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GENERAL INTRODUCTION

2 According to the last World Nuclear Industry Status Report, as of 1 st July 2021, still 33 countries operate a total of 415 nuclear reactors with an overall capacity of 369 GW, despite nuclear energy is no longer in trend. Indeed, in the last two-and-half decades the nuclear energy's share of the global gross electricity generation has steadily decreased from 17.5 % (1996) to 10.1 % (2020). On the contrary, for the first time and only in the European Union, non-hydro renewable sources generated more power than nuclear power plants. Renewables including hydroelectric generated more power than all fossil fuels combined [1].

Although the global and European picture displays such a decline, the remaining operative nuclear reactors provide still a significant fraction of the total produced energy. Therefore research must continue to guarantee the management of present and future nuclear waste and the safety of the current operative reactors. The present study falls within the context of latter topic, specifically the safety in case of nuclear severe accidents (SA) scenarios.

The production of nuclear energy is based on nuclear fission, that is the splitting of heavy nuclide into two smaller atoms, said fission products (FP). The other results of the process are the release of thermal energy and the production of γ-rays and other neutrons. The latter hit the neighbour heavy nuclei inducing a chain reaction, as schematically shown in Fig. 1. The current technology adopts mostly 235 U, and in minor quantity 239 Pu, as fissile elements. For pressurized water reactors, the nuclear fuel is in the form of UO 2 or mixed (U,Pu)O 2 (MOX) pellets which are piled up into fuel rods made of zircaloy, said cladding.

Fig. 1. Scheme of the nuclear fission (adapted from [2])

During normal operations, the nuclear fuel pellet undergoes microstructural changes due to the radiation damages and thermal gradients. This results in a progressive degradation of the physical properties with the burnup of the fuel. This is the measure of the fuel utilization and it can be expressed in GWd/tU (Gigawattday per ton of metallic uranium). In addition, the creation of new FP elements affects the chemistry of the nuclear fuel. In particular, chemical reactions can occur between U, Pu, and FP compounds.

The fuel chemo-physical state becomes even more complex in case of an undesired increase of temperature caused by operational anomalies. If the multiple and redundant safety systems fail to re-establish the standard operative conditions, the worst case scenario is the outbreak of a severe accident. As shown in the schematic representation of Fig. 2, many concurrent phenomena (written in red) take place during this event, all triggered by the large temperature increase and by the failure of the different containment barriers. Among them, the release of gaseous radioactive products into the environment could induce large-scaled radiological damages for nature and human beings.

Fig. 2. Scheme of the different phenomena occurring during a severe accident

Many research programs were launched worldwide in the last decades with the aim of improving the safety of the nuclear power plants. In particular, dedicated studies were conducted with the scope of understanding and predicting the source terms of a SA. This term refers to the amount, the nature, and the release rate of radioactive products. This knowledge is fundamental to predict the consequences of a nuclear accident. The research was carried out along three working axes:

• Integral (or in-pile) tests, where the aim is to reproduce the reactor core in smaller scale and study the consequences of the accident; • Analytical (or out-of-pile) tests, focussed on certain parameters or phenomena of the accidents, like the gaseous release from the fuel; • Development of models and calculation codes to predict the sequence of possible accidental scenarios. The validity of these models is based on the experimental results provided by the integral and analytical tests.

Some of these experimental programs have been carried out at the French Commissariat à l'énergie atomique et aux énergies alternatives (CEA) and at the French Institut de Radioprotection et de Sûreté Nucléaire (IRSN).

Specifically, the HEVA, VERCORS and VERDON tests were performed at CEA and a FP release model for severe accidents scenarios was developed at IRSN, thanks to the implementation of the MFPR (Module for Fission Product Release) mechanistic code.

According to the model, not only the conditions of temperature and oxygen partial pressure (pO 2 ), but also the interaction among the different fission products play a fundamental role for the release.

The present work aims at contributing to the validation of such model, by providing experimental results about the fission products reaction mechanisms which lead to caesium release.

The use of SIMFUELS, i.e. simulated UO 2 fuels containing FP surrogates, has been recently adopted at CEA as complementary method to understand the chemical reactions occurring before release. The approach consists in the chemical characterization of the FP speciation during and after thermal treatments representative of different steps of a severe accident scenario.

