 (dark blue), where the system is monophasic. In this sample the single
solid phase is well crystallized. It is important to highlight the fact that the peak
splitting is caused by the diffraction of the Kα2 wavelength .

Figure 2.8: XRD patterns for the samples 6 (biphasic) and 7 (monophasic). Both
patterns reveal the FCC structure.
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These diffraction patterns outline certain conclusions about the behavior of these
samples. First, the XRD patterns for the samples 1 and 2, doped with 4%Nd show
a monophasic system with a lattice parameter of approximately 5.47 Å, close to the
lattice parameter of pure UO2 of 5.47127(8) Å [57]. On the other hand, samples 3,
4, 5 or 6 doped with higher amount of Nd show an heterogeneous system, where the
concentration of Nd is not influential concerning the number of phases nor the type
of crystalline structures present on the system.

2.1.3 Conclusions

Throughout this section it was presented the manufacturing process and character-
ization by multiple techniques (XRD, SEM and TEM) on samples produced by a
dry route process. This process involves the mixture of two solids through intimate
contact (pressing) and heating at elevated temperatures (sintering) (Figure 2.1). It
was seen that regardless the attempts to produce homogeneous samples to probe the
miscibility gap first detected by Desgranges et al. in [114] the samples remained in
all cases not well adapted to evaluate the ternary phase diagram. It was seen also
that local fluctuations of the Nd concentration are capable of inducing the formation
of metastable phases that are not present on the phase diagram (Figure 2.7a).

Thus, to describe the ternary phase diagram it is necessary to study another set of
samples. It is then proposed to work with samples made through a wet route process
which is another synthesis process known to achieve an initial homogeneity of the
powder by co-precipitation of U and Nd in solution at room temperature.

2.2 Sample manufacturing through wet route

2.2.1 Synthesis

Wet route manufacturing processes are commonly used to produce initially homoge-
neous oxides. These type of processes consists first of the co-precipitation of cations
by using an anionic complex to precipitate such as carbonate, hydroxide or oxalate.
In this study, the co-precipitation was made using oxalic acid to produce a mixed
(U,Nd) oxalate, according to the reaction:

(1− y)U+4 + yNd+3 + 2C2O
−2
4 → U(1−y)Ndy(C2O4)2.nH2O ↓

A detailed description of the precipitation process is reported in Appendix A. The
compositions were selected to assess the formation of the miscibility gap reported in
[114, 118]. XRD and SEM evaluations were made directly after the drying stage.
The morphological appearance of the samples obtained by co-precipitation stage is
presented in Figure 2.9. The characteristic square-shaped platelets of the mono-
clinic oxalates is observed in agreement with other mixed oxalate precipitates such as
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U(IV)-Th(IV) [159]. The oxalate doped with 4% Nd displays a well-formed square-
shaped platelet of approximately 2-3 µm. The other two oxalates also precipitated
as squared platelets but in these cases the higher concentration of Nd seems to affect
its formation.

(a) (b) (c)

Figure 2.9: SEM imaging of the three samples after the stage of the oxalic precipita-
tion.

After the co-precipitation of the mixed oxalates, the formation of the mixed oxides
(U,Nd)O2 is obtained by a calcination stage to induce dehydration and decomposi-
tion of the oxalate complex. This thermal treatment basically consists on heating
the samples up to a temperature of 1273 K for 60h under a reducing atmosphere to
avoid oxidation (10 K.min−1 and Ar + 5% H2). A number of studies analyzed this
decomposition through TGA on different oxalates precursors to detect the decompo-
sition temperatures of the sample [160, 161]. These studies prove that above 873 K
the weight loss of the sample is less than 1%, despite some carbon traces that may
remain at the grain boundaries. The chemical decomposition can be schematized as
follows,

U(1−y)Ndy(C2O4)2.nH2O → U(1−y)NdyO2 + nH2O ↑ +2CO ↑ +2CO2 ↑

The formation of the mixed oxides was equally verified by the acquisition of XRD
patterns at room temperature after the calcination. Figure 2.10 shows the XRD
patterns of the three samples, where it confirms the decomposition to form FCC
structures. It is possible to see 1273 K is a temperature high enough to form the
oxides phases, however, the samples are not well crystallized since all the peaks are
fairly broad.
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Figure 2.10: XRD patterns measured after the calcination at 1273 K. All three sam-
ples show the FCC structure.

This observation is also confirmed by TEM microscopy. Figure 2.11 (a) shows the
sample doped with 25 % Nd where the crystallites at the edge of each platelet can
be observed. Crystallite size in this region can reach values between 20 and 40 nm in
good agreement with what is observed by XRD in Figure 2.10.

In addition, in Figure 2.11 (b) it is possible to observe the powder electron diffrac-
tion pattern of this sample. The presence of concentric rings confirm that many
crystallites are affected on this image. The interplanar spacing of these rings is in
agreement with the formation of the FCC structure.

Figure 2.11: TEM imaging (a) and powder electron diffraction (b) for the oxide with
25 % Nd.
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2.2.2 Sintering

The sintering process is a thermal treatment carried on green pellets at a temperature
typically about 2/3 the melting point. This process consists on heating the sample
at 1823 K under a reducing atmosphere of Ar+5% H2 during 4h. The final result
after the sintering stage is, thus, the formation of dense cylindrical pellets that have
a 4mm radius and 3 mm height, and a mean density of 95% the theoretical density.

SEM imaging and X-ray mapping were performed on the three samples after the
sintering process (Figure 2.12). Figure 2.12a displays that the sample doped with
4%Nd presents a region where the porosity is more pronounced than others. Figure
2.12b indicates the distribution of all three elements: Nd in red, U in blue and O in
light blue. It is no possible to relate the distribution of Nd with the formation of pores,
since in this case Nd is uniformly locate along the sample. Figure 2.12c and 2.12e
present a more uniform grain formation along the sample. Small agglomerations of Nd
of micrometric size can be seen where the Nd concentration is slightly higher than the
rest of the pellet. These agglomerates could be caused during the co-precipitation
stage. In both cases, the agglomerates do not represent an important degree of
heterogeneity, important enough to influence the global formation of oxides.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.12: SEM and X-ray mapping of the samples produced by wet route doped
with 4, 17 and 25% after the densification process.
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XRD measurements at room temperature on these samples were performed and
compared to the ones obtained after calcination (Figure 2.13). Similar to the case
of the samples produced by dry route, these acquisitions were also made on powder.
The range of 2θ was defined from 5-120◦, using a step of 0.01◦ and a counting time
of 0.5 s.step−1. The patterns display a good crystallization which allows to make a
refinement according to the Rietveld method [156]. The FCC structure is still the
crystallographic structure present on these systems. The results obtained by Rietveld
refinement are presented in Table 2.2.

Figure 2.13: XRD data (black points) and Rietveld refinements (coloured lines) for
the three sintered oxides.

Figure 2.14 presents the evolution of the lattice parameter as a function of the Nd
concentration for stoichiometric samples in comparison with data published in open
literature [51, 52, 57, 123, 162]. The tendency for the lattice parameter to follow a
straight line in lanthanide-based ternaries was first described by Ohmichi et al. [162].
However, Lee et al. added the empirical term (1-y/200) to this equation in order to
fit as close as possible all experimental data [151], visible in Figure 2.14 as green line.
The expression of the lattice parameter as a function of the Nd concentration was
described as,
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Sample Structure Lattice parameter (Å) Rp

4% FCC 5.4671(8) 7.12

17% FCC 5.4594(5) 8.17

25% FCC 5.4568(3) 6.21

Table 2.2: Results obtained by the Rietveld refinements for the three sintered samples.

a =
4√
3

{
(1− 2y + 2x)rU+4 + (y − 2x)rU+5 + yrNd+3 +

(2− x)

2
rO−2 +

x

2
rOv

}
· (1− y

200
)

(2.1)

Figure 2.14: Lattice parameters calculated by the different authors and estimated
straight line defined by Lee et al. as a function of the Nd concentration [57, 123, 151,
162].

The lattice parameters of the samples assessed in this work follow a linear evo-
lution as a function of the Nd concentration, the comparison with other works lead
to think that the O/M ratio of the sample is close to 2. Thus, in order to study the
hypo-stoichiometric domain of the phase diagram is necessary to reduce the samples.

The next section is then dedicated to perform a thermal treatment to achieve hypo-
stoichiometry and characterize the reduced samples in comparison to stoichiometric
samples to assess the existence of a miscibility gap on the system U-Nd-O.
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2.2.3 Reducing thermal treatment

The controversial miscibility gap on the system U-Nd-O was experimentally iden-
tified in the hypo-stoichiometric region of the phase diagram. Therefore, the first
stage requires assessing the limits of the miscibility gap. Thermodynamic modeling
was performed to evaluate the full extension of the miscibility gap at room temper-
ature using the software Thermo-Calc and the thermodynamic database (TAF-ID),
which includes the experimental results published by Dottavio et al. in [91]. This
means that all calculations are based on those results since they present the only
experimental data that characterize in temperature the miscibility gap. Next, the
thermal treatment and the associated characterizations are presented. In first place,
the solubility studies are probed by XRD at room temperature, and in second place,
an analysis by X-ray Absorption Spectroscopy (XAS) is made to assess the charge
compensation mechanisms as well as the local structure.

Definition of the operating conditions

The miscibility gap in the system U-Nd-O starts at room temperature at a relatively
low concentration of Nd (9% at.) and it covers an important portion of the phase
diagram. Figure 4.6 shows its full extension at room temperature. The tie lines de-
fine the phases 1 and 2 at the thermodynamic equilibrium. It is important to note
that Phase 1 overlaps the horizontal line where O/M=2. This means that, according
to this model, Phase 1 is always stoichiometric, (U,Nd)O2, whereas the oxygen-poor
phase (Phase 2) is always hypo-stoichiometric, (U,Nd)O2−x.

The miscibility gap changes as temperature increases. The solubility of Nd in UO2

is higher with higher temperatures, and therefore the extension of the biphasic region
decreases with increasing temperature. A complete monophasic system is predicted
above 1200 K, see Figure 2.16.

To enter the miscibility gap it is then necessary to define the right equilibrium
temperature and O/M ratio, otherwise the system would remain monophasic. Figure
2.17 schematizes the transition curves for the samples with 17 and 25 % Nd. The
miscibility gap is predicted below 725 K for the sample at 25% and 530 K for the one
at 17% respectively (O/M=1.95 and O/M=1.97). This implies that the temperatures
of the thermal treatment need to be about 670 K for the sample doped with 25%Nd
and 470 K for the sample with 17%Nd to promote the cation ordering.

The control of the atmosphere of the thermal treatment is of major importance
to achieve this right stoichiometry. Therefore, one must know the influence of the
oxygen chemical potential (µO2) on the O/M ratio at a certain temperature.

In practice, it is convenient to work in terms of ln(PO2), as:

∆µO2 = R · T · ln(
PO2

P ref
O2

)
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Figure 2.15: Detail of the phase diagram of the U-Nd-O system showing the extension
of the miscibility gap at room temperature. The blue line is the prediction for the
sample with 33%Nd.

Figure 2.16: Isothermal sections of the U-Nd-O system at 800 K (left) showing the
presence of miscibility gap and 1200 K (right) where the hypo-stoichiometric region
is monophasic.
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Figure 2.17: Transition curves for the samples doped with 17 an d 25 % Nd.

Figure 2.18: Oxygen chemical potentials for the samples doped with 17 and 25% Nd
at 470 K and 670 K, respectively.

Observing the Figure 2.18 one can define the PO2 to reach the right stoichiometry
(1.95 and 1.97 for 25% and 17%Nd, respectively): 10−40 atm for 25% and 10−70 atm
for 17%. In the practice, these values are impossible to reach with usual gas mixtures
thus another methodology is proposed.

If we consider that the oxygen chemical potential increases with temperature (the
curves move upwards with higher temperature), it becomes easier to reach lower
O/M when the temperature rises. We propose then to reach the right stoichiometry
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at higher temperature (1473 K) and quench (0.5 K.s−1 the samples below the misci-
bility limits temperatures, precisely at 670 K for 25% Nd and 470 K for 17 and 4% Nd.

A gas current of Ar+4%H2 and an oxygen controlling device are used to control the
atmosphere in the furnace. This device generates or consumes oxygen through a redox
couple (Zr/ZrO) using an electrical current at a T=923 K until a PO2=10−28 atm.
A more detailed analysis of the oxygen controlling device can be found in Appendix B.

Figure 2.19 presents the calculation of the evolution of the PO2 of the gas cur-
rent Ar+4%H2 as a function of the temperature when it has a fixed oxygen PO2 of
10−27 atm at 923 K. The calculation is an approximation to reality since the con-
centrations of minor gas impurities like CO, CO2 or CH4 are only estimated. In this
graphic the PO2 rises with the temperature, reaching a value of 10−16 atm at 1473
K. According the curves of log(PO2) vs O/M at 1473 K for these two compositions,
the O/M for the sample doped with 17% Nd is 1.98 and for the sample with 25%
Nd is 1.92, these values are highlighted by the green circles in Figures 2.20a and 2.20b.

Figure 2.19: Evolution of the PO2 in the furnace when the entering conditions of the
gas vector are fixed at 10−27 atm and 923 K.

The thermal cycle performed on the two samples consisted on heating the sample
with a ramp of 1 K.s−1, with a dwell for 2h at 1473 K, to insure that oxygen is well
distributed and the intended stoichiometry is achieved.

Afterwards, the temperature decreases until 670 K and 470 K for the samples
doped with 25% and 17%Nd, respectively. At this point the PO2 was set at its
maximum reducing capacity, which is 10−28 atm. The dwell at 670 and 470 K was
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(a) (b)

Figure 2.20: Log(PO2) vs O/M for the samples with 17% Nd (a) and 25%Nd (b) at
1473 K. The green circles outline the intended stoichiometries.

performed for 5h in both cases. Finally, the sample was cooled down to room tem-
perature with a ramp of 0.2 K.s−1.

2.2.4 Nd solubility studies by XRD

After the thermal treatment, all samples were studied by XRD (Figure 2.21). Here-
inafter, this document will refer as T0 for the samples non-treated thermally and
TT for the samples treated thermally, where it is possible to see a clear narrowing
of the FWHM of the peaks. Table 2.3 shows the lattice parameters obtained after
the Rietveld refinement [156]. The behavior of the lattice parameter of the samples
treated thermally is similar to the one of the pristine samples, since it decreases with
the concentration of Nd.

Sample Structure Lattice parameter (Å) Rp (%)

4% TT FCC 5.468(1) 15.04

17% TT FCC 5.4607(4) 10.81

25% TT FCC 5.4582(3) 10.14

Table 2.3: Results obtained through the Rietveld refinement for the three samples
after the thermal treatment.

Throughout all the patterns, the system shows only a single solid phase, these re-
sults agree with what is proposed by a number of authors under hypo stoichiometric
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Figure 2.21: XRD patterns for the 3 compositions after the thermal annealing under
reducing atmosphere.

conditions [50–52, 57, 123, 162] but differ from others, since no miscibility gap is seen
[91, 114, 118].

A more detailed analysis of the results obtained after the thermal treatment (TT)
in comparison with the results obtained directly after the sintering (T0). Table 2.4
presents a summary of the refined results of the XRD measurements before and after
thermal treatment. There is also presented the O/M ratio calculated after equation
2.1 [151].

In order to see more clearly the effect of the thermal treatment, Figure 2.22a
compares the lattice parameter of all samples before and after the thermal treatment.
Table 2.4 reports a clear influence over the crystallite size before and after the thermal
treatment for each sample and a reduction of the overall microstrain on each sample.
This results is explained by the influence of the temperature during the thermal treat-
ment, since at 1473 K it is possible to induce an increasing of the grain size and reduce
the microstrain. In addition, Figure 2.22b compares the misalignment of the (1 1 1)
peak corresponding to the samples at 25% of Nd before and after thermal treatment.
This figure highlights the better crystallization of the sample treated thermally, since
both peaks caused by Kα1 and Kα2 wavelengths are clearly visible; whereas the pris-
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tine sample shows a single peak which is fairly broad, incapable of displaying the
Kα2 wavelength. The behaviour responsible for the misalignment is explained by the
natural response of the U-Nd-O system to expand the crystal lattice when there is an
oxygen deficiency respecting the stoichiometric FCC structure. Similar results have
been repeatedly observed in other ternary U-Ln-O systems (being Ln=Gd, Ce, Eu
or Y), where it is also seen the lattice expansion when oxygen vacancies are induced
[40, 43, 117, 151, 162].