Within this context, the effect of temperature and oxygen partial pressure was previously studied on molybdenum and barium speciation, thanks to the analysis of SIMFUELS containing 11 FP elements and synthesized by conventional sintering [3] [4].

The caesium behaviour during a hypothetical accident is of fundamental interest for two reasons:

-the combination of its high volatility, its abundant presence in the reactor, and its possible solubility in water, make Cs release into the environment extremely likely to happen; -its radioisotope 137 Cs has a strong radiological impact because of the long half-life (≈30 years) and the high radiotoxic effect on living beings. Caesium interacts preferentially with iodine forming highly volatile CsI. However, since the Cs fission yield is ten times higher than the one of I, the remaining Cs can interact with other elements, like U, Mo and Ba (and Te).

Hence, the aim of this work is to complement the previous studies, by characterizing the Cs speciation in presence of U, Mo and Ba, to understand the chemical reactions leading to its release.

Nevertheless, the high Cs volatility is not compatible with the synthesis of SIMFUELS by conventional sintering, due to the high temperature and time of the process.

On the other hand, spark plasma sintering (SPS) is an alternative process allowing densification in milder conditions of temperature and time. Therefore this technique was currently selected to synthesize SIMFUELS doped with Cs, Mo and Ba. The chemical speciation of these elements was studied as function of temperature and oxygen partial pressure.

The manuscript is divided into three main chapters.

The first chapter is dedicated to a formal study of UO 2 densification by spark plasma sintering (SPS). The employment of SPS is relatively new for UO 2 powders, thus a preliminary analysis of the densification mechanisms is proposed. The main densification parameters are calculated with different experimental methods and compared with literature.

Thanks to the experience gained in the UO 2 formal analysis, the method for SIMFUELS synthesis is developed in the second chapter. After synthesis and densification of Cs-Mo-Ba doped SIMFUELS, the characterization of the as-sintered pellets is carried out by SEM-EDX, XRD and XAS analyses.

The most promising samples are selected for the subsequent thermal treatments presented in the third chapter. The FP release is observed during KEMS and TGA analyses. The effect of different thermodynamic conditions is studied at three temperatures and two pO 2 , thanks to characterization by SEM-EDX, XRD, and HERFD-XANES.

Finally, conclusions on the synthesis method and the caesium speciation are presented, along with the perspectives which would allow a further development of this work.

OBJECTIVE

The synthesis of Cs-doped SIMFUELS is the preliminary requirement for the study of Cs behaviour in different conditions of temperature and oxygen potential. Nevertheless, an in-depth analysis of the synthesis technique itself is deemed necessary. For this reason the current chapter has the objective of providing a formal analysis of spark plasma sintering of UO 2 .

The chapter introduces first the general theory of sintering for polycrystalline materials through the description of the physical phenomena and then the list of different sintering techniques is provided.

Particular attention is given to the densification model for hot pressing and spark plasma sintering. Based on this, different methods from literature are applied to the UO 2 system to calculate the main parameters which define the densification mechanisms. A comparison between two types of powders, is proposed: a commercial powder and an in-house synthesized powder. The latter will be the adopted material in the next chapter for the synthesis of SIMFUELS doped with caesium compounds.

The experimental results of this chapter are based also on two peer review publications (Balice et al. [64] and Margueret et al. [START_REF] Manaud | Hydrothermal Conversion of Uranium(IV) Oxalate into Oxides: A Comprehensive Study[END_REF]).

I-1 LITERATURE REVIEW ON SINTERING I-1.1 SINTERING TECHNIQUES I-1.1.1 Conventional sintering (CS)

In materials science sintering belongs to the category of powders processes. A simple definition from the Collins Dictionary [5] says that "sintering densifies the ceramic compact and eliminates the pores between the particles of powder". For a basic approach, this definition is rather clear, but it misses the information that the sintering is a thermal process and that the needed temperature never exceeds the melting point (T m ) of the material (often 1 2 ⁄ -2 3 ⁄ of T m is an indicative sintering temperature). This technique is known since prehistoric times [6] and has evolved to a well standardized and controlled industrial process. The transformation into the final object occurs by shrinkage of a pre-formed shape or, in other words, by densification of the initial ceramic or metal powder bed. Since this chapter is focussed on UO 2 , the presented models are more specific on ceramics. The densification during sintering is never occurring alone, because it is concurrent with other physical phenomena, such as coalescence and grain growth. Another term to group the last two processes is "coarsening". A more detailed explanation of the physical principles is given in I-1.2.

I-1.1.2 Hot pressing (HP)

The densification process can occur naturally thanks to the effect of temperature, as explained later, or it can be enhanced by the auxiliary effect of an external pressure. This pressure-assisted process is named hot pressing (HP) in the simplest configuration, but other types of similar techniques exist, depending on the design of the pressing device. For example the most common processes are: hot isostatic pressing (HIP), sinter-hot isostatic pressing, upset forging, sinter forging, hot extrusion, etc... [7]. In brief, the application of an external pressure increases the densification driving force (cf. I-12.6), making solidification possible for those materials which do not densify or that require extremely high temperatures.

I-1.1.3 Field assisted sintering techniques (FAST)

I-1.1.3.1 Spark plasma sintering (SPS)

Spark plasma sintering (SPS) is the most used name to describe the technique that combines the application of an external pressure to an electric field. The existence of a spark among particles is still under discussion, but it seems that the larger part of the researchers agree on the absence of such a phenomenon. However this name was preserved, which might lead to some misunderstanding [8]. SPS allows to obtain dense objects (cylindrical pellets in the easiest configuration) at lower temperatures and in a shorter time, in comparison with conventional sintering and hot pressing. This results in a relevant energy saving and in the flexibility to design new microstructures to improve certain physical properties. Thanks to the use of an electric current, the heating rate can be considerably high. If on one hand the conventional sintering and hot pressing have heating rates in the range 1-20 °C/min, on the other SPS permits to reach heating rates of few hundreds °C/min [9]. The SPS device consists in an uniaxial hydraulic or electrical press, equipped with conductive punches. Fig. I.1 shows the scheme of the working principle: a pulsed direct current flows from the electrodes (punches) to the sample, through the graphite pistons and graphite die. If the powder bed is conductive, part of the current passes also through the latter, otherwise the current is confined only in the graphite matrix (pistons + die) as in the case of nonconductive ceramics. In the former case the sample is directly heated by means the Joule effect, while in the latter the heat is transferred from the graphite matrix to the sample by conduction, causing a different temperature gradient. Extensive descriptions and details can be found for instance in the comprehensive reviews papers of Anselmi-Tamburini et al. [8] and Guillon et al. [10]. In a lab-sized SPS the typical applied voltage is below 10 V, while the current can be 10 kA or more. The applied pressure is typically in the range between 20 to 150 MPa, limited by the mechanical properties of graphite. To protect the graphite dies, the sintering chamber is normally flushed with inert atmosphere or operated under vacuum. for the applied pressure (adapted from [11])

For low temperatures SPS and hot pressing are macroscopically equivalent, except for the higher heating rates, although most of ceramics become increasingly conductive with the increase of temperature. For this reason the descriptive equation presented in I-1.3 is the same for both the processes.

I-1.1.3.2 Flash sintering (FS)

The employment of SPS was significantly boosted in Japan at beginning of the '90s, while flash sintering (FS) was developed more recently. The first works about this technique are dated in 2010 by Raj and co-workers at University of Colorado [12] [13], based on the precursor study of Yang et al. [14].

Differently from SPS, flash sintering does not require any pressure application, even though the latter can be added. Its working principle consists in the application of a large electric field, typically ranging from few tens of V/cm up to 1000 V/cm, to a green component placed into a low temperature furnace, forcing the current to pass through it [15]. This is possible either thanks to a nonconductive die or to its complete absence.

The name "flash" gives the correct idea of a super-fast densification, which occurs in few seconds due to a current runaway and a power peak in the sample. As the current flows through the sample, its temperature increases due to Joule heating which causes in turn an increase of the electrical conductivity, in most of ceramics, implying a further temperature increase. The mechanism of the flash is even more complex than the one of SPS, because the time is much shorter and certainly non-thermal effects are present.