Samples → 4% 17% 25%

Refined parameters ↓ T0 TT T0 TT T0 TT

Lattice parameter (Å) 5.4671(8) 5.468(1) 5.4594(5) 5.4607(4) 5.4568(3) 5.4582(3)

O/M 2.006(3) 1.998(3) 2.002(7) 1.999(7) 2.001(7) 1.993(7)

Crystallite size (nm) 65(1) 113(3) 41(1) 149(1) 61(1) 155(2)

Microstrain (%.10−4) 5.2(1) 1.7(2) 13.9(3) 2.6(1) 7.1(2) 5.9(1)

Table 2.4: Calculated parameters obtained through the Rietveld refinement for all
samples before and after the thermal treatment.

(a) (b)

Figure 2.22: (a) shows the evolution of the lattice parameter for all samples before
and after thermal treatment, and (b) schematizes the shifting of the (1 1 1) peak for
the sample doped with 25% to lower angles after the thermal treatment.
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2.2.5 X-ray Absorption Spectroscopy

In order to understand better the behavior of Nd-doped samples at an atomic scale,
all six samples (treated and non-treated thermally) were also studied by X-ray Ab-
sorption spectroscopy (XAS). This characterization allows to describe the charge com-
pensations mechanisms and evolution of the local environments induced by the sub-
stitution of U+4 by Nd+3. Knowing that Nd can only exist as a purely trivalent cation
Nd+3 in solid solution, the doping effect is traduced directly on the oxidation of U+4

or the formation of oxygen vacancies needed to maintain the electro-neutrality of the
system.

The XAS experiments were performed on the MARS beamline at the Soleil syn-
chrotron (France) at the U M4-edge, U L3-edge and Nd3-edge. The experimental
conditions related to this study are reported in Appendix B. Multiple analyses on
trivalent-doped UO2 through X-ray Absorption Near Edge Spectroscopy (XANES)
showed that initial U oxidation to pentavalent state demands lesser energy than the
formation of vacancies or further oxidation to the hexavalent state [163]. In this
work, U M4-edge spectra was extracted by using high energy resolution fluorescence
detected-XAS (HERFD-XAS). The use of this technique virtually reduces the core-
hole broadening effect and evaluates directly metallic mixtures with different valence
states [60, 164]. In addition, Extended X-ray Absorption Fine Structure (EXAFS)
at the U L3-edge and Nd3-edge allows to probe of the FCC local environment of the
samples. These results describe the evolution of the crystal lattice at an atomic scale
and are complementary to the results provided by XRD analysis.

Charge compensation mechanisms

The U M4-edge spectra of all the samples (black lines) and all the references (blue
lines) are shown in Figure 2.23. The references of UO2, NaUO3 and UO3 correspond
to pure U+4, U+5 and U+6 valence state, respectively.

In the first place, it is clearly visible that all the samples present a sharp peak at
3725.8 eV, which belongs to the absorption energy of the U M4-edge of U+4. Fur-
ther, they also present a shoulder at a higher energies respecting the U+4 white line
that increases progressively with higher concentrations of Nd, independently if the
samples were treated thermally or not. This behavior is explained by the formation
of U+5 on the system to compensate the charge deficit when Nd+3 is introduced on
the cationic sub lattice. Indeed, to maintain the electro neutrality in the system,
each Nd+3 introduced increases the uranium valence state (to U+5 or U+6.), or create
an oxygen vacancy. On these measures, no sign of the uranyl bonding was observed
which discards the presence of U+6. The precise positions of the white line, as well
as the inflection point (E0) are detailed in Table 2.5.

From a strictly electrical-balance standpoint, three models can be defined to de-
scribe the charge compensation mechanisms, first described by Bès et al. in [163].

78



Chapter 2. Experimental characterization of the system U-Nd-O

Figure 2.23: Experimental HERFD-XAS spectra of all measured samples and refer-
ences. Spectra were vertically shifted to better visualization.

Using the Kröger-Vink notation, the models can be expressed as follows,

Model 1 : (1− 2y)Ux
U + yU•U + yNdU

′ (2.2)

Model 2 : (1− 3

2
y)Ux

U +
1

2
yU••U + yNdU

′ (2.3)

Model 3 : (1− y)Ux
U +

1

2
yV ••O + yNdU

′ (2.4)

These models explain the general behavior of the sample facing the introduction
of a trivalent atom. Model 1 indicates the formation of one U+5 for each Nd+3 in-
troduced. Similarly, Model 2 suggests the formation of one U+6 when two atoms of
Nd+3 are introduced, whereas the Model 3 compensates the missing charge with 0.5
vacancy for each atom of Nd+3 introduced on the cationic sub lattice. This latter
model is directly related to the global O/M ratio, since it does not affect the valence
state of any species of the system. On the contrary, the Model 1 and Model 3 are
used to explain the calculated chemical composition of all six samples, presented in
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Sample E0 (eV) White Line (eV)

UO2 3725.3(2) 3725.8(2)

NaUO3 3726.6(2) 3727.2(2)

β-UO3 3727.1(2) 3727.6(2)

4% T0 3725.4(2) 3725.8(2)

4% TT 3725.4(2) 3725.9(2)

17% T0 3725.6(2) 3726.0(2)

17% TT 3725.6(2) 3725.9(2)

25% T0 3725.4(2) 3725.9(2)

25% TT 3725.6(2) 3726.1(2)

Table 2.5: Position of the E0 and the white line for each sample at the U M4-edge
HERFD-XAS spectra.

Table 2.6. The U M4-edge spectra was fitted by linear combination of the references.
All six samples were adjusted to find the chemical composition of U+4, U+5 or U+6,
and from these values it was also obtained the calculated O/M ratio. As expected, no
U+6 was found in any sample. Figure 2.24a shows for illustrative purposes the results
of the linear combination fitting of the sample with 25% Nd treated thermally.

Despite the small difference of U+4 between the as-produced (T0) and the ther-
mally treated (TT), it is possible to confirm a decrease of U+5 after the thermal
annealing. Figure 2.25 presents the comparison between the spectra of both samples
at 25% Nd treated and non-treated thermally. The samples treated thermally present
a lower intensity of the peak located at 3726 eV, which is proportional to the global
concentration of U+5, meaning that the formation of vacancies on the annealed sam-
ples treated are more important that on the samples non-treated thermally, which is
in good agreement with the XRD analysis.
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Sample U+4 U+5 U+6 O/M

4% T0 96(2) 4(2) 0(1) 2.00

4% TT 99(2) 1(2) 0(2) 1.98

17% T0 86(4) 14(4) 0(2) 1.97

17% TT 89(3) 11(3) 0(3) 1.96

25% T0 75(4) 25(4) 0(1) 1.96

25% TT 77(4) 23(4) 0(2) 1.96

Table 2.6: Calculated concentration of U+4, U+5 and U+6 for each sample after the
linear combination fitting of the HERFD-XAS data.

(a) (b)

Figure 2.24: (a) shows the results of the linear combination fitting (LCF) of the
sample at 25% Nd treated thermally, (b) the comparison between the spectra of the
samples at 25%Nd treated and non-treated thermally .

To be able to visualize more clearly the dominant charge compensation mecha-
nisms, Bès et al. [163] schematized the composition of U+5 and U+6 and compared
them with the theoretical Models 1, 2 or 3. Figure 2.25 presents the percentage of
uranium for each valence state in comparison to Model 1, the curve that expresses
Model 2 was not introduced in the graphic as no U+6 is seen in our samples. Notice
that the fraction of uranium in U(1−y)NdyO2 is related to the amount of Nd, which
means that the total amount of U for 100% of the sample at 4% Nd is not the same
as 100% of uranium for the sample at 25% Nd. Thus, from Model 1 it is possible to
express [U+4] = (1-2y) / (1-y) and [U+5] = y / (1-y).
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Figure 2.25: Concentration of U+5 for each sample before and after the thermal
treatment and for Model 1 as a function of the Nd amount.

The evolution of all the samples shows a coherent behavior. In first place, the
concentration of U+5 increases with the concentration of Nd+3, and on the second
place, no U+6 is seen for any sample. However, the charge compensation mechanisms
for all six samples are not the same.

For the sample with 4% Nd, the experimental data fit perfectly the theoretical
values calculated after Model 1 (Table 2.6). This value is in good agreement with the
results reported in [163] where the experimental values match the theoretical curve
for concentrations of Nd lower than 9%. For the samples with 17 % and 25% Nd
the evolution is developed without reaching the full charge compensation through
the Model 1. Instead, a mixed charge compensation between Model 1 and Model
3 are seen, where Model 1 is predominant as the experimental points are closer to
the theoretical value. These results indicate that the substitution of U+4 by Nd+3

lead to oxidation of U+4 over the creation of vacancies, as a predominant charge
compensation mechanisms. In any case was seen the formation of U+6, which lead to
conclude that of the three possible models, Model 3 is the less favorable energetically.
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Local environment analysis

The EXAFS spectra have been measured at the Nd L3-edge and U L3-edge for the
thermally treated (TT) samples, and the U L3-edge for the non-thermally treated
(T0) samples. An immediate inspection of the Fourier transform of the k space for
the samples assessed at the U L3-edge (Figures 2.26b and 2.26a) show a gradual de-
crease of the intensities when the concentration of Nd increases. This behaviour was
evidenced in other UO2-doped systems and it is explained by the destructive interfer-
ence due to opposites phases and similar intensities for the U-U and U-Nd paths [40,
165, 166]. In contrast, no relevant differences can be observed between the intensities
of the samples T0 and TT with equal concentration of Nd.

The k space with its respective Fourier transform and the structural fit for each
sample are shown in Figure 2.27. The Nd L3-edge for the sample at 4% Nd was also
acquired but the concentration of Nd was so little that the measure was too noisy
and a clean fit was not possible despite the statistics and good quality of measure,
which is why it was not included in this document.

The small evolution of the k space on each set of samples indicates little differences
on the local distances but no major changes on the local surroundings of the U or Nd
atoms as the FCC structure remains in all cases as such. Figures 2.27b, 2.27d and
2.27f represent the Fourier transform of the k space for each set of samples. The two
larger peaks reveal qualitative information about the U-O, U-Nd and U-U distances.
The first peak around 1.8 Å is mainly contributed by the single scattering path of
the nearest oxygen atom and the second peak around 3.8 Å results as the complex
interaction between the single and multiple scattering paths of the first and second
shells (M-O and M-M shells).

(a) (b)

Figure 2.26: Figure (a) and figure (b) schematize the Fourier transform of the as-
produced samples (T0) and the samples treated thermally (TT).
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It is possible to see that in all cases an overall good agreement between the exper-
imental data and the structural fit was achieved allowing to extract general trends
concerning the atomic distances and local disordering, the results of the refinements
for all samples are shown in Table 2.7. In first place, all samples display a coherent
decreasing of the atomic distances with increasing concentration of Nd regardless if
it is the 1st, 2nd or 3rd shell, that is R04 > R17 > R25. As for the samples treated
thermally, the distances remain systematically greater than those of the samples non-
treated thermally, that is RT0 < RTT , which is consistent with what is observed
through XRD.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.27: k space and Fourier transform of all samples.
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Sample Shell R(Å) σ2 (10−3) R-factor
U-O1 2.351(3) 5.8(4)

4% T0 U-U 3.875(2) 2.9(2) 0.0128
U-O2 4.491(11) 10.0(1.5)
U-O1 2.337(4) 7.4(6)

17% T0 U-U 3.869(3) 3.6(3) 0.0139
U-O2 4.484(16) 10.5(2.2)
U-O1 2.332(3) 9.0(4)

25% T0 U-U 3.870(2) 4.2(2) 0.01315
U-O2 4.480(12) 12.5(1.7)
U-O1 2.353(4) 5.5(5)

4% TT U-U 3.876(2) 2.5(2) 0.0182
U-O2 4.488(17) 11.0(2)
U-O1 2.339(4) 7.79(5)

17% TT U-U 3.872(2) 3.72(2) 0.0124
U-O2 4.480(16) 11.48(1.9)
U-O1 2.334(3) 8.7(5)

25% TT U-U 3.875(2) 4.0(2) 0.0143
U-O2 4.481(13) 12.7(1.8)

Table 2.7: Results of the U L3-edge EXAFS refinements of all samples.

Sample Shell R(Å) σ2 (10−3) R-factor
Nd-O1 2.441(4) 6.5(6)

17% TT Nd-U 3.866(4) 4.1(5) 0.0170
Nd-O2 4.436(11) 11.7(2.2)
Nd-O1 2.440(4) 6.9(6)

25% TT Nd-U 3.864(4) 3.2(5) 0.0150
Nd-O2 4.430(11) 12.7(1.7)

Table 2.8: Results of the Nd L3-edge EXAFS refinements of samples with 17 and 25
%Nd.

Another remark can be made concerning the Nd-O distances calculated from the
Nd L3-edge EXAFS spectra. In contrast with the U-O distances calculated from
the U L3-edge EXAFS analysis, the Nd-O distances are much larger and equal in
value for the two analyzed samples (Table 2.8). This means that the local distances
of the first shell will vary depending if it is U or Nd, which is consistent with the
observation of the variation of the k space mentioned earlier in the document (see
Figure 2.28). This observation is in good agreement with Barabash et al. [50], who
stated that the atoms of Nd inserted randomly on the cationic sub lattice are able to
push the surrounding atoms of oxygen out of their regular position, creating a lattice
distortion along with the distortion created by the size mismatch between the Nd+3,
U+4 and U+5 cations. This behavior can also be justified by looking at the Debye-
Waller factor (σ2). It is possible to see that structural disorder on the surroundings
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of the uranium atoms increases with the concentration of Nd, in contrast with what
happen on the surroundings of the Nd atoms, since they are randomly introduced
and fairly distanced to each other. The Debye-Waller factor calculated on the case of
the Nd L3-edge EXAFS spectra remains the same for every shell, independently the
concentration of Nd.

Figure 2.28: Distances of the first shell for all samples in comparison with the lattice
parameter as a function of the concentration of Nd.

Summary: comparison with other ternary systems

Popa et al. studied the U-Bi-O system also by HERFD-XAS at the U M4-edge [167].
The samples used in this study were doped with a concentration of Bi from 15% until
79%. They showed that despite the ability of Bi to change from trivalent to pentava-
lent it remained trivalent for all cases, which makes the reported values suitable for
direct analysis. Their results show a complete absence of U+6 up to a concentration
of Bi lower than 60%, which is in perfect agreement with our results.

Prieur et al. [40] compared both measures of U L3-edge and U M4-edge for the
system U-La-O. They reported the valence state on stoichiometric samples with rel-
atively low concentrations of La. Regardless the concentration of La, they found
consistently some small fraction of U+6 on the U M4-edge spectra. On homogeneous
samples, this kind of behavior is highly unlikely if the number of trivalent dopants
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remains inferior to 30%. To explain these findings, they stated the superficial oxida-
tion of the samples, which justifies why the same amount of U+6 is seen on all samples.

Bès et al. [165] focused their study on the system U-Gd-O with samples at low
concentration of Gd. As expected, they saw only the formation of U+5 predominantly
as the main factor for charge compensation. Finally, Bès et al. calculated the concen-
tration of U+5 and U+6 on the system U-Nd-O [163]. These measurements showed the
presence of U+6 on the samples starting from 29% of Nd. However, the author named
repeatedly that the samples were not completely homogeneous due to the nature of
the manufacturing process. Therefore, these results have only a qualitative meaning.

All the reported values named previously are presented in Table 2.9. Throughout
all systems, there are tendencies that repeat and that can be pointed out. First, it is
evident that the concentration of U+5 increases with the number of trivalent dopants.
Further, for very low concentrations of dopants (y<0.1), the only model for charge
compensation that seems to predominate is the Model 1, as the experimental values
are comparable to the theoretical values within the margin of error. For concen-
trations of Nd higher than 10%, the experimental values are slightly lower than the
theoretical values, indicating a compromise between Model 1 and Model 3, justified
by the presence of vacancies.

For concentration of dopants lower than 30%, no formation of U+6 is detected.
Generally, its formation becomes predominant for concentration of trivalent dopants
higher than 50%. This statement can be explained by the atomic disposition on the
cationic sub-lattice. If a trivalent atom is surrounding only by uranium atoms and
another trivalent atom is fairly distanced, the natural tendency is to increase the
valence of uranium from U+4 to U+5, which is the case on very low doped samples.
With increasing concentration of dopants, the probability for two trivalent atoms to
meet is higher. Hence, the charge compensation through oxidation of uranium will
compete with the formation of one vacancy. When the concentration of dopants is
over 30% there is a higher possibility for group dopants to meet locally, which leads
to the formation of U+6 as it is the only alternative for charge compensation. Finally,
if the sample has over 50% of trivalent dopants, all the uranium has been oxidized
from U+4 to U+5 and the system will have no option but to oxidize the U+5 to U+6.

Similar conclusions respecting the atomic distances were also achieved by assessing
the U-Gd-O system by probing the Gd L3-edge by EXAFS in [165], where also the
fluorite structure is maintained for samples doped with low amounts of Gd. Indeed,
the atomic distances U-O decrease with the amount of dopant and the Gd-O distances
are constant for any Gd content. These results establish similarities between the
chemical behavior the Gd-doped samples and the behavior of the Nd-doped samples.
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Theoretical M. 1 (%) Experimental (%) Author
Dopant Concentration Abs. Edge U+4 U+5 U+4 U+5 U+6

(U0.85, Bi0.15)O2 M4 82.35 17.6 82.5(5) 18(5) 0
(U0.68, Bi0.32)O2 M4 52.9 47.0 44(5) 56(5) 0

Bi (U0.50, Bi0.50)O2 M4 0 100 0 100(5) 0 Popa
(U0.40, Bi0.60)O1.95 M4 0 0 0 74(5) 26(5) et al.
(U0.33, Bi0.67)O2 M4 0 0 0 0 100(5)

(U0.21, Bi0.79)O1.81 M4 0 0 0 10(5) 90(5)
(U0.94, La0.06)O2±x L3 93.6 6.3 94(5) 6(5) 0
(U0.89, La0.11)O2±x L3 87.6 12.3 89(5) 11(5) 0

La (U0.78, La0.22)O2±x L3 71.79 28.2 72(5) 28(5) 0 Prieur
(U0.94, La0.06)O2±x M4 93.6 6.3 90(2) 8(2) 3(2) et al.
(U0.89, La0.11)O2±x M4 87.6 12.3 86(2) 11(2) 3(2)
(U0.78, La0.22)O2±x M4 71.79 28.2 76(2) 21(2) 3(2)
(U0.96, Gd0.04)O2 M4 95.8 4.1 100(5) 0(5) 0

Gd (U0.93, Gd0.07)O2 M4 92.4 7.5 92(4) 8(4) 0 Bès
(U0.89, Gd0.11)O2 M4 87.6 12.3 88(3) 12(3) 0 et al.
(U0.86, Gd0.14)O2 M4 83.7 16.2 83(2) 17(2) 0
(U0.91, Nd0.09)O2 M4 90.1 9.8 93(3) 7(3) 0

Nd (U0.85, Nd0.15)O2 M4 82.35 17.6 83(3) 17(3) 0 Bès
(U0.71, Nd0.29)O2 M4 59.1 40.8 73(3) 22(3) 5(3) et al.
(U0.38, Nd0.62)O2 M4 0 5.8 2(3) 0 98(3)
(U0.96, Nd0.04)O2 M4 95.8 4.1 96(3) 4(3) 0

(U0.96, Nd0.04)O1.98 M4 95.8 4.1 99(3) 1(3) 0
Nd (U0.83, Nd0.17)O1.97 M4 79.5 20.4 86(3) 14(3) 0 This

(U0.83, Nd0.17)O1.96 M4 79.5 20.4 89(3) 11(3) 0 Work
(U0.75, Nd0.25)O1.96 M4 66.6 33.3 75(3) 25(3) 0
(U0.75, Nd0.25)O1.96 M4 66.6 33.3 72(3) 28(3) 0

Table 2.9: Theoretical and experimental concentration of U+4, U+5 and U+6 when
O/M=2, for the different ternary systems.
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2.3 Conclusions

This chapter presents a detailed analysis of two different types of samples: samples
produced by dry route and other ones produced by wet route. The characteriza-
tions by XRD, SEM and TEM performed on the samples produced by dry route
indicate that they are capable of displaying different multiphasic systems where the
random fluctuation of the Nd concentration is capable of leading to the formation
of metastable phases. On the other hand, the set of samples produced by wet route
were proved to be homogeneous and more appropriate for a solubility analysis. In-
deed, after performing a thermal treatment under controlled conditions, the samples
were assessed through XRD where only a monophasic system was found. However,
since the reached hypo-stoichiometry is too small to allow the formation of a possible
secondary phase.

Further characterizations made on these samples by XAS are in good agreement
with the XRD observations. The effect of the thermal treatment on the formation
of hypo-stoichiometric samples was assessed by HERFD-XAS where it is only seen
on the global concentration of pentavalent U. No influence on the Nd solubility is
detected other than the formation of U+5 and vacancies, since in all cases the sys-
tem remained single phase. The evolution of the crystal lattice was also probed by
EXAFS, the results on the interatomic distances of the second shell U-U obtained
after the fitting are still in good agreement with the evolution of the lattice param-
eter evaluated through XRD. However, the distances U-O and Nd-O corresponding
to the first shell were different, which proves that the local environment is affected
differently depending on the evaluated atom.

Despite the fact that the results showed only a monophasic system, it is not
possible to make a conclusive proposition of the phase diagram, since these samples
were evaluated after a thermal treatment that might not be sufficient to reduce the
samples up to a point where the miscibility gap is reached. For this purpose, a second
thermal treatment is proposed at higher temperature to further reduce more sensibly
the samples as well as in-situ studies by HT-XRD to minimize the oxidation effect
when they are in contact with air.
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Chapter 3

Behavior of Nd and Ce-doped
samples under hypo-stoichiometric
conditions

”Science never solves a problem without creating ten more.”

-George Bernard Shaw

At the end of the previous chapter we were left with two questions:

1. The inability to observe the miscibility gap in homogeneously doped samples
produced by wet route after performing a reducing annealing. Can this be a
consequence of insufficient reduction or fast oxidation?

2. Is the duration of the annealing at the ordering temperature (higher limit of
the miscibility gap) long enough to achieve thermodynamic equilibrium?

This chapter tries to answer these two questions. The first problem is addressed by
performing an in-situ HT-XRD analysis followed by an even more reducing conditions
and immediate characterization by XRD at room temperature. The second question
is addressed by comparing this system to another ternary system U-Ce-O, where a
miscibility gap was also predicted in a similar range of composition and temperature.

3.1 Study of the hypo-stoichiometric region of the

U-Nd-O system

3.1.1 In-situ assessment of the evolution of the system U-
Nd-O with temperature.

One possible reason for not seeing the miscibility gap on the U-Nd-O system was
that it suffers from a fast oxidation. To assess this possibility we carried out an
in-situ analysis of the sample doped with 25%Nd by using HT-XRD. The patterns
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were measured within the 2θ range of 10-130◦ between the temperature 1373 K and
room temperature, then to 1373 K, with a ramp of 0.5 K.s−1 and 100 K steps. The
atmosphere employed to carry on the acquisitions was the same used for the thermal
annealing (Ar+4%H2).

Figure 3.1 shows the evolution of the peak (3 1 1) as a function of temperature.
Beyond the expected thermal expansion, no sign of peak splitting was seen, indicating
that the samples remain monophasic.

Figure 3.1: Evolution of the (3 1 1) peak in temperature for the sample doped with
25%.

A deeper analysis of these acquisitions, probing the lattice parameters leds us to
realize that O/M ratio was actually changing with temperature, and that more re-
ducing conditions were indeed achieved. The evolution of the lattice parameter as a
function of the temperature was calculated and displayed in figure 3.2. In addition,
it is presented for comparison the values reported by Grønvold corresponding to pure
UO2 and by Venkata et al. corresponding to different U-Nd-O solid solutions [27,
117]. The measurements made by Grønvold are in good agreement with those pre-
sented by Murray et al., Martin, and Hutchings et al. for temperatures below 1200 K
[86, 168, 169]. Therefore, the assessment will consider only the range of temperatures
from 298 K until 1200 K, since there is an overall agreement between the authors
concerning the thermal expansion of pure UO2.
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Figure 3.2: Evolution of the lattice parameter with temperature for the sample doped
with 25%Nd in comparison with the values published by Grønvold and Venkata et al.
[27, 117].

Considering that the measurements in a reducing atmosphere of the lattice pa-
rameter can change the O/M ratio within the assessed range of temperature, we
differentiate two zones: Zone I below 700 K and Zone II above 700 K. Within Zone
I, the evolution of the lattice parameter of the sample doped with 25%Nd can be
considered parallel to the curve of UO2, this is reasonable because of the O/M in this
range does not change significantly, and therefore the thermal expansion of these two
samples causes nearly the same evolution of the lattice parameter with temperature.
On the other hand, above 700 K, the evolution of the sample doped with 25%Nd
is faster than the one of the UO2 and their evolution are no longer parallel. This
behaviour is caused by the variation of the O/M ratio of the sample at 25%Nd. As
it was showed in Equation 2.1, the lattice parameter can be a coupled function of
the Nd and O concentrations. Therefore, the fact that the assessed lattice parameter
increases faster than the one corresponding to stoichiometric UO2 (where there is no
variation of the O/M ratio), indicates that the sample is effectively reduced, as it
was intended in the first place. A similar analysis can be made on the measurements
made by Venkata et al., in this case the difference is smaller but it is possible to see
a variation in Zone I, where the lattice parameter increases slower than the one of
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UO2, and in Zone II, where it has faster change.

All these curves were fitted by polynomial expressions. Table 3.1 presents the
curves that describe the evolution of the lattice parameter as a function of temper-
ature. In the case of pure UO2, the curve reported by Grønvold is linear, instead
of being parabolic, like the rest of the authors, with a thermal expansion coefficient
equal to 10.8·10−6K−1.

Author Sample Fit (Å)

Grønvold UO2 5.4704[1+10.8·10−6(T-293)]

U0.8Nd0.2O1.95 5.485+3.9517·10−5(T-298)+1.5171·10−8(T-298)2

Venkata et al. U0.6Nd0.4O1.88 5.467+3.5693·10−5(T-298)+1.6462·10−8(T-298)2

U0.4Nd0.6O1.73 5.449+3.3292·10−5(T-298)+1.725·10−8(T-298)2

This work U0.75Nd0.25O2 5.4569+4.7905·10−5(T-273)+1.7808·10−8(T-273)2

Table 3.1: Fitted polynomials of the evolution of the calculated lattice parameters as
a function of temperature for each sample.

The analyses of the evolution of the lattice parameter as a function of the tem-
perature proved that the in-situ HT-XRD acquisitions were capable of reducing the
stoichiometry of the sample within the domain of the miscibility gap. As a reminder,
Figure 1.22 indicates that a sample doped with 27%Nd, under the same atmosphere
is capable of entering the miscibility gap at 745 K [91, 118]. On the other hand, re-
gardless of the degree of hypo-stoichiometry achieved during the HT-XRD analyses,
the system remains single-phase throughout the whole range of temperature. The
only reason capable of explaining why biphasic samples are not observed is they were
never reduced enough.

Consequently, one final annealing ex-situ is proposed, consisting of reducing the
sample at high temperature, and cooling down the system (0.8 K.s−1) when it is
still hypo-stoichiometric to room temperature, since these conditions would bring the
sample in the miscibility gap.

3.1.2 Implementation of a high-temperature thermal treat-
ment on the U-Nd-O system

In the previous section it was seen an analysis by in-situ HT-XRD which allowed to
follow the thermal evolution of the sample. However, the temperature at which the
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reduction was effective was above 700 K with the gas mixture available in the furnace
setup.

Figure 3.3 displays the oxygen chemical potential in temperature of the sample
doped with 25% calculated using the software Thermo-Calc. Thus, we performed a
thermal treatment with a temperature of 1973 K with a heating ramp of 1 K.s−1

and a dwell for 2 hours, capable of reaching the thermodynamic equilibrium with a
chemical potential more reducing than -200 kJ.mol−1.

Figure 3.3: Calculation of the chemical potential as a function of the temperature for
the sample doped with 25%Nd.

The cooled sample (cooling ramp of 0.65 K.s−1) was immediately assessed by XRD
acquiring patterns every hour during the first 10 hours, then every two hours during
the following 8 hours. It was important that these measurements were examined as
soon as possible once the samples were removed from the furnace, since there is a
serious risk of quick oxidation once they are in contact with air.

Figure 3.4 presents the results obtained after the XRD acquisitions of the sam-
ple treated at high temperature. An immediate inspection of the patterns confirm
that the sample remains monophasic. In addition, the pattern obtained 1 h after the
thermal treatment reveals broader and weaker peaks, that narrow and gain intensity
progressively on the following patterns. Further, it is also visible that their position
shifted towards higher angles, which means that the sample starts to oxidize since it
is contact with air.
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Figure 3.4: Selected XRD patterns of the sample doped with 25% at different times
after the thermal treatment at high temperature.

An analysis of these patterns through Rietveld refinement allowed the calculation
of the lattice parameter, the microstrain and the crystallite size, presented in figures
3.5a and 3.5b, respectively [156]. The evolution of the lattice parameter is in agree-
ment with what it is stated after the patterns in figure 3.4: there is a progressive
decreasing of the lattice parameter confirming that the displacement of the peaks is
due to increasing oxidation. Figure 3.5 displays both the strain and crystallite size
obtained as refined parameters after the Rietveld refinement. The microstrain seems
to decrease also with time, same as the lattice parameter. This observation leads to
think that the insertion of the oxygen atoms into the grain, i.e. the oxidation of the
sample, reduces local strains that are related to the degree of oxidation. Once the
oxygen atoms are introduced on the anionic sublattice, the amount of strain in the
sample diminishes, the peak narrows, and it also shifts towards higher angles.

After the thermal treatment, the results were verified by studying the samples
through SEM and EDS, see figures 3.6a and 3.6b. On the X-ray mapping obtained
after EDS analysis, it can be seen that the distribution of Nd (presented in green) is
uniform across the sample, confirming the results obtained through XRD.
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(a) (b)

Figure 3.5: (a) decreasing of the lattice parameter after the oxidation of the sample,
(b) evolution of the strain and weighted crystalline volume of the samples obtained
after the Rietveld refinement.

(a) (b)

Figure 3.6: SEM imaging and Nd X-ray mapping of the sample after the high tem-
perature thermal annealing. The sample remains single-phase and presents a uniform
distribution of Nd.

3.1.3 Reoxidation of hypo-stoichiometric samples

Description of the oxidation profile along the grain

The XRD analysis of the sample doped with 25%Nd directly after the thermal an-
nealing shows a very fast oxidation rate of the outer surfaces. Using the equation
proposed by Lee et al. in (Equation 1.25 [151]), we can estimate the average O/M
ratio of the sample as a function of the average lattice parameter. The lattice param-
eter corresponding to the XRD pattern acquired one hour after the thermal annealing
indicated the O/M ratio of the sample was 1.98 and the one corresponding to the
last measurement was 1.994, indicating that the sample re-oxidized almost completely
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over 18 h.

The position of the peak as a function of time relates lower angles to lower O/M
ratios. The oxidation profile of the sample can be modeled using Fick’s second law
of diffusion,

dC

dt
= D · 52C (3.1)

This equation relates the concentration variation rate with the laplacian of the
oxygen concentration through the diffusion coefficient, D. The resolution of this differ-
ential equation describes the oxygen concentration as a function of time and position
in the sample.

To start this analysis it is necessary first to establish some basic hypothesis that
will allow us to solve the equation 3.1.

- The grains are considered to be spherical.

- The oxygen diffusion coefficient used is the self-diffusion coefficient, which is not
a function of the oxygen concentration.

- The surface exchange constant, K, is neglected.

- C0 and Cf are the initial and boundary oxygen concentration and are both con-
stants.

In spherical coordinates, the resolution of the equation is, if we define the substi-
tution, u=C·r:

du

dt
= D · d

2u

dr2
(3.2)

With a concentration at the surface as a constant, equal to Cf , we define the
initial condition and boundary conditions,

Boundary conditions:

- u=0 for r=0, t>0

- u=R·Cf for r=R t>0

Initial condition:

- u=r ·f(r) for 0<r<R, t=0
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Defining f(r) as the initial concentration profile and supposing f(r)=C0 constant,
then C(r,t) is,

C(r, t) = Cf + 2(C0 − Cf )
∞∑
n=1

(−1)n+1.e
[
−Dn2π2t

R2
]
.
sin(nπr/R)

nπr/R
(3.3)

The mathematical description to obtain equation 3.3 can be found in Appendix
C. We are now in condition to determine an oxygen diffusion coefficient, D, that
explains the oxidation of the sample if we suppose the lattice parameter obtained by
the refinement as the average value over the depth probed by the X-rays.