In the following sections this technique will be sporadically mentioned because its employment in the nuclear field is still very limited and extremely recent [16] [17] [18], however it is worthy to mention it because of the possible future applications also for nuclear materials.

I-1.1.3.3 Microwave sintering (MS)

Microwave sintering is another method to densify materials and its history is quite long, longer than SPS and flash sintering. Also this technique has the big advantage of lowering the sintering temperatures thanks to high heating rates. The powder bed is heated by means microwave energy with the frequency range between 300 MHz and 300 GHz. The material absorbs the electromagnetic energy and converts it into heat for its entire volume. The main difference with conventional sintering is that in this case the heat moves from the surface to the core, giving rise to a certain temperature gradient, whereas the microwave sintering is acting in the opposite direction, i.e. the heat is transferred from the core to the surface.

To optimize the microwave heating process some researchers have applied an intermediate material, said susceptor, which surrounds the sample: this configuration is known as hybrid-microwave heating and guarantees the most homogeneous temperature distribution, between core and surface. Its working principle relies on the different dielectric loss at low and high temperature of the two components. The microwave energy is absorbed by the material with the higher dielectric loss. At low temperatures the microwaves are absorbed by the susceptor, which in turn generates heat by conventional radiation heating. At high temperatures the susceptor has lower dielectric loss than the sample, hence the microwaves overcome it without a relevant energy loss and are absorbed by the sample. The internal heating by electromagnetic energy combined with the external heating on the surface by conventional heating guarantee the final homogeneous microstructure. Interesting reviews of this technique were provided by Oghbaei and Mirzaee [19] and by Zuo et al. [20]. In literature some examples of its application for UO 2 are reported by Thornton et al. [21] and Yang et al. [22].

I-1.1.3.4 High voltage electric discharge consolidation (HVEDC)

As last technique presented here, the high voltage electric discharge consolidation (HVEDC) could be seen as an extremization of SPS where both the applied pressure and voltage are very high. The former can reach up to 10 GPa and the latter up to 30 keV [23]. The method is also named electric pulse sintering (EPS). One current pulse is flowing through the powder causing an instantaneous energy release and densification. This method will not discussed further, but it was mentioned for sake of completeness, as it was applied for the synthesis of nuclear materials [24].

I-1.2 PHYSICAL PHENOMENA

I-1.2.1 Global and local driving forces

At first the concept of driving force in the context of coarsening is presented. The reduction of the Gibbs free energy related to the free surface is the global driving force leading to densification in a system made of particles. In other words, the system is thermodynamically pushed to reduce its excess of energy. The surface energy can be defined as the extra energy related to the presence of a new interface in a system with a constant number of atoms at a certain temperature and pressure [25] Eq. I-1:

𝛾 𝑠 = ( 𝑑𝐸 𝑑𝐴
) 𝑇,𝑃,𝑛 Eq. I-1 when at least two particles are in contact and diffusion of atoms is allowed, then the free surface of the particles tends to be reduced by their fusion (called coalescence). This process eliminates part of the free surfaces, but, on the other hand, it creates a new interface between the particles. The newly created surface is costing energy, acting in the opposite way of the reduction process. The competition between these interfaces can be written as Eq. 2 [25]:

𝛿𝐺 𝑠𝑦𝑠 = 𝛿 ∫ 𝛾 𝑠 𝑑𝐴 𝑠 + 𝛿 ∫ 𝛾 𝑠𝑠 𝑑𝐴 𝑠𝑠 Eq. I-2

where 𝐺 𝑠𝑦𝑠 is the total interfacial energy of the system, 𝐴 𝑠 and 𝛾 𝑠 are respectively the free surface area and the free surface energy that the system tends to decrease, while 𝐴 𝑠𝑠 and 𝛾 𝑠𝑠 are the competing terms related to the new interface area. The process is spontaneous until the first product is larger than the second. The total energy decreases until the minimum is reached: the angle formed between the particles is called equilibrium angle, 𝜑 𝑒 , or dihedral angle. Fig. I-2 shows a 2D representation of the interface between two particles. If the surface energies are represented as forces, i.e. vectors, then the equilibrium angle is defined as Eq. I-3 [25]:

𝛾 𝑠𝑠 𝛾 𝑠 = 2 𝑐𝑜𝑠( 𝜑 𝑒 2 )
Eq. I-3

Fig. I-2. Representation of equilibrium or dihedral angle (adapted from [25])

The equilibrium angle is a meta-stable angle because the system is unstable along the time and, since the real particles are not exactly spherical, a small rotation can change their angle and re-start the sintering process. In addition, the newly created interface is also contributing to the equilibrium since it can move through the grains, modifying again the relative angles. This can occur only if the interface is curved: an atom would not have any energetic advantage to migrate to the other side of the interface, if its neighbour is in the same condition, as in the case of a flat interface. To sum up, the reduction of surface free energy is the "global driving force" for particles sintering, while the interfaces curvature is the "local driving force" leading to the atoms motion towards preferred directions [25]. This migration occurs by diffusion, explained in the next section I-1.2.2.

To understand how the local driving force is acting, one can consider the example of a bubble air into a viscous liquid: the work needed to form the bubble, expressed as pressure multiplied by volume, has to be equal to the energy associated to the newly created area, i.e. Eq. I-4:

∆𝑃 𝑑𝑉 = 𝛾 𝑑𝐴 Eq. I-4

The variation of volume 𝑑𝑉 and area dA can be expressed, respectively as Eq. I-5 and Eq. I-6: 𝑑𝑉 = 4𝜋𝑟 2 𝑑𝑟 Eq. I-5 𝑑𝐴 = 8𝜋𝑟 𝑑𝑟 Eq. I-6

where 𝑟 is the radius of the spherical bubble. So re-writing Eq. I-4, the Laplace law is obtained in Eq. I-7:

∆𝑃 = 𝛾 2 𝑟
Eq. I-7

Eq. I-7 shows that the smaller is the radius, the higher is the pressure (and work) needed to form the bubble.

Or in other words, smaller bubbles are less stable than larger ones. If 𝑟 increases instead, the pressure decreases, and as the spherical surface approaches a flat one, i.e. 𝑟~∞, the needed pressure falls to zero (situation of equilibrium). By imaging to reduce further 𝑟, the radius becomes negative (𝑟 < 0) which means that now the pressure assists the formation of the surface. This can be applied also for a concave surface of a neck formed between two particles. Indeed, transferring this concept to a system of two particles, the Laplace law becomes Eq. I-8:

∆𝑃 = 𝛾( 2 𝑋 - 4𝐷 𝑋 2 )
Eq. I-8

where 𝑋 is the dimension of the neck between the particles and D the particle diameter. From this equation it can be seen that the dimension D of the particles is playing an important role and for a decreasing diameters the pressure increases. The latter is called internal pressure or sintering pressure.

Another way to approach the phenomenon is by the definition of the chemical potential (Eq. I-9):

𝜇 = 𝑅𝑇 𝑙𝑛 𝑝 Eq. I-9
where R is the gas constant, T is the absolute temperature and p the vapour pressure . From this perspective, the atoms are transported from regions at higher chemical potential, or higher Gibbs free energy, to zones at lower chemical potentials, or lower Gibbs free energy. This corresponds to a migration from convex surfaces where atoms have higher vapour pressure to flat or concave surfaces with lower p.

I-1.2.2 Diffusion in solids

Since the migration is often mentioned, the concept of diffusion is required. In its simplest and general form, diffusion can be described by the 2 Fick's laws as in Eq. I-10 and Eq. I-11:

𝐽 = -𝐷 ( 𝑑𝐶 𝑑𝑥 )
Eq. I-10

1 𝐽 = -𝐷 ( 𝑑 2 𝐶 𝑑𝑥 2 )
Eq. I-11

where J is the atomic flux, moving is in the opposite direction of the concentration gradient

𝑑𝐶 𝑑𝑥

, where C is the concentration, x the space coordinate, and D the diffusion coefficient, defined in Eq. I-12:

𝐷 = 𝐷 0 𝑒𝑥𝑝(- 𝑄 𝑎𝑐𝑡 𝑅𝑇 )
Eq. I-12

where D 0 depends on the vibration frequency of the atoms constituting the lattice and it represents the maximal diffusion coefficient at infinite temperature, R and T has the same meaning as Eq. I-9, and Q act is the activation energy. To interpret qualitatively this, one must think to one vibration of atoms in the lattice. Atoms vibrate around their nominal position and have a certain probability to diffuse towards another site, either interstitial or substitutional. To reach their final state, the atoms need to interact elastically with their neighbours and this interaction has cost of the activation energy, Q act . If thermal energy is provided to the system, the atoms vibrate with higher frequency and amplitude and will have higher probability to jump into new sites. In other words, the exponential term in Eq. I-12 describes the probability of the atoms to successfully complete the jump, so to diffuse. The sites available to host the jumping atoms are defined according to the solid-state diffusion mechanism, which are classically three: (i) lattice diffusion, (ii) grain boundary diffusion and (iii) surface diffusion [26].

(i) Lattice diffusion occurs in the bulk and the atoms move towards an interstitial site or to a vacancy, depending on the closest defect available. The activation energy depends on the type of defect, for instance if the atom needs to stretch elastically its neighbours to pass through them to reach an interstitial position (generating a Frenkel defect), the activation energy will be lower than the case of a substitutional diffusion because not only the energy for migration is required, but also the energy for vacancy formation.

(ii) Grain boundary, due to its nature, is a location with a higher concentration of defects and so diffusion is here favoured. The grain boundary is responsible for many phenomena and its concentration in a defined volume depends on the dimension of the grains. For a small grain size the density of grain boundary is high and consequently the grain boundary diffusion is favoured.

(iii) Surface diffusion is also a quite common phenomenon due to the easy movement of the ad-atoms on the surface. Since the atoms sitting on the surface have less bonds with the solid, are the most prone to migrate, without a high amount of energy.

In ionic materials like many ceramics, the atoms carry an electric charge during their motion. During the process, the conservation of stoichiometry and electroneutrality must be guaranteed. In the models of Nabarro-Herring [27][28] and Coble [29] the motion of anions and cations is foreseen to be along the same direction and the diffusion is rate-controlled by the slowest diffusing ion, but along the faster diffusion path.

As consequence, the two speeds of diffusion between ions and cations can cause a net electrical potential, which in turn enhances diffusion (ambipolar diffusion [30]). Hence the diffusion is always coupled and the rate controlling ion is the slowest one, but it follows the path of the faster ion.

The diffusion coefficients for lattice, grain boundary and surface diffusion, depend on temperature, as shown in Coalescence, grain growth and sintering have the same global and local driving forces, but the difference lays in how these forces are acting.

I-1.2.3 Coalescence

Coalescence occurs when two particles of different dimensions are in the same system: this process enlarges the bigger particle at the expenses of smaller ones. The driving forces are the surface elimination and the consequent energy reduction, at the global scale, whereas the difference in curvature between the two particles gives the local driving force. As in the concepts of Eq. I-9, the atoms standing at the surface of the smaller particles, whose curvature is higher, will tend to migrate towards the larger particle to reduce their chemical potential.

Coalescence then is a natural process, which leads to the disappearing of smaller particles until the left ones have approximately all the same dimensions and curvatures. This can be by diffusion or by vaporization and reprecipitation. Eq. I-13 describes the commonly known Ostwald ripening model, where it results clear that the particles radius increases with the time and it increases faster if the initial average radius 𝑟 0 is smaller. In other words the smaller particles tends to "disappear" faster, which is exactly the description of coalescence [32]:

𝑟 3 -𝑟 0 3 = 𝐷𝑝 0 𝛾𝑀 𝜌 2 𝑅𝑇 𝑡 Eq. I-13
where 𝑟 0 is the average initial radius, 𝑟 is the radius as function of time (t ), 𝑝 0 is the vapour pressure, M is the molar weight, 𝛾 is the surface energy and D is the diffusion coefficient defined in Eq. I-12.