Estimation of the oxygen diffusion coefficient

In our particular case, we make the assumption that grains are spherical with radius
of 2.5 µm, the oxygen concentration (expressed as O/M) of the sample at t=0, C0

(inside the furnace), is uniform and equal to 1.98 and the concentration at the surface
of the grain for all t≥0, Cf is equal to 2.

XRD patterns contain information on the sample over the range of the attenuation
length. This value (L) was estimated [170] as a function of 2θ using the following
conditions:

• Nd concentration equal to 25 %;

• Density equal to 10.06 g.cm−3;

• Energy of the beam 8048 eV;

Figure 3.7 displays the attenuation length of X-rays in Bragg-Brentano geometry
for copper radiation in the sample (Beer-Lambert law). If we carry on the analysis
on the reflection (113) at 2θ=55.7◦, the corresponding attenuation length is 1.63 µm.
95% of the signal of this reflection comes from a beam whose path is 3L in the sam-
ple. Since both entered and diffracted beams are both absorbed, the maximum depth
reduced by the entered beam is 3/2L, that is 2.5µm.
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Figure 3.7: X-ray attenuation length on a sample doped with 25% Nd.

The estimated value of the diffusion coefficient is D = 1.94.10−13cm2.s−1. Figure
3.8 presents the evolution of the oxygen concentration along the radius r for the XRD
patterns obtained after 1 h, 5 h, 10 h and 18 h. The initial value at t=0 h represents
the initial condition when the sample is still in the furnace.

Figure 3.8: Oxygen concentration profile on a spherical grain with a radius R = 2.5
µm.

The validation of the value of D was made by comparing the lattice parameter
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obtained after the Rietveld refinement with the lattice parameter calculated from the
weighted average of the diffused profiles with D =1.94.10−13cm2.s−1. The expression
that relates the lattice parameter and oxygen concentration is the one from Lee et al.
[151],

a =
4√
3
{(1−2y+2x)rU+4 +(y−2x)rU+5 +yrNd+3 +

(2− x)

2
rO−2 +

x

2
rOV }(1−

y

200
)

where y is the Nd atomic fraction, x is the oxygen atomic fraction and r is the
radius of the ion.

Table 3.2 summarizes the values of the lattice parameter for the O profiles calcu-
lated at different times and the values obtained from the refinement. On one hand,
the value aRef indicates the value obtained directly after the refinement (Figure 3.5a),
and on the other hand, the value amean calculated after the mean value of the O/M
ratio of each profile, showed in Figure 3.8, by using the Equation 2.1.

Time (h) aRef (Å) amean (Å)

1 5.4612 5.4603

5 5.4586 5.4593

10 5.4581 5.4582

18 5.4578 5.4573

Table 3.2: Comparison between the lattice parameter obtained from the Figure 3.4
and those of the weighted average of the curves of Figure 3.8.

Comparison with oxygen diffusion coefficients found in literature

Oxygen self-diffusion, Dsd, is a subject that was widely studied over the years. Its
values are normally evaluated by tracing the stable oxygen isotopes 18O or 17O by
different techniques, such as mass spectrometry. Different mechanisms are defined to
explain how oxygen can diffuse. In different stoichiometry ranges oxygen self-diffusion
experiments differentiate three compositional ranges: hypo-stoichiometry, stoichiom-
etry and hyper-stoichiometry.

In general terms, the oxygen self-diffusion coefficient in an isotropic crystal can
be defined as [171],

Dsd−j = AjS
2ν.e(−∆HD/RT ) (3.4)

where Dsd−j is the self-diffusion coefficient of the specie j, A is a geometrical factor
determined by the crystal structure and mechanism, S is the jump distance, ν is the

101



Chapter 3. Behavior of Nd and Ce-doped samples under hypo-stoichiometric conditions

lattice vibrational frequency and ∆HD is overall activation energy. In practice, the
preexponential terms can be grouped and referred as D0 and the activation energy as
Q. Table 3.3 lists these two coefficients for pure UO2 for different temperature ranges
obtained by different authors.

Temperature range (◦C) D0(cm2.s−1) Q (KJ/mol) Author

550-780 1200 273 Auskern and Belle [172]

600-1500 1.15 237 Belle [173]

780-1250 0.26 248 Marin and Contamin [174]

Table 3.3: Oxygen self-diffusion parameters for stoichiometric UO2.

When it comes to a variation of the stoichiometry, oxygen self-diffusion can vary
sensitively. This variation can appear in both hypo or hyper-stoichiometric systems.
Ando and Oishi reported in figure 3.9 a comparison of the values of the Dsd estimated
by different authors [171]. Particularly for hypo-stoichiometric samples, Kim and
Olander stated that the activation energy is not a function of the non-stoichiometry,
with a constant value of 49 kJ.mol−1. In addition, they concluded that the dominant
defect was the oxygen vacancy, and defined a value of Dsd as a function of temperature
and a dependence with the non-stoichiometry x as,

Dsd = 4.4.10−4x

2
(1− x

2
)e(−49(KJ/mol)/RT ) [cm2.s−1] (3.5)

For comparison purposes, the activation energy for PuO2−x calculated by Bayoglu
and Lorenzelli was close to the one of UO2 46 KJ.mol−1 [175]. Further, the activa-
tion energy for CeO1.92 is also within the same order of magnitude, with a value of
50 KJ.mol−1 [176].

In UO2 oxygen ions diffuse by the vacancy and interstitial mechanisms simulta-
neously. From the fractional contribution of the energy of formation of Frenkel pairs,
Kim and Olander deduced that above 1673 K this mechanism becomes dominant,
whereas at lower temperatures the vacancy mechanism has a higher contribution to
the global self-diffusion coefficient [177].

By definition, oxygen self-diffusion coefficient does not depend on the concen-
tration gradient. Oxygen chemical diffusion relates Dsd and the chemical gradient
according to the Darken’s relationship [Ref Darken 1948], which can be described
within the range of temperature of analysis as,

DC =
2± x

2x
Dsd(±

dlnPO2

dlnxO2

) (3.6)
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Figure 3.9: Comparison of the different Dsd for stoichiometric UO2 [171].

where DC is the oxygen chemical diffusion, PO2 is oxygen partial pressure, and
the positive and negative signs apply for the hypo and hyper-stoichiometric ranges,
respectively.

Figure 3.10 compares the different DC with Dsd for stoichiometric and hypo-
stoichiometric UO2 and PuO2. For both oxides the behaviour is the same, the DC is
around 2 orders of magnitude higher. For the system PuO2, Bayoglu and Lorenzelli
calculated experimentally DC using the TGA technique in contrast with the dilatom-
etry method [175]. The measurements show an important difference within the range
of 0 < x < 0.1. Above this value, DC depends only on the temperature.

In all cases, it was proved that both DC and Dsd are sensitive to small variations
of temperature and stoichiometry with values that range from 10−14cm2.s−1 for UO2

at lower temperatures to 10−7cm2.s−1 for hypo-stoichiometric UO2−x at 1473 K. In
the case of hypo-stoichiometric samples, the value can only be significant above 1473
K, since below this value the formation of U+3 is not possible , and U can only
exist as a metallic form (visible on the U-O phase diagram and the U-O chemical
potential, see Figures 1.1 and 1.8). Concerning the calculated value presented here
after the mathematical development of the second Fick’s law, this process describes
the evolution of the samples in terms of oxidation profile and oxidation kinetics. This
analysis allows to explain the changes in the XRD patterns of the sample after it
was removed from the furnace. They clearly highlight the importance on performing
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in-situ analyses to detect the presence of a miscibility gap because the oxidation of
the system overshadows the oxidation of the system would outcome phase separation.

Figure 3.10: Comparison of the different Dsd for UO2 [171].

3.1.4 Conclusions on the HT-XRD study and high tempera-
ture thermal annealing

The results presented on this chapter suggest that there is an initial hypo-stoichiometric
phase that oxidizes progressively from the rim of the grain boundary. In this scenario,
the center of the grain is more reduced than the outer boundary region of the grain.

A more detailed analysis of the progressive oxidation of the grains was presented to
describe a mode to estimate the average oxygen diffusion coefficient by a comparison
with the diffraction experiment.

3.2 Study of the U-Ce-O system

This section is dedicated to the study of the U-Ce-O system. One way of validating
the conclusions about the system U-Nd-O is to compare its behaviour with another
system displaying a miscibility gap. Different authors have detected the presence of
a biphasic domain on the U-Ce-O system for a concentration of Ce greater than 30%
and hypo-stoichiometric conditions [42, 134, 135, 140]. For that purpose, we propose
to analyze three different samples with concentrations of 10, 20 and 45%. In the first
place, the analysis will be presented on the as-produced samples by XRD and SEM.
Then, in-situ HT-XRD acquisitions are also presented under reducing conditions, and
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finally a thermal treatment at elevated temperatures, similar to the one performed
on the previous sections for the sample doped with 25%Nd is analyzed.

3.2.1 Characterization of as-produced Ce-doped samples

The Ce-doped samples used on this work were produced by the same procedure as
the Nd-doped samples, presented previously on Chapter 2. The three compositions
obtained by wet route from (U,Ce)-based oxalates were sintered at 1773 K under
Ar+4%H2.

The initial characterizations by XRD of the samples doped with 10, 20%Ce were
presented in Figure 3.11. As expected, a monophasic domain is seen in both patterns.
The implementation of the Rietveld refinement allowed to extract the values of the
lattice parameter [156], all samples indicated to have a linear contraction of the crystal
lattice as a function of the Ce concentration, following the Vegard’s law. Multiple
authors assessed this evolution of the lattice parameter at room temperature for
samples with an O/M ratio equal to 2 , see Figure 3.12 [42, 134, 166]. In the works
published by Markin et al. and Lorenzelli [42, 134], the stoichiometry was achieved
by using a 1/1 has mixture of CO/CO2, which has an oxygen chemical potential
µO2=-88 kcal at 1123 K. This means the O/M ratio =2 was achieved at 1123 K and
that once the system lowers its temperature the samples reoxidize. This observation
implies that the measurements of the lattice parameter were made on systems out-of-
thermodynamic equilibrium, and the reason why this O/M ratio is still 2 is because
oxidation was not complete at the moment the XRD acquisitions were taken.

Figure 3.11: XRD patterns of the two assessed samples doped with Ce at 10, 20%
along with the fit obtained after the Rietveld refinement.
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Figure 3.12: Evolution of the lattice parameter as a function of the Ce concentration.
The system follows Vegard’s law [42, 57, 134, 166].

Unlike the samples doped with 10 and 20%, the sample doped with 45%Ce presents
a set of small low-intensity peaks at low angles that define a structure that is slightly
different from the perfect fluorite, see Figure 3.13. This new structure has a trigo-
nal structure (space group R3̄, number 148) and lattice parameters a=13.883 Å and
c=9.422 Å. The formation of this phase involves the selective creation and ordering
of oxygen vacancies which are capable of relaxing the crystal lattice and allows local
metallic displacement.

One way of explaining the formation of these oxygen vacancies could be related
to a particular evolution of the oxygen chemical potential during the cooling ramp.
At high temperatures, the cationic sublattice is mainly composed by U+4 and Ce+3.
However, when the system lowers its temperature, the oxygen chemical potential of
the sample decreases and the sample oxidizes. In this scenario, the oxygen atoms lo-
calize selectively on the surroundings of the U atoms by partially oxidizing U+4 to U+5.

The validation of the existence of this phase, as well as its extension on the phase
diagram are still needed. Indeed, the structural arrangement of this new phase could
be defined by further characterizations such as TEM or EXAFS analysis.
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(a)

(b)

Figure 3.13: (a) XRD pattern of the sample doped with Ce at 45% along with the fit
obtained after the Rietveld refinement, (b) detail to see the small peaks.
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3.2.2 In-situ HT-XRD study of Ce-doped samples

This section is dedicated to analyze the samples doped at 20 and 45%Ce by in-
situ HT-XRD. According to reported literature [42, 134], the first sample does not
present a phase separation, as it is outside the biphasic domain for any degree of hypo-
stoichiometry. On the contrary, the sample doped with 45% is reported to present a
miscibility gap on the hypo-stoichiometric region on the phase diagram. This assess-
ment allows to make a direct comparison with the sample doped with 25%Nd, which
presented only a monophasic system.

Figure 3.14 displays the HT-XRD pattern of the peak (3 1 1) as a function of
temperature for the sample doped with 20%Ce. The result is similar to the one al-
ready presented in Figure 3.1 for Nd, since both systems remain monophasic at all
the temperatures of the experiment.

Figure 3.14: HT-XRD patterns of the peak (3 1 1) for the sample doped with 20%Ce.
The system remains monophasic as there is no evidence of a second crystallographic
phase.

A systematic analysis of the thermal evolution of the lattice parameter was ob-
tained by the Lebail method. Similar to what was observed on the system U-Nd-O,
the sample has also the tendency to reduce the O/M ratio when the temperature rises.
This conclusion is made by comparing the evolution of the lattice parameter with the
one of pure UO2 and with the measurements reported by Venkata et al. for a sample
made with the same amount of Ce and O/M=2 for the assessed range of temperature
[27, 45], see Figure 3.15. Knowing that the lattice parameter of UO2 cannot change
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its stoichiometry and assuming that the thermal expansion is the same in both cases,
the tendency of the lattice parameter of the sample doped with 20%Ce to outgrow
the one of the UO2 can only be given by the lattice expansion due to the decrease of
the O/M ratio. The temperature at which the lattice parameter of the sample with
20% starts to increase is lower than the one for the sample doped with 25%Nd (400 K
and 700 K, respectively). Norris and Kay, and Wadier described the evolution of the
chemical potential of a sample doped with 20%Ce and 20%Nd at 1123 K in [52, 178],
their measurements show that the oxygen chemical potential for the system U-Ce-O
at these conditions is higher than the one of U-Nd-O. This observation justifies why
a Ce-doped system is more easily reduced than the Nd-doped system.

Figure 3.15: Evolution of the lattice parameter in temperature for the sample doped
with 20%Ce in comparison with another sample doped with 20% and pure UO2 [27,
45].

The next analysis through HT-XRD is made on a sample doped with 45%. The
preliminary characterization of the sample doped with 45% displayed the formation
of a superstructure which was defined using a trigonal structure. However, HT-XRD
patterns acquired also for a sample doped with 45% present another set of peaks,
different from those presented in Figure 3.13, see Figure 3.16. At the temperatures
of 1373 K and room temperature, these peaks do not match the structure proposed
for the sample assessed by XRD at room temperature. The results obtained by
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characterizing the sample doped with 45%Ce by XRD at room temperature and HT-
XRD are inexpected and might be related to an undefined phase on the U-Ce-O
phase diagram. Further characterizations at different compositions must be made to
explain the nature of these peaks. On the following assessment, we focus on studying
the formation of the miscibility gap. For that purpose, we assume that structure is
fluorite, following the reasoning of the authors that define the actual U-Ce-O phase
diagram [42, 134]. A more thorough analysis would define a model for this new set
of peaks and include the biphasic domain in it. Unfortunately in this work the time
restrictions could not allow to perform such assessment.

Figure 3.16: Comparison of different XRD patterns obtained on the sample doped
with 45%Ce.

Figure 3.17 shows the evolution of the peak (2 0 2) from 1273 K cooling down
to room temperature and then heating up again up to 1273 K. On this image it is
possible to see an increasing of the intensity of a peak at lower angles of the peak (2 0
2) at the temperature of 473 K. This observation is seen because the system enters a
biphasic domain. As previously seen in Chapter 2, once the O/M ratio is lower than
2, the system is capable of forming a second phase which would appear in the XRD
pattern with a peak at lower angles than the peak with an O/M=2, since this phase
is poorer in oxygen.
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Figure 3.17: HT-XRD patterns of the peak (2 0 2) for the sample doped with 45%Ce.
Below T=473 K the system presents a second phase.

To be able to see clearer the apparition of the second phase, three XRD patterns
at different temperatures (298 K, 773 K and 1173 K) pointed with white arrows are
presented in Figure 3.17 as a, b and c, respectively. Precisely, these three patterns are
presented individually in Figures 3.18a, 3.18b and 3.18c. In Figure 3.18a the pattern
obtained at room temperature displays the formation of a peak that represents the
growth of the second phase at 2θ=47◦. This peak is no longer seen at 773 K and
1273 K (Figures 3.18b and 3.18c), where the system becomes single-phase. It is also
possible to observe that the sample presents broader peaks at the temperatures 773
K and 1173 K, this behavior can be explained because of the strains induced by the
changes in the oxygen concentration, similar to what is observed in Figure 3.4.

The evolution of the lattice parameter during the cooling ramp was also made on
the HT-XRD measurements, see Figure 3.19. As said previously, the lattice parame-
ter of the second phase is higher since this phase contains less oxygen than the other
one, which can be described as U(1−y)CeyO2−x. The development of the lattice pa-
rameter as a function of the temperature for similar concentrations was also reported
in [42, 134, 140]. These values indicate that the lattice parameter for the secondary
phase is higher than the value presented in this work. In principle, both Markin and
Street and Lorenzelli indicated that phase separation was not immediate [42, 134]
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(a)

(b)

(c)

Figure 3.18: Extraction of the XRD pattern of the peak (2 0 2) along with the Rietveld
refinement, showing a biphasic system at room temperature (a), and a monophasic
system at 773 K (b) and at 1173 K (c).

and that it was necessary to either have a dwell at low temperature for days (333 K
to 353 K) or proceed with a slow cooling. On the other hand, Simeone et al. did
not report a dwell at low temperatures, but instead a quenching was done from 1173
K down to 573 K, and made XRD acquisitions every 50 K until room temperature.
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These observations might indicate that in our experiment the formation of the second
phase is not complete.

In addition, the phase fractions were also obtained after the Rietveld’s refinement.
Figure 3.19b shows that the fraction of the second phase is higher after entering the
biphasic domain (22%) and lower at room temperature (10%), which is explained by
the oxidation of the sample when the temperature decreases.

(a) (b)

Figure 3.19: (a) evolution of the lattice parameter for each temperature on the sample
doped with 45%Ce. (b), phase fraction of FCC 1 (red) and FCC 2 (black). The FCC
2 fraction decreases with decreasing temperatures, which means that the sample also
oxidizes at low temperature.

We can estimate the O/M ratio achieved at 1273 K on the sample with 45%Ce, by
using the results reported by Markin et al., since they evaluated the O/M ratio along
with the lattice parameter as a function of the temperature. The comparison with
the samples doped with 34 and 50%Ce indicate that the O/M ratio of our sample is
close to 1.94 at 1273 K. According to their results, this value is close to the lowest
O/M ratio of the miscibility gap for 50%Ce at room temperature, which is also in
agreement with the values reported by Simeone et al. in [140].

Finally, the results obtained by in-situ HT-XRD measurements allow us to con-
clude that both U0.75Nd0.25O2−x and U0.8Ce0.2O2−x systems are monophasic for all
assessed temperatures, whereas the system U0.55Ce0.45O2−x is not for temperatures
below 473 K.
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3.2.3 Implementation of a high-temperature thermal treat-
ment on the system U-Ce-O

This section is dedicated to analyze the system U-Ce-O after a thermal annealing
at high temperature. Similarly to what was presented for the U-Nd-O system, the
sample doped with 45% is heated at a higher temperature and then analyzed through
means of XRD at room temperature. In this case, the temperature was not as high as
1973 K, since the oxygen chemical potential of the U-Ce-O system at 45%Ce is lower
than the one of the U-Nd-O system at 25%. Therefore, the temperature chosen to
carry on this thermal annealing is 1773 K. The experimental procedure to implement
this thermal annealing consisted on heating at high temperature for 2 h, then cooling
down to room temperature (0.65 K.s−1), and finally analyzing the sample through
XRD with the first 10 patterns for one hour each, and the next 4 patterns for two
hours each, to evaluate the degree of oxidation.

Figure 3.20: Complete XRD patterns of the sample doped with 45%Ce. The orange
section highlights the peaks (3 1 1) and (2 2 2), which will be discussed later in figure
3.21

Figure 3.20 displays the XRD patterns of the sample during the first 3h, followed
by one at 10h and finally at 18h. A quick inspection of the patterns can highlight
the changes on the peaks over time from the first one to the last. However, in this
case, the oxidation does not occur as presented in Figure 3.4 for the U-Nd-O system.
Further, unlike the previous XRD patterns probed for the preliminary analysis or the
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in-situ HT-XRD, there is no formation of another structure other than the fluorite,
meaning that the conditions during the sintering process that took place to form the
other two structures (Figure 3.16) were no longer achieved. A more detailed analysis
is made on the orange section that highlights the peaks (3 1 1) and (2 2 2), which are
presented along with the fitting through the Rietveld refinement in Figure 3.21.

(a) (b)

(c) (d)

(e)

Figure 3.21: Extraction of the XRD patterns after 1, 2, 3, 10 and 18 h of the peaks
(3 1 1) and (2 2 2) after the thermal annealing of the sample at 45%Ce.
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The first image (Figure 3.21a) shows the presence of a biphasic system, in which
the stoichiometric phase is not completely formed, since the sample reached a higher
degree of hypo-stoichiometry, because of the higher temperature of the thermal treat-
ment. On the second image (Figure 3.21b) the fraction of the second phase is more
than the first one. This behaviour is also repeated after 3h (Figure 3.21c), where the
hypo-stoichiometric phase has almost disappeared. By the time of the XRD pattern
at 10h is measured, the sample no longer is biphasic but only monophasic, and from
then on the sample only tends to stabilize the stoichiometric phase, which occurs even-
tually at 18h, see Figure 3.21e. In any case the sample achieved the thermodynamic
equilibrium, since the formation of the second phase competes with the oxidation of
the sample, since it is in permanent contact with air.

The measurements of the lattice parameter for each pattern are presented in Figure
3.22. In the first three hours, both phases decrease their lattice parameter when the
sample oxidizes (black dots and inverse green triangles). This behaviour indicates
that the phase one is in formation at the same time that the sample oxidizes, which
is no longer the case at 10 and 18h, where the system is single-phase.

Figure 3.22: Evolution of the lattice parameter as a function of time of the sample
doped with 45%Ce after the thermal annealing at 1773 K.

Both experiments, the HT-XRD and the thermal annealing along with the XRD
at room temperature, are capable for describing a biphasic domain on the U-Ce-
O system. Further, the temperature at which the stoichiometric phase is observed
through HT-XRD (magenta triangles) of Figure 3.19 is TC=473 K in agreement with
[42, 134], it is possible to reproduce the stoichiometric side of the miscibility gap.
Respecting the hypo-stoichiometric side, one has to consider the first XRD pattern
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at room temperature after the thermal annealing, which is the one less affected by
the oxidation. It is seen in that pattern that the lattice parameter corresponding to
the hypo-stoichiometric phase (a2,1h=5.483 Å), is in agreement with the one stated
by Markin and Street, and Simeone et al. in [134, 140], which corresponds to an O/M
ratio of 1.932. However, the latter finally indicated through studies of XRD and neu-
tron diffraction that the structure was better fitted as an ordered oxygen deficient
C-type bixbyite, instead of a fluorite. On the other hand, these O/M ratio and lattice
parameter are not the ones reported by Lorenzelli et al., which are greater than 5.485
Å for the lattice parameter and lower than 1.89 for the O/M ratio (in this work the
values were reported for a sample doped with 40%, and not 45% like in our case).

These conclusions allow us to reproduce a schematic representation of the misci-
bility gap for a sample doped with 45%Ce, see Figure 3.23. It can be seen that one
phase starts at O/M=2, and the other reaches an O/M=1.932 at room temperature,
with a biphasic domain that is capable of reaching a critical TC=473 K. In green
line it is marked the evolution made on the HT-XRD during the cooling down of
the sample (the heating evolution would be the same, since the HT-XRD pattern is
symmetrical respecting the temperature). At this point it reaches an O/M=1.94 at
1273 K, then slowly cooling at the same time XRD measurements are acquired, until
473 K when it founds a biphasic domain and displays the presence of a second peak
that decreases progressively its phase fraction, and therefore, approaching the O/M
ratio to 2. In addition, the blue line represents the evolution of the sample submitted
to a thermal annealing. This sample was heated up to 1773 K, where it reaches an
O/M lower than the one achieved on in-situ HT-XRD, then this sample is rapidly
cooled to room temperature, at this point the system is already biphasic. Next, the
sample is examined by XRD, where it shows a biphasic system, see Figure 3.18a, that
will eventually disappear due to the oxidation with air, until the system is finally
monophasic with an O/M=2 at t=18h.

3.3 Conclusions

Careful preparations of U-Nd-O and U-Ce-O samples with homogeneous distributions
of the substituted lanthanide were studied in-situ and ex-situ XRD while performing
systematic annealing in reducing conditions.

Both systems do not behave similarly. The U-Nd-O system displayed a single-
phase system in all assessed temperatures. A detailed analysis of the evolution of
the lattice parameter as a function of the temperature during the HT-XRD measure-
ments indicated that the reduction of the sample was effective for temperatures above
700 K. In addition, a high temperature thermal annealing proved that the reduced
sample remained monophasic at room temperature, despite reaching an O/M ratio
around 1.98. Identical results were obtained for the sample doped with 20%Ce, since
this sample remained monophasic after both in-situ and ex-situ XRD measurements.
On the other hand, the sample doped with 45%Ce displayed a different behavior.
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Figure 3.23: Representation of the miscibility gap in temperature on the system U-
Ce-O for a sample doped with 45%. The green line stands for the evolution of the
sample during the HT-XRD and the blue line for the thermal annealing at 1773 K.

The initial characterization of the as-produced sample displayed a sharp second set
of peaks of fluorite symmetry. These peaks are probably not related to the misci-
bility gap predicted in the U-Ce-O system. Indeed, under no particular annealing
conditions and cooling ramp, we were able to observe a different phase of symmetry
R3̄ where vacancies order and superlattice peaks are observed in addition to those of
the fluorite. This phase might not be an equilibrium phase and further studies are
needed to assess if different cooling protocols do not produce patterns with the same
superlattice reflections. After the sample was probed by in-situ HT-XRD, the system
presented another set of sharp peaks, different from those of the phase defined before.
The assessment of the evolution of the miscibility gap was made by assuming the sys-
tem is a fluorite, which allows to detect the incomplete formation of a second phase for
temperatures below 473 K. This secondary phase was again detected by performing
XRD measurements at room temperature directly after a high temperature annealing.

These results suggest that the U-Nd-O system is monophasic for O/M ratio <2,
whereas the U-Ce-O system is not. However, the presence of sharp set of peaks might
indicate that the actual definition of the biphasic domain predicted in literature might
be incomplete, since it was reported that the system is capable of presenting a fluorite
or a bixbyite structures.
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Chapter 4

Optimization of the
thermodynamic modeling of the
system U-Nd-O

“Classical thermodynamics..is the only physical theory of universal content which I
am convinced..will never be overthrown.”

-Albert Einstein

In the early 1970s, a small group of scientists directed by Larry Kaufman and Himo
Ansara started to work on the calculation of phase diagrams and the description of
thermodynamic properties based on experimental and phase boundary data. For
this purpose, this group developed a semi-empirical method named the CALPHAD
(CALculation of PHAse Diagrams) method. Since then, and with the continuously-
increasing computer performance, the CALPHAD approach has expanded both in
the number of scientists engaged in the work and in the type of materials where this
method can be applied [179]. Today, there are mainly two sophisticated commercial
thermodynamic software packages that use the CALPHAD method, Thermo-Calc and
Factsage. This chapter has for primary objective to present the fundamental concepts
under which the CALPHAD method is defined, and for secondary objective to apply
these concepts to optimize the existent model that defines the U-Nd-O system by
using the software Thermo-Calc.

4.1 Description of the CALPHAD methodology:

the sublattice model

The CALPHAD method allows to create models capable of predicting thermody-
namic properties and stable equilibria for phase diagram construction based on the
thermodynamic functions (expressions of the Gibbs free energy) of a system.
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The most basic concept of the CALPHAD method is that the equilibrium state is
the one with the lowest Gibbs free energy. The expressions of the Gibbs free energy
are defined for each phase present in the system using a sublattice approach based on
the Compound Energy Formalism (CEF) model, GCEF [180]. The expression of the
GCEF can be defined in terms of three functions as follows:

GCEF = Gsr + SCEF +Gxs (4.1)

The first term, Gsr, is the surface of reference Gibbs energy and it is defined as
the summation of all terms over every possible combination of sublattice where there
is only one element at once. Each term of this summation corresponds to a given
end-member. Not all end-members have physical nature, instead some of them can
only be defined in solution and not as a pure substance. Mathematically, Gsr can be
expressed as,

Gsr =
∑
J

G◦J
∏
s

ysJ (4.2)

with a temperature dependence given by,

Gsr = a+ bT + cT ln(T ) + diT
n (4.3)

where G◦J is the Gibbs energy for the end-member J, ysJ molar fraction of the sublat-
tice s, and a-di are adjustable coefficients.

The second term, SCEF , is the configurational entropy of mixing. This term
describes the contribution to the Gibbs energy from ideal random mixing of the
components upon the crystal sites (sublattices), and it is expressed as:

SCEF = −R.T (
∑
s

∑
J

nsyslnysJ) (4.4)

where ys is the site fraction for the end-member J on the sublattice s, and ns is
stoichiometric coefficient of the sublattice s. Finally, the Gxs term is the excess
Gibbs free energy, and it represents the interactions between two (or more) elements
in a same sublattice. This term is mathematically defined by the Redlich-Kistler
polynomial expression [181] as,

Gxs =
∏
s

ysJ [yiK

N∑
n=0

(yiJ − yiK)n.LnJ−K ] (4.5)

were yiJ and yiK are the interacting constituents on the sublattice i, and LnJ−K is
the interaction parameter between the compounds L and K, defined as a function of
temperature according to the expression

LnJ−K = a+ bT + cT ln(T ) + dT 2 + eT 3... (4.6)

The adjustable parameters of this method are the interaction parameters, Ln.
These parameters only exist when there is a non-negligible interaction between two
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or more compounds within a same sublattice. The adjustment is made to have the
best possible fit of the experimental results using a least-square minimization method.
Once the thermodynamic representation of the system is satisfactory and the assess-
ment of the model is complete, a database is created. This database will allow the
modeling of an entire system based on a model that is built by few experimental
results.

4.2 Analysis of the existent thermodynamic mod-

els

As mentioned in Chapter 1, a thermodynamic model of the U-Nd-O ternary system
was developed by two authors using the CALPHAD method with different approaches.
The system was modeled by Dottavio et al using the software Thermo-Calc, and by
Lee et al. using the software Factage [51, 91]. Looking at the phase diagrams it
is possible to observe some important differences basically due to the expressions of
the end-members and interaction parameters that will determine the presence and
extension of the domain of existence of a miscibility gap in the hypo-stoichiometric
region. The model used by Lee et al. also defines a rhombohedral phase, not present
in the model by Dottavio et al. Thus, this section has for objective to discuss the
terms that define these two (fluorite and rhombohedral) phases.

4.2.1 The FCC phase

Three sublattices are used to model the FCC phase: the cationic sublattice, the
anionic sublattice and the interstitial sublattice. They can be expressed as follows,

(U+3, U+4, U+5, Nd+3)(O−2, V a)(O−2, V a) (4.7)

According to Equation 2.1, the expression of the Gibbs free energy using the CEF
for the fluorite phase of the U-Nd-O ternary system is be,

G
(U,Nd)O2±x

fluorite =
∑
J

G◦J
∏
S

ySJ +RT

(∑
S

∑
J

nSysJ lny
S
J

)
+Gxs

fluorite (4.8)

In Table 4.1 there are summarized the end-members and the interaction parame-
ters used in the both models for the fluorite phase.
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Model End-member Interaction parameter

Dottavio et al. Gfluorite
(Nd+3)(V a)2(O−2)

0Lfluorite(U+5,Nd+3)(O−2)(V a)

(U+3, U+4, U+5, Nd+3) Gfluorite
(Nd+3)(O−2)2(V a)

0Lfluorite(U+4,Nd+3)(O−2)(V a)

(O−2, V a)(V a) Gfluorite
(Nd+3)(V a)2(V a)

0Lfluorite(U+4,Nd+3)(O−2,V a)(V a)

Gfluorite
(Nd+3)(O−2)2(O−2)

0Lfluorite(U+5,Nd+3)(O−2)(O−2,V a)

0Lfluorite(U+5,Nd+3)(O−2)(O−2)

0Lfluorite(U+4,Nd+3)(O−2)(O−2,V a)

Gfluorite
(U+6)(O−2)(O−2)

0Lfluorite(U+3,Nd+3)(O−2)(V a)

Gfluorite
(U+6)(O−2)(OV a)

1Lfluorite(U+3,Nd+3)(O−2)(V a)

Gfluorite
(U+6)(V a)(O−2)

0Lfluorite(U+4,Nd+3)(O−2)(O−2)

Lee et al. Gfluorite
(U+6)(V a)(V a)

0Lfluorite(U+4,Nd+3)(O−2)(V a)

(U+3, U+4, U+5, U+6, Gfluorite
(Nd+3)(O−2)(O−2)

0Lfluorite(U+4,Nd+3)(V a)(V a)

Nd+3)(O−2, V a) Gfluorite
(Nd+3)(O−2)(V a)

0Lfluorite(U+5,Nd+3)(O−2)(O−2)

Gfluorite
(Nd+3)(V a)(O−2)

0Lfluorite(U+5,Nd+3)(O−2)(V a)

Gfluorite
(Nd+3)(V a)(V a)

0Lfluorite(U+5,Nd+3)(V a)(V a)

0Lfluorite(U+6,Nd+3)(O−2)(V a)

Table 4.1: Thermodynamic parameters used for the two models to describe the FCC
phase [51, 91].

It is also possible to see that both end-members and interaction parameter defined
by Lee et al. take into account U+6 on the fluorite phase. The existence of this
particular cation on the fluorite phase is today a subject of great debate on the
scientific community and no experimental evidence support this statement. Although
it is true that the fluorite phase was found in solutions with more than 60% of a
trivalent dopant [52, 116] where the presence of U+6 should dominate these studies
do not assess the local environments and keep the characterization at a macroscopical
level.
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4.2.2 The rhombohedral phase

The other important difference between these two models is the presence of a rhom-
bohedral phase. Indeed, several authors reported this phase in similar systems such
as U-La-O or U-Gd-O [41, 142, 144, 182]. The absence of this phase can be considered
as a substantial limitation of the model defined by Dottavio et al. [91]. This phase
was also defined using three sublattices:

(U+4, U+5, U+6)(Nd+3)6(O−2, V a)12 (4.9)

The equation that describes this phase, according to the CEF is,

GUNd6O12
rhombohedral =

∑
J

G◦J
∏
S

ySJ +RT

(∑
S

∑
J

nSysJ lny
S
J

)
(4.10)

This equation does not take into account the interaction between the elements in
each sublattice, thus, no interaction parameters are used. Finally, Table 4.2 presents
all end-members used to describe the rhombohedral phase according to the model
defined by Lee et al. [51].

Model End-member

Grhombohedral
(U+4)(Nd+3)(O−2)

Lee et al. Grhombohedral
(U+4)(Nd+3)(V a)

(U+3, U+4, U+5, U+6) Grhombohedral
(U+5)(Nd+3)(O−2)

(Nd+3)6(O−2, V a)12 Grhombohedral
(U+5)(Nd+3)(V a)

Grhombohedral
(Nd+3)(O−2)(O−2)

Grhombohedral
(U+6)(Nd+3)(V a)

Table 4.2: Thermodynamic parameters used to define the rhombohedral phase [51].

4.3 Selection of the experimental data used to per-

form the optimization

The selected thermodynamic data used to perform the assessment through the CAL-
PHAD method were obtained from [51, 52, 115–117, 123, 151, 162], as follows:
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1. Concerning analysis of the phase diagram, the experimental characterizations
made by Keller and Boroujerdi, Lambertson, and Wadier were taken into ac-
count to define the solubility limits of the FCC and the rhombohedral phase,
particularly at higher temperatures [52, 115, 116]. Further, the measurements
of the lattice parameter along with the O/M ratio at room temperature in [117,
151, 162] were used to define the ternary phase diagram at 300 K. Finally, the
results presented in Chapter 2 and 3 contributed to the definitive assessment
indicating the complete solubility of Nd within the cation sublattice.

2. The oxygen chemical potential data was extracted mainly from three references.
Wadier measured the oxygen chemical potential for concentrations of Nd of
20%, 30% and 40% at 1123 K in [52]. Une and Oguma reported data for
concentration of Nd of 14% and 27% in [123]. The last published data by
Lee et al. concerns concentrations of Nd of 5.5%, 15.5%, 29.5% and 53% [51].
The highest concentration data was not used because it requires a model for
oxygen vacancies for the compensation of U+6. Also, it is necessary to know
the distribution of Nd in the rhombohedral phase and the boundary of this
phase. In addition, it is not clear what would happen with this boundary if the
stable polymorphic state of the sesquioxide, Nd2O3 would be the cubic bixbyite,
C-Nd2O3, instead of the A-Nd2O3.

3. Some reliable thermodynamic data were not used in this model, particularly
the heat capacity, the enthalpy increment and the entropy increment published
in [117]. However, an assessment of these data would require further analysis
that would involve not only the adoption of the end-members and interaction
parameters of both the FCC and rhombohedral phases, but also a model devel-
opment including the definition of the binary Nd2O3 parameters. This kind of
assessment was not possible within the duration of this PhD.

4. Finally, the anion site fractions measured in our experiment as a function of the
O/M ratio and the log(PO2), and the cation fractions obtained after the LCF
of the XANES spectra were not used since these values cannot be considered
at the thermodynamic equilibrium.

4.4 Modeling and assessment for the U-Nd-O sys-

tem

4.4.1 Interaction parameters

In our model, as in Dottavio et al. one [91], the cation sublattice is occupied by U+3,
U+4, U+5 and Nd+3, the anion sublattice by O−2 and vacancies and the interstitial
sublattice by O−2 and vacancies. The first sublattice has all possible cations found
on the FCC phase at all domains of temperature. The second sublattice is defined
by O−2 but also by vacancies, to allow to model (U1−y,Ndy)O2−x. The third sublat-
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tice allows to model (U1−y,Ndy)O2+x, where the oxygen occupies interstitial positions.

The end-members were not modified in our model. On the other hand, all inter-
action parameters were altered. As concluded in Chapter 3 the FCC phase of the
U-Nd-O system does not present a miscibility gap, and Nd is miscible up to 60%
substitution. Hence, this model intends to redefine the FCC phase where there a full
miscibility of Nd in both the hyper-stoichiometric and hypo-stoichiometric side of the
phase diagram.

The ensemble of the interaction parameters belonging to these FCC phase were
obtained by using the Parrot optimization module of the software Thermo-Calc, listed
in table 4.3. The numerical values adopted for each interaction parameter can be
found in Appendix D.

Model Interaction parameters

0Lfluorite(U+4,Nd+3)(O−2)(∗)

This work 0Lfluorite(U+5,Nd+3)(O−2)(V a)

(U+3, U+4, U+5, Nd+3) 1Lfluorite(U+5,Nd+3)(O−2)(V a)

(O−2, V a)(O−2, V a) 0Lfluorite(U+5,Nd+3)(O−2)(O−2)

0Lfluorite(U+4,U+5,Nd+3)(∗)(∗)

Table 4.3: Optimized interaction parameters of the FCC phase. The symbol ”*”
means all species, in this case it would include O−2 and oxygen vacancies.

Each parameter has a particular impact on a specific region of the phase diagram.
One way of visualizing the influence of each parameter on the system can be made
in Figure 4.1. This figure displays a section of the ternary phase diagram where each
interaction parameter has the greatest impact.

All interaction parameters are used to stabilize or destabilize a phase, they increase
the domain of existence of a phase, or even describe the existence of a miscibility gap.
These parameters adopt the expression of A+B.T, where A is the enthalpic term and
B corresponds to the entropic term. The first term, A, is responsible for the extension
of the solubility of the phase (or the miscibility gap, if it would be the case), and the
second, B, models its evolution as a function of temperature, that is the extension of a
phase from one isotherm to the next. As listed in table 4.3, five interaction parameters
were used to model the system. The wide extension of the FCC phase up to concen-
tration of Nd of over 60% requires that the parameter 0Lfluorite(U+5,Nd+3)(O−2)(O−2) adopts
a very negative value, also in company with an entropic term. The same reasoning
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is applied to the terms 0Lfluorite(U+5,Nd+3)(O−2)(V a) and 1Lfluorite(U+5,Nd+3)(O−2)(V a). This latter was
useful to model the chemical potentials, however, by definition this parameter is mul-
tiplied by the term (yU+5−yNd+3), that depending on its value it stabilizes one side at
the expenses of the other. Similarly, the 0Lfluorite(U+4,Nd+3)(O−2)(∗) was needed to model the
wide extension of solubility of the FCC phases. This concerns the line that joins UO2

and Nd2O3, where U is assumed as U+4. Finally, the parameter 0Lfluorite(U+4,U+5,Nd+3)(∗)(∗)
has a predominant role on stabilizing the region (U+4,U+5)O4.5 with Nd2O3.

Figure 4.1: Schematization of the regions where the interaction parameters are most
relevant for the ternary phase diagram.

On the other hand, the rhombohedral phase, also defined by three sublattices (see
equation 4.9), does not use interaction parameters, but a set of six end-members.
Table 4.4 summarizes all parameters of this phase. A more detailed description with
numerical values can be found in Appendix D.
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Model Interaction parameters

Grhombohedral
(U+4)(Nd+3)(O−2)

This work Grhombohedral
(U+5)(Nd+3)(O−2)

Grhombohedral
(U+6)(Nd+3)(O−2)

Grhombohedral
(U+4)(Nd+3)(V a)

[183] Grhombohedral
(U+5)(Nd+3)(V a)

Grhombohedral
(U+6)(Nd+3)(V a)

Table 4.4: Parameters obtained after the assessment of the rhombohedral phase.

4.4.2 Oxygen chemical potentials

Figures 4.2, 4.3, 4.4 and 4.5 show the modeled chemical potentials at different tem-
peratures and O/(U+Nd) ratios and the experimental data found in literature. A
general good agreement is found, however, some differences are still present at high
temperature.

Figure 4.2: Calculated oxygen chemical potentials for different temperatures and
comparison with experimental data from [51] for a concentration of Nd of 5.5%Nd.
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Figure 4.3: Calculated oxygen chemical potentials at temperatures from 1123 K up
to 1944 K for concentrations of Nd of 14, 15.5 and 20 %, and comparison with
experimental data extracted from [51, 52, 123].

Figure 4.4: Calculated oxygen chemical potentials at different temperatures for con-
centrations of Nd of 27, 29.5 and 30%, and comparison with experimental data from
[51, 52, 123].
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Figure 4.5: Calculated oxygen chemical potentials at 1123 K at 40%Nd and compar-
ison with experimental data from Wadier in [52].

4.4.3 Phase diagram

The isothermal sections were also computed at different temperatures. Figures 4.6,
4.7 and 4.8 show the calculated ternary diagrams and contrast the experimental data
from [51, 52, 116, 117, 123]. The tie-lines of the biphasic domains are displayed in
green and the three-phase regions are defined by a red perimeter.

In first place, Figure 4.6 schematizes the ternary phase diagram at room tem-
perature. Unlike both previous models, in this diagram there is no miscibility gap,
whether it is on the hypo-stoichiometric region or the hyper-stoichiometric region.
In addition, one can visualize the results at this temperature from different authors
probing that, effectively, there is only a monophasic system for a wide range of con-
centrations. Starting from a concentration of around 54% Nd the FCC phase ends and
the rhombohedral phase appears. The lower limit of existence of this phase at room
temperature is unknown. The extension of the rhombohedral phase presented in this
model is not complete. According with [52, 116], the boundary with the A-Nd2O3

phase should indicate a biphasic region with the rhombohedral and A-Nd2O3 phases.
Instead, this model predicts a triphasic region between the FCC, rhombohedral, and
the A-Nd2O3 phases. This limitation will be present also for higher temperatures.

Figure 4.7a reflects the isotherm at 1123 K and Figure 4.7b details the upper
section of the diagram. Following the evolution of Figure 4.6, the FCC phase covers a
large extension of the phase diagram. Wadier analyzed this region with four different
concentrations: 20, 30 and 40%Nd, and a single point with 80%Nd [52], which this
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(a) (b)

Figure 4.6: (a) calculated isotherm at 300 K. (b) section of the isotherm at 300 K
and comparison with experimental data from [117, 123, 151, 162] .

model is not able to reproduce. These concentrations were also used by Wadier to
analyse the oxygen chemical potential, also at 1123 K, see figures 4.3, 4.4, 4.5.

(a) (b)

Figure 4.7: (a) calculated isotherm at 1123 K. (b) section of the isotherm at 1123 K
and comparison with experimental data from [52].

Another isotherm was calculated at 1523 K. Figure 4.8 displays the ternary phase
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diagram along with the experimental data from [116]. They are four phases at the
thermodynamic equilibrium, each one represented by a different color. The first of
them, U3O8 is in equilibrium with the FCC phase. According to the experimental
data, this domain of coexistence can appear up to a concentration of 35%Nd. Our
model does not predict this large domain of existence but a smaller region up to
15%Nd. This difference does not question the oxygen solubility in the FCC phase,
only the relative extension of the FCC and the U3O8 phases. Concerning the FCC
phase, the solubility of Nd has an overall good agreement with the presented model.
However, some experimental points indicate a higher oxygen solubility all along the
domain of existence of the FCC phase. These experimental data seem somehow dif-
ficult to model, since the upper limit of the domain that defines this phase contains
the maximum tolerable amount of U+5 the FCC phase can have. Instead, Keller
and Boroujerdi’s experimental data suggest the FCC phase can host U+6 if sufficient
oxygen atoms are inserted in the interstitial sublattice. Further, even in a model
involving the presence of U+6 of the FCC phase, like the one of Lee et al. in [51],
there are some difficulties modeling all the experimental data.

(a) (b)

Figure 4.8: (a) calculated isotherm at 1523 K. (b) section of the isotherm at 1523 K
and comparison with experimental data from [116].

The rhombohedral phase characterized by Keller and Boroujerdi has a small do-
main of existence starting from 78% up to 85%Nd. The domain of coexistence of
this phase is with the FCC phase in one side and with A-Nd2O3 on the other, and
it does not seem to be particularly sensitive to temperature. At lower temperature
the region where this rhombohedral phase is present increases slightly, this result in
agreement with the phase diagram reported by Wadier, see Figure 1.19. Indeed, it
was mentioned that this phase has a lower Nd limit of 80%Nd at 1123 K, not far
from the 75%Nd at 1523 K stated by Keller and Boroujerdi, in Figure 1.18. The final
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observed region involves the rhombohedral phase in coexistence with the FCC and
A-Nd2O3 phases. The upper limit of the domain of coexistence between the FCC and
rhombohedral phases is near 85%Nd. All authors, Keller and Boroujerdi, Wadier and
Lamberston are consistent with these values, which is in fairly good agreement with
the predictions of our model.

4.4.4 Site fractions

Site fractions were also calculated at the temperature of 1473 K with the proposed
model. Figures 4.9, 4.10 and 4.11 display the site occupancies for the analyzed sam-
ples. The experimental data obtained by XRD and XAS in Chapter 2 are not re-
ported, since these values are not at the thermodynamic equilibrium. It is possible
to see that the formation of U+5 is more important for higher concentrations of Nd,
which affects directly the oxygen chemical potential needed to achieve an O/M<2.

(a) (b)

Figure 4.9: Site fractions of the sample doped with 4%Nd.
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(a) (b)

Figure 4.10: Site fractions of the sample doped with 17%Nd.

(a) (b)

Figure 4.11: Site fractions of the sample doped with 25%Nd.

4.5 Conclusions

This chapter was dedicated to describe the CALPHAD method. It was seen that
through the definition of the Gibbs free energies according the CEF it is possible to
define the phases that will confirm a thermodynamic model. Two models were used to
describe the U-Nd-O system. The first model, made by Dottavio et al. [91], presents
a miscibility gap at room temperature that exists until over 745 K. This model also
excludes the formation of a rhombohedral phase, reported on [52, 116]. On the other
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hand, the second model made by Lee et al., has a good agreement with the pub-
lished experimental data concerning the different thermodynamic properties and also
presents the rhombohedral phase in agreement with the experimental data reported
by Keller and Boroujerdi [116, 117]. However, this model predicts a miscibility gap
on the hyper-stoichiometric region of the phase diagram that is not supported by any
experimental data.

In addition, the results presented in Chapter 2 and 3 indicate that no miscibility
gap is present on this system even if the samples oxidize rapidly at room temperature,
in agreement with different authors [52, 117, 123, 151, 162]. Despite the fact that
the samples are out-of-thermodynamic equilibrium, it was concluded that the system
was monophasic for over 50%Nd. Consequently, a thermodynamic assessment using
the software Thermo-Calc was made from the current model where a miscibility gap
is predicted on the hypo-stoichiometric region [91].

The proposed model calculates only a monophasic system on the FCC phase for
all temperatures in both the hypo-stoichiometric and hyper-stoichiometric regions.
Experimental data respecting the oxygen chemical potentials were used to make the
optimization of the model. No major differences are seen respecting the former model,
except the data reported by Wadier [52], where some discrepancies were found. The
values of chemical potentials published by Lee et al. in [51] were used complementary
to the ones of Une and Oguma [123].

Nevertheless, the model introduced in this chapter is only preliminary. Indeed,
there are some aspects that remain undefined, like the calculation of the heat capacity,
or the extension of the biphasic domain where the FCC phase is in equilibrium with
the phase U3O8, or the limit of coexistence of the A-Nd2O3, among others. Further,
more experimental data are needed respecting the formation, limit of existence, and
thermodynamic properties of the rhombohedral phase, since there is few information
about this phase, particularly at lower temperatures.
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”Where there is no vision the people perish...”

- Proverbs 29:18

The understanding of the evolution of the microstructure and properties of nuclear
fuel under irradiation has been the focus of intense research works due its complexity
and commercial importance of nuclear reactors. Many properties that play a key role
in fuel performance, transient conditions or accident scenarios are capable of chang-
ing after the primary irradiation effects, such as swelling or thermal conductivity.
A starting point for the prediction of the evolution of these properties demands a
knowledge of all involved phases. This work presented the study of the structure and
microstructure and two systems with utmost importance for nuclear fuel: the U-Nd-O
and U-Ce-O systems.

The first stage of this manuscript starts by making a critical assessment of the
open literature related to the U-Nd-O system as well as its three composing bina-
ries in terms of the phase diagrams, crystallographic structures and thermodynamic
properties. This review showed that the U-Nd-O phase diagram was defined differ-
ently according various authors. Some of them detected the presence of a miscibility
gap and some others only reported a monophasic system for any concentration of
Nd on the FCC phase. A detailed observation of the conditions under which the
miscibility gap was predicted revealed that the differences between the authors could
be explained by the manufacturing processes used to assess the system. Hence, other
Ac,Ln-based ternary diagrams as well as the manufacturing processes used to define
them were carefully examined, being Ac= Pu and Ln= Ce, La, Gd. In most cases,
the manufacturing process did not affect the phase diagram, however, in some cases
it was stated that the mechanical mixing of the samples was capable of affecting the
limit of solubility of the dopant. This observation led to think that the presence of a
biphasic domain was somehow related to the manufacturing process.

For this purpose, a first set of samples doped with Nd, to form U1−yNdyO2±x
(y=0.04, 0.17, 0.27, 0.33) produced by dry route means were probed by multiple
techniques. SEM imaging highlighted the existence of regions rich in Nd with ele-
vated porosity and uneven grain size distribution, confirmed also by EBSD means.
The formation of large pores was seen to be important around the zones rich in Nd,
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this was explained by the low mobility of Nd that unables the pore to spread uni-
formly. Observations by TEM indicated local fluctuations of the Nd concentrations,
where this variation might be present on intergranular domains without having a
concentration gradient. Further characterizations through XRD displayed that some
samples were capable of being monophasic and other multiphasic. However, these
phases were the result of random distribution of U and Nd out-of-equilibrium, which
were affected differently by the oxygen partial pressure throughout the sintering pro-
cess. This distribution gave place to the formation of metastable phases that are
not present on the phase diagram where the thermodynamic equilibrium is effectively
achieved, such as the bixbyite C-Nd2O3.

A second set of samples were also studied to assess the ternary phase diagram;
these new samples were produced by wet route means and close concentrations to the
previous ones (y=0.04, 0.17, 0.25). They displayed a more uniform cationic distri-
bution, which was verified by SEM and EDS imaging. An analysis by XRD on the
crystallographic structure indicated that in all cases the samples were monophasic
after the sintering with a stoichiometry near to O/M=2. These results were compat-
ible with the phase diagram proposed by the authors who reported the miscibility
gap, since it is only for O/M<2 that it was reported. Therefore, a thermal treat-
ment under reducing conditions was proposed. Thermodynamic calculations of the
oxygen chemical potential indicated that 1473 K is a sufficiently high temperature
to achieve an O/M ratio reducing enough to detect the presence of a miscibility gap.
The following characterizations by XRD stated that the O/M ratio of the samples
close to 2 by the time these measurements were taken. A complementary analysis
by XAS before and after the thermal treatment allowed to further characterize the
U-Nd-O at an atomistic scale. The results obtained by HERFD-XAS showed that
the charge compensation mechanism is governed mainly by the oxidation of U+4 to
U+5 and secondly by the formation of vacancies when the Nd concentration increases.
No formation of U+6 was seen in any sample. On the other hand, the EXAFS re-
sults indicated that the fluorite structure was confirmed in both U L3-edge and Nd
L3-edge, and that the contraction of the lattice was given by U+5. These results were
comparable with analogue systems based of UO2 with trivalent dopants.

The fact that the sample was not reduced enough to study the hypo-stoichiometric
domain stressed the need of performing in-situ studies and more reducing conditions.
Therefore, the following experimental campaign was dedicated to study the evolution
of Nd-doped samples in temperature by in-situ HT-XRD. The comparison with the
evolution of the lattice parameter of UO2 and similar Nd-doped samples indicated
that the samples were reduced at temperatures over 700 K. Finally, a high tempera-
ture thermal treatment under reducing conditions allowed to understand the behavior
of the sample with an O/M=1.98 at room temperature. XRD measurements were
taken directly after the thermal treatment to minimize the effect of reoxidation, which
nevertheless happened within the next few hours. The reoxidation of the sample was
evidenced by observing the displacement of the XRD pattern along with the ordering
of the crystal lattice.
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The results obtained after analyzing the two different sets of samples allowed us
to make the following conclusions. In first place, random fluctuations on the Nd
concentration are capable of forming different multiphasic systems. These multi-
phasic systems can be conformed only of the FCC phase, or they can also include
out-of-equilibrium metastable phases formed at higher temperatures and particular
conditions of oxygen partial pressure, which are considered sensibly important as
they remained stable at room temperature. These phases are not likely to form on
homogeneous samples. On the contrary, the cation/vacancy ordering in homogeneous
samples after the different thermal annealings displayed systematically the same re-
sult, a monophasic system. These results are meant to contribute to the definition
of the U-Nd-O phase diagram where until to date there is a debate respecting the
presence of a miscibility gap on the FCC phase.

The results obtained from the U-Nd-O system were compared with an analogue
system, the U-Ce-O ternary system. Samples doped with 20%Ce displayed a similar
behavior respecting the U-Nd-O system. They suggested a monophasic system, as
no peak splitting was seen. On the contrary, the initial characterization of a sample
doped with 45%Ce revealed the formation of a well-defined set of peaks that were
related to a superstructure with R3̄ symmetry. The formation of this phase is not
defined on the phase diagram. Further assessments by HT-XRD showed the presence
of a different set of peaks. A model explaining this new pattern was not proposed,
therefore, the patterns of the in-situ HT-XRD experiment were treated assuming the
behavior of a fluorite structure. Three patterns were analyzed through the Rietveld
refinement at the temperatures of 298 K, 773 K and 1173 K. In good agreement
with different authors, the system displayed two phases at room temperature and it
was only monophasic for the other higher temperatures. Finally, a high tempera-
ture thermal annealing was performed, the following XRD patters acquired at room
temperature also showed the presence of a second crystallographic phase, while the
sample oxidized. In both studies the system did not achieve to form completely the
second phase. It was only by using both studies that the miscibility gap presented
on the open literature was reproduced.

The analysis of the samples doped with 45%Ce displayed two set of peaks asso-
ciated to the formation of superstructures that are not defined to date in the phase
diagram. The origin that causes these particular arrangements is unknown, and their
presence can only be given to a particular ordering of vacancies or short-range cation
displacement during the sintering process. Indeed, a metallic arrangement would need
temperatures well beyond the critical temperature of the miscibility gap described to
date on the phase diagram (473 K for a sample doped with 45%Ce). It is only for tem-
peratures higher than 1300 K that cation displacement can be relevant. This means
that these superstructures could be related to another biphasic domain (one or many)
that were only possible to see after the sintering. Indeed, a longer thermal annealing
would promote a higher grain coarsening and cation ordering would be limited to a
fluorite which would not represent the real equilibrium state, making impossible to
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reproduce these structures. The fact that the U-Ce-O system is capable of displaying
the formation of different superstructures other than the fluorite is highly important
to understand and predict any irradiation driven behavior. Even if these structures
represent possible phases out-of-equilibrium they are likely to exist in irradiated fuel,
which is a continuously evolving system and far from equilibrium, and their presence
would affect the formation and recombination of defects, that would determine the
lattice strain and would impact ultimately the swelling or transport properties of the
fuel.

After the results obtained respecting the U-Nd-O system, it was possible to pro-
pose an optimization of the existing thermodynamic model using the CALPHAD
method. This model included the definition of the FCC phase for a wide range of Nd
concentration, but also the presence of a rhombohedral phase for higher Nd concentra-
tions, which was reported in multiple occasions. The new proposed model was made
with recently published experimental data respecting the oxygen chemical potential,
at different concentrations and temperatures. However, this model is unfortunately
incomplete. Different experimental data such as the enthalpic increment or the heat
capacity were not included because some planning inconveniences came up by the
end of this PhD. Nevertheless, good agreements with the phase diagrams and oxygen
chemical potentials were globally achieved.

This work pointed out the fact that further analysis on the U-Nd-O, as well as the
U-Ce-O system are still necessary. Concerning the U-Nd-O phase diagram, higher
O/M ratios must be evaluated since there is almost no experimental data on hyper-
stoichiometric conditions. It is also necessary to evaluate the U-Nd-O system for
concentrations of Nd greater than 30% to establish a clear limit between the FCC
and the rhombohedral phases, since this latter was only stated at high temperatures
and never at room temperature. In addition, the definition of the U-Ce-O system is
also incomplete. Indeed, this work pointed out the formation of superstructures that
have no clear relation with the phase diagram established to date. New experimen-
tal campaigns with different compositions, and characterization techniques at atomic
scale are still necessary to understand the formation of this phase. In addition, there
is no global consensus concerning the limit of the hypo-stoichiometric phase of the
miscibility gap or its real structure. These factors are of major importance to improve
the understanding of the behavior of Nd and Ce in UO2 as they play a key role on
the properties that govern the nuclear fuel behavior.

This work also proved that for O/M<2, three of the most relevant ternaries in
irradiated fuel have similar behaviors, they are the U-Nd-O, the U-La-O and U-Gd-O
systems. All three dopants (Nd, La and Gd) displayed comparable solubility in UO2.
They also present similar charge compensations mechanisms where U+5 is always
more favored than the formation of vacancies and U+6. It was seen that for over 80%,
these three systems are most likely to form at least one rhombohedral phase. These
conclusions are very meaningful, as they lead to think that the results obtained for
one system, can be extrapolated to the other when there is no experimental data.
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On the other hand, the U-Ce-O and U-Pu-O systems were proved to form a biphasic
domain for O/M<2. One way if increasing the level of complexity would be by study-
ing the possible formation of a biphasic domain on systems doped with U-Pu-Ce-O.
Multiple authors reported the presence of a miscibility gap on the system U-Pu-O for
concentrations of Pu higher than 17%, whereas for the case of the U-Ce-O system,
this limit is around 30%Ce. These concentrations are reasonably achieved already in
highly irradiated MOX fuels for Generation II and III reactors and will be even more
easily reached in Generation IV reactors, since the Pu concentration directly after the
manufacturing can be over 30%. The study of the quaternary U-Pu-Ce-O would be
then necessary to assess the possible presence of a biphasic domain in irradiated fuel.
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Appendix A

Synthesis of (U,Nd) mixed oxalate

Wet route manufacturing processes are commonly used to produce homogeneous sam-
ples. These type of processes consists on the co-precipitation of actinides and lan-
thanides by using an anionic complex to precipitate as a salt, then they consist on
performing a calcination stage to decompose the precursors and form the mixed ox-
ides. Finally, a sintering process is done to press the powder and form the pellet.

For the precipitation of a multi-element solution to happen, there are some im-
portant conditions that need to be considered [184], such as:

• The solubility of all mixed elements must be similar an relatively high before
the precipitation,

• The solubility of all mixed elements must be similar and relatively low during
the precipitation ,

• The precipitation kinetics of all elements must be sensibly the same,

During the mixture there are a number of parameters that need to be taken into
account to carry out the precipitation properly like the pH, the concentration of
the initial solutions, the solution mixing methods, drying techniques, temperature
of the system, time and stirring conditions. Indeed, several manufacturing methods
were developed to produce homogeneous samples through ionic co-precipitation such
as the Sol-Gel route, oxalic-precipitation or the Ammonium DiUranate (ADU) route,
among others [185–187]. Of all these different methods, the oxalic co-precipitation was
selected to produce the samples used in this work, manufactured at the ICSM/LIME.

The manufacturing process through the co-precipitation is particularly convenient
since the anionic complex under reducing conditions has the flexibility of hosting
both a tetravalent and a trivalent cation where, depending on the proposed synthesis
method, is capable of presenting different spatial arrangements with different crystal-
lographic structures.

This work is based on the study of the U-Nd-O system, where the co-precipitation
of these two cations (U+4 and Nd+3) is meant to imply the formation of an oxalate
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precursor using only H3O
+ as a single charge compensator. Three different concen-

trations were chosen to be prepared as a result of mixing the initial solutions to form
the precipitate (H3O)yU(1−y)Ndy(C2O4).nH2O, with y=0.04, 0.17, 0.25. The U+4

containing solution was obtained from metallic uranium and hydrochloric acid (HCl)
to form UCl4 with a final concentration of 4.07.10−4 mol/g. The Nd+3 containing
solution was prepared from the dissolution of NdCl(3) and dilution to reach a final
concentration of 4.721.10−4 mol/g.

The mixture of the metallic containing solutions (U+4 and Nd+3) was made by
pouring dropwise these two solutions into a large excess of oxalic acid (0.5 M) to insure
the precipitation of all cations at room temperature under stirring conditions. After
few minutes, the precipitation was complete and the solution centrifuged, washed
with water and ethanol, and finally dried at 363 K. The co-precipitation reaction is
developed almost instantaneously [188] and it can be expressed as,

(1− y)U+4 + yNd+3 + yH3O
+ + 2C2O

−2
4 → (H3O)yU(1−y)Ndy(C2O4)2.nH2O ↓

164



Appendix B

Experimental techniques

B.1 Generation and control of atmospheres con-

taining oxygen

The oxygen controlling device allows generating and measuring the oxygen atmo-
spheres based on the zirconia ionic conductions principle. At high temperature, zir-
conia allows migration of oxygen ions. An electrochemical voltage appears between
the two metal plated faces of a zirconia wall when they are in contact with two gaseous
atmospheres which are at different partial pressures. This voltage obeys the Nernst
law,

E =
RT

4F
· ln(Pmeas)

(P ref )

where E is the voltage (in V), T the temperature (in K), R and F the gas and
Faraday constants. Knowing one of the oxygen partial pressures (reference pressure),
and measuring the voltage (E) and the temperature (T), it is possible to obtain the
Pmeas [189].

B.2 X-ray Diffraction

All XRD characterizations at room temperature before and after the thermal treat-
ments were carried on with two identical equipments, one located at the CEA in
Cadarache and the other at the Institut de chimie séparative de Marcoule (ICSM).
Both consisted of a Bruker D8 Advanced X-Ray diffractometer (Cu Kα1,2 radiation,
λ=1.5418 Å) equipped with a linear Lynx-Eye detector. The step used on the collec-
tion of the diffraction pattern was 0.01◦ and a counting time of 0.5 s/step within the
2θ range of 5-145◦ for the patterns before the thermal treatment and 20-90◦ for the
patterns after the thermal treatment.

In situ high temperature XRD acquisitions were obtained at the ICSM facility.
The powders were heated with a ramp of 10 K.min−1 using a gas mixture of Ar+4%H2.
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XRD patterns were measured within the 2θ range of 10-130◦ with steps of 0.02◦ and
couting time of 0.5 s.step−1. The maximal assessed temperature was 1373 K and then
cooled down to room temperature and again heated up until 1373 K, with interme-
diate measures every 100 K. The cooling and heating ramp were estimated to be 0.5
K.s−1.

All XRD patterns were evaluated using the Jana2006 software [190]. The sam-
ples were probed by the Le Bail method to assess the lattice parameter [154]. The
characterization and identification of the different crystallographic phases along this
work were assessed by performing the Rietveld refinement [156]. This method consists
on defining the best possible values that represent the crystallographic state of the
samples (lattice parameter, strain, cristallite size, phase fraction, Debye-Waller fac-
tor). Additional illumination corrections were needed to the patterns of the Nd-based
pristine samples up to a 2θ=24.62◦ to perform the Rietveld refinements.

B.3 X-ray Absorption Spectroscopy

B.3.1 Principles

The principle of the X-ray Absorption Spectroscopy is the photoelectric effect that
occurs when an atom is irradiated with X-rays with an energy lower than 500 keV.
This effect takes place when the incident X-ray matches the electron binding energy,
which produces the promotion of the electron to an empty higher energy level or to
the continuum. This promotion is seen on the diagram as sharp peak that starts at
the absorption edge. During this work, the assessed levels were the U and Nd L3-edge
(17.166 keV and 6.208 keV, respectively) and the U M4-edge (3.7 keV). Following the
promotion of the excited electron, there is a disexcitation of this electron by emitting
X-rays of well-defined energy. The intensity of the X-ray emission If is related to
the absorption coefficient µ(E) according to the Lambert-Beer’s law, which can be
measured in transmission geometry. The representation of the absorption coefficient
as a function of the incident energy is called X-ray absorption spectrum. Figure B.1
schematizes the spectra collected on the sample doped with 4, 17 and 25%Nd at the
U L3-edge.

The full XAS spectrum is divided into two regions: X-ray Absorption Near Edge
Structure (XANES) and the Extended X-ray Absorption Fine-structure Spectroscopy
(EXAFS). The XANES assessment is normally dedicated to probe the oxidation states
and coordination chemistry, while EXAFS region is defined by the local environments
in terms of the interatomic distances, coordination number and species of the neigh-
bors of the absorbing atom.
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Figure B.1: XAS spectra collected on this work at the U L3-edge.

B.3.2 Experimental setup of the acquisitions at the Mars
beamline

The U M4-edge (3.7 keV) HERFD-XANES measurements of all samples were per-
formed at the MARS beamline of the Soleil Synchrotron located in Saclay. All spec-
tra were acquired using the available emission spectrometer equipped with a Si(220)
spherically bent diced crystal with curvature radius of 1 m, a KETEK single element
silicon solid state (SDD) detector, along a Rowland type geometry. Samples were ori-
ented at 45◦ from the incident beam, and the emission spectrometer was positioned
at 90◦ from the incident beam to minimize self-absorption effects. A He-chamber was
used to reduce the X-rays path through air. The incident beam size was 300x200 µm2.
In addition, U L3-edge (17.166 keV) and Nd L3-edge (6.208 keV) EXAFS spectra were
also collected in fluorescence mode using a 13-element HPGe detector from ORTEC.
The beamline double-crystal monochromator (DCM) consists in a pair of Si(220)
crystals for the U L3-edge and a pair of Si(111) crystals for the Nd L3-edge. Energy
calibration was performed by measuring Y K-edge (17.038 keV) of a Y metallic foil
for U L3-edge and Fe K-edge (7.112keV) of a Fe metallic foil for Nd L3-edge.

B.3.3 Data analysis

The treatment of the XAS data was performed with the software package Demeter
[191]. ATHENA software was used to remove the pre-edge data, as well as to nor-
malize the post-edge using linear functions at the U M4-edge. Finally, the energy
threshold (E0) was defined as the maximum of the first derivative of the white-line
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relative to the incident energy. For EXAFS, the ATHENA software was used for
extracting the EXAFS oscillations. The ARTEMIS software was used for the curve
fitting in the k space and Fourier transform.
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Solution of the differential
equation in spherical coordinates
by separation of variables

One way to solve this problem is express the equation 3.2 as the product of two
functions, u(r, t) = P (r)T (t), which satisfy also the initial and boundary conditions,
or

du

dt
(r, t) = D.[

d2u

dr2
(r, t) +

2

r
.
du

dr
(r, t)],

for 0 ≤ r ≤ R and t ≥ 0

Considering the initial and boundary conditions as,

u(r, 0) = u0 for 0 ≤ r ≤ R,

u(R, t) = 0 for t ≥ 0

Separating variables, we find that t must satisfy,

T ′ = −λDT, (C.1)

while, P must satisfy,

− {P ′′ + 2

r
P ′} = λP and P (a) = 0, (C.2)

where λ is a constant. The solution to C.1 is

T (t) = e−λDt (C.3)

To solve this equation, it is first necessary to express the equation C.2 like the
Sturm-Liouville equation, which means that we have to find a function p(r) so that,

p[P ′′ +
2

r
P ′] = [pP ′]′ = pP ′′ + p′P ′
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This requires that p’ = 2p/r, so p(r) = r2 will suffice.

− [r2P ′′ + 2rP ′] = −[r2P ′]′ = λr2P (C.4)

Equation C.4 has the form of a Sturm-Liouville equation with the weight function
r2. To simplify the equation C.4, we can substitute S = rP . Then, S ′ = rP ′ + P
and S ′′ = rP ′′+ 2P ′. Making this substitution into the differential equation, we have
−rS ′′ = λrS, or −S ′′ = −λS.

From equation C.4 after the substitution of S, the boundary conditions satisfied by
S are S(0)=0.P(0)=0 and S(R)=R.P(R)=0. Hence, the function S(r)=rP(r) must
satisfy,

−S ′′ = λS, with S(0)=S(R)=0

The solutions for the Sturm-Liouville problems are,

λn =
n2π2

R2
and Sn = sin

nπr

R
, for n = 1, 2, 3, ... (C.5)

To better visualize Pn, notice that there is not an actual singularity at r=0, since

P = S/r, P (0) = lim
r→0

Pn(r) = lim
r→0

sin(nπr/R)

r
=
nπ

R

From C.4 and the C.5, the solution of the product is,

Vn(r, t) = e−Dn
2π2t/R.

sin(nπr/R)

r
, for n = 1, 2, 3, ... (C.6)

By superposition a convergent infinite series of the form

un(r, t) =
∞∑
n=1

Anun(r, t)

un =

∞∑
n=1

Ane
(−Dn2π2t/R2 sin(nπr/R)

r
(C.7)

We have to choose the coefficient An so that u(r,0)=u0. Multiplying r at both
members and evaluating t=0, it becomes,

u0r =

∞∑
n=1

Ansin
nπr

R
(C.8)

This is the Fourier sine series for the function u0r =. The coefficients are An =
(−1)(n+1).2Ru0/πn, so
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1

2
=

∞∑
n=1

(−1)(n+1) sin(nπr/R)

nπr/R
for 0 < r < R (C.9)

Inserting the coefficients An into equation C.7 gives the solution,

un(r, t) = 2u0

∞∑
n=1

(−1)(n+1)e(−Dn2π2t/R2) sin(nπr/R)

nπr/R
(C.10)

Now we are in conditions of expressing the actual oxygen concentration, C(r, t) in
terms of the transient oxygen concentration u(r, t), like

C(r, t) = Cf + V (r, t)

To give the final expression,

C(r,t) = Cf + 2(C0 − Cf )
∞∑
n=1

(−1)(n+1)e(−Dn2π2t/R2) sin(nπr/R)

nπr/R
(C.11)
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Parameters obtained after the
optimization of the thermodynamic
model

The previously existent thermodynamic model was optimized also through a CAL-
PHAD assessment. As presented in Chapter 4 of this manuscript, all interaction
parameters of the FCC phase were changed. In addition, the rhombohedral phase
was added to improve the calculation of the ternary phase diagrams at different
temperatures. Finally, a single parameter of the Liquid phase was also modified to
stabilize this phase at higher temperatures.

A three-sublattice model was to describe the FCC phase, they can be numbered
as,

(U+3, U+4, U+5, Nd+3) (O−2, V a) (O−2, V a)

Therefore, with the optimized parameters, the Gibbs energy according the CEF,
GCEF , for the FCC phase would be,

G(U,Nd)O2 =
∑
i

∑
j

∑
k

G
(U,Nd)O2

i:j:jk +RT
∑
i

yi.ln(yi) + 2RT
∑
j

yj.ln(yj)

+RT
∑
k

yk.ln(yk) +
∑
i1

∑
i2

∑
j

∑
k

yi1yi2yjyk[
0L

(U,Nd)O2

i1i2jk
+ (yi1 − yi2).1L

(U,Nd)O2

i1i2jk
]∑

i1

∑
i2

∑
i3

∑
j

∑
k

yi1yi2yi3yjyk[
0L

(U,Nd)O2

i1i2i3jk
]

(D.1)

where yi represents the fraction of the species i in the first sublattice (j and k for

the second and third sublattices, respectively), G
(U,Nd)O2

i:j:jk are the Gibbs energies for
the different compounds considering the species i, j and k, for the first, second and
third sublattices, respectively, and nL(U,Nd)O2 are the interaction parameters between
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the species, in this case, in the first sublattice.

The optimized interaction parameters for the FCC phase are listed in Table D.2.

Thermodynamic parameters of the (U,Nd)O2 phase Reference
G(U+3)(O−2)(O−2)

G(U+4)(O−2)(O−2)

G(U+5)(O−2)(O−2)

G(U+3)(V a)(O−2)

G(U+4)(V a)(O−2)

G(U+5)(V a)(O−2)

G(U+3)(O−2)(V a [12]
G(U+4)(O−2)(V a

G(U+5)(O−2)(V a)

G(U+3)(V a)(V a)

G(U+4)(V a)(V a)

G(U+5)(V a)(V a)
0L(U+3,U+4)(O−2)(V a)
1L(U+3,U+4)(O−2)(V a)
0L(U+4,U+5)(O−2)(O−2)

G(Nd+3)(O−2)(O−2)

G(Nd+3)(V a)(O−2) [91]
G(Nd+3)(O−2)(V a)

G(Nd+3)(V a)(V a)
0L(Nd+3,U+4)(O−2)(∗) = -870000
0L(Nd+3,U+5)(O−2)(V a) = -862309.9
1L(Nd+3,U+5)(O−2)(V a) -290018 This work
0L(Nd+3,U+5)(O−2)(O−2) = -1076209-345*T
0L(Nd+3,U+4,U+5)(∗)(∗) = +50000

Table D.1: Optimized thermodynamic parameter used on the different models to
define the FCC phase [51, 91].
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A three-sublattice model was also used to define the rhombohedral phase, stable
at higher concentrations of Nd (typically over 70%).

(U+4, U+5, U+6)(Nd+3)6(O−2)12

The expression of the Gibbs energy according to the energy formalism can be
defined as,

GUNd6O12 =
∑
l

∑
m

∑
n

GUNd6O12
l:m:n +RT

∑
l

ylln(yl) + 2RT
∑
m

ymln(y) +
∑
n

ynln(yn)

(D.2)

where yl represents the fraction of the species l in the first sublattice (m and n
for the second and third sublattices, respectively), GU,Nd6O12

l:m:n are the Gibbs energies
for the different compounds considering the species l, m and n, for the first, second
and third sublattices, respectively.

Thermodynamic parameters of the UNd6O12 phase Reference
G(U+4)(Nd+3)(O−2)= -803484 + 40∗T + GUO2 + 3GNd2O3 + 0.5GGO2−GAS This work
G(U+5)(Nd+3)(O−2)= -908641 + 62∗T + 0.5GUO2 + 0.5GUO3 + 3GNd2O3 + 0.25GGO2−GAS This work
G(U+6)(Nd+3)(O−2)=-400000+40∗T + GUO3 + 3GNd2O3 This work
G(U+4)(Nd+3)(V a) = GSER

U + 6GSER
Nd [183]

G(U+4)(Nd+3)(V a) = GSER
U + 6GSER

Nd [183]
G(U+4)(Nd+3)(V a) = GSER

U + 6GSER
Nd [183]

Table D.2: Optimized thermodynamic parameter used on the different models to
define the rhombohedral phase [183].
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Etude du diagramme de phase du système U-Nd-O sous conditions stœ-
chiométriques et sous-stœchiométriques.

Le combustible nucléaire évolue lors de son passage en réacteur, à la fois au niveau
de ses propriétés physiques mais aussi chimiques par la création continue de produits
de fission. Dans le cas de l’UO2, la concentration en produits de fission est parti-
culièrement élevée à la périphérie de la pastille de combustible, ce qui conduit à la
formation d’une microstructure particulière appelée High Burn-up Structure (HBS).
Cette microstructure est constituée de grains plus petits (submicroniques) que les
grains trouvés dans le centre de la pastille, et d’une porosité très importante (pou-
vant atteindre environ 20%). La présence de cette microstructure HBS a une influ-
ence sur les propriétés du combustible, comme la dureté, la conductivité thermique
et la capacité de rétention des produits de fission. Ce dernier point est primordial
dans l’évaluation du terme source (nature et quantité de produits de fission relâchés)
en situation d’accidents graves. Plusieurs mécanismes sont proposés pour expliquer
l’origine du HBS. L’un d’entre eux suggère une origine chimique liée à la formation
d’une seconde phase cristallographique lorsque la concentration en lanthanides (Ln)
augmente et associée à une lacune de miscibilité dans un certain domaine du dia-
gramme de phase (environ 5%wt Ln). En effet, l’existence d’une lacune de miscibilité
a déjà été mis en évidence dans différent systèmes ternaires, telles que (U,Pu,O),
(U,Ce,O) ou (U,Nd,O).

C’est dans ce contexte que la thèse s’intéresse à la description du diagramme de
phase des systèmes (U,Nd,O) et (U,Ce,O), plus particulièrement le domaine sous-
stœchiométrique (U1−yNdyO2−x et U1−yCeyO2−x), dans lesquelles la lacune de mis-
cibilité dans la phase fluorine a été identifiée. Pour cela, une étude expérimentale
a été menée sur deux types de composés (U,Nd)O2−x: des échantillons synthétisés
par co-broyage (voie sèche) et des échantillons obtenus par co-précipitation (voie hu-
mide). Différentes techniques de caractérisation ont été mises en œuvre: diffraction
des rayons X, observation aux microscopes électroniques à balayage et à transmission
couplée à de l’analyse chimique (EDX), ainsi que spectroscopie d’absorption de rayons
X.

Les analyses faites sur les échantillons produits par voie sèche ont montré un élevé
degré d’hétérogénéité de composition, conduisant à la formation de plusieurs phases
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métastables de structure et de composition variables. En revanche la voie humide
produit des composés parfaitement homogènes, permettant ainsi l’étude des oxydes
(U,Nd)O2−x en conditions réductrices. Les différents traitements thermiques associés
à des analyses structurales fines ont permis de définir l’évolution du paramètre de
maille et du rapport O/(U+Nd) en fonction de la température pour trois composi-
tions en Nd (4%, 17% et 25%). Ils ont aussi montré une solubilité complète du Nd
dans UO2. Une démarche analogue a été effectuée sur le système (U,Ce,O), également
pour trois compositions différentes (10%, 20% et 45%). Les résultats obtenus sur ce
deuxième système ont mis en évidence la présence d’une phase trigonale, caractérisée
par une mise en ordre particulière des lacunes, inexistante dans la description du
diagramme de phase du système (U,Ce,O) à l’heure actuel.

L’ensemble des résultats ont permis de souligner le conflit ouvert existent dans
la littérature entre l’équilibre thermodynamique et les phénomènes cinétiques. En
effet, la formation de phases différentes pour des teneurs de dopant proches est ex-
pliquée par la faiblesse du transport cationique à longue portée dans le domaine des
températures d’intérêt. De plus, ces résultats ont mené à faire une réévaluation cri-
tique du diagramme de phases du système (U,Nd,O).

Enfin, un nouveau modèle thermodynamique du système (U,Nd,O) est proposé en
utilisant la méthode CALPHAD. Ceci exclu la présence d’une lacune de miscibilité
pour des conditions sous-stœchiométriques, suggérant la solubilité totale du Nd en
UO2 jusqu’à teneurs de 60%, ainsi que la présence d’une phase rhomboédrique à forte
teneurs de Nd (au-delà de 60%Nd), absente dans le modèle précédent.

En résumé, ces travaux contribuent à la redéfinition des diagrammes de phase
ternaire (U,Nd,O) et (U,Ce,O), permettant une meilleure connaissance des limites
d’utilisation des combustibles fortement irradiés par rapport aux conditions de sécurités
optimales.
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