I-1.2.4 Grain growth

Grain growth is the phenomenon occurring when the grain boundary migrates towards one preferred direction and it can occur for both porous and dense materials. Considering again two particles of different dimensions intersecting each other, the interface created between them has to be curved for geometrical reasons, like the surface of a spherical cup. Hence, there are atoms standing on the convex side which have less bonds occupied (i.e. a higher free energy) and are "attracted" towards the concave surface to increase their stability by increasing the number of neighbours. As resulting effect, the grain boundary migrates towards the centre of curvature causing grain growth. The geometry of the interfaces formed between one particle and their neighbours depends on the number of neighbours surrounding the central particle. A high number of neighbours, as in the latest stage of sintering, implies the bending of the interfaces such that the central particle has concave surfaces and tends to grow. It is the opposite for a small number of surrounding particles. The equilibrium angle in a 3D model is the angle for which the interface is flat, that corresponds to 120°, in a 2D representation. The same concept is applied to the stability of pores: the number of surrounding particles determines whether the pores tend to shrink or to grow (Fig. I-4).

The most used and accepted grain growth model describes the phenomenon with the assumption that the grain boundary width, conventionally named δ GB , is constant and that the energy associated to it, is isotropic. The general equation assumes the form [33] [34] of Eq. I-13:

𝐺 𝑚 -𝐺 0 𝑚 = 𝐾𝑡 Eq. I-14

where G is the current grain size, G 0 is the initial grain size, t is the time, K is a factor dependent on the temperature, the diffusion coefficient, the boundary width, the atomic volume and the surface energy [35].

The exponent m, said grain size exponent, ranges normally between 2 and 4 and contributes to determine the type of grain growth. This concept will be discussed more in details in I-1.3. [33])

I-1.2.

Sintering

Sintering is the last phenomenon considered, which is complementary and concurrent with coalescence and grain growth. The driving forces are the same as the ones discussed above, but densification is the main effect of sintering. Since the mass must be conserved for all the processes, the densification can be recognized as the only phenomenon in which the distance among the geometrical centres of the particles decreases.

Conventionally sintering is divided into three main stages, according to the density increase, as shown in Fig. I-5. Actually the process is continuous and these stages are used for convenience, but the driving forces do not change along all the process.

• The initial stage corresponds approximately to the initial increase of density from the green density by an amount of ≈3% and generally the density is 50-65% TD, with a neck size approximately ½ of the particle diameter; • the intermediate stage is up to 90% TD, where the pores reach a metastable equilibrium; • in the final stage up to 95%-100% TD, the last pores are closed and the grain growth prevails on the densification. [36])

When the neck is creating between two particles, no matter their reciprocal dimensions, the negative curve acts as sink of atoms as previously stated according to Laplace law (Eq. I-7).

Fig. I-6 shows the six different paths which atoms can follow during sintering: not all of them imply a densification of the system. Indeed, only those mechanisms in which the atoms are moved apart from the imaginary connecting line between the centres of two particles, are effectively responsible for densification. The mechanisms 4, 5 and 6 comply with the definition of densification, because their source of material is the neck. On the other hand, for mechanisms 1, 2 and 3, the source of material is the particle free surface, so they contribute only to coalescence and to grain growth.

In Table I-1 the six paths or mechanisms are resumed:

1. Surface diffusion: the atoms migrate from the free surface, along it, to the neck: this is a non-densifying mechanism.

2. Lattice diffusion from the surface: the atoms leave the surface and through the bulk they reach the neck; also this is non-densifying.

3. Vapour transport: as the first two mechanisms, the atoms leave the surface and are condensed onto the neck, without contributing to densification.

4. Grain boundary diffusion: the atoms standing in between the centres of the particles are moved towards the neck, this implies that other atoms have to fill the created "voids" and so densification occurs.

5. Lattice diffusion from the grain boundary: the atoms at the grain boundary migrate through the bulk to the neck, as the boundary diffusion, this mechanism increase the density of the system.

6. Plastic flow: the atoms in the bulk migrate from dislocations to the neck, through the bulk, increasing the density of the system. This is less common than mechanism 4 and 5 in the ceramics materials, while for metals is more common. The six transport paths (extracted from [37])

Since all these mechanisms are concurrent, there is a competition during sintering between the densification and the grain growth. A well-defined sintering process must tune the parameters to obtain the desired microstructure. If a fine and dense microstructure is required, then the densifying mechanisms must be enhanced and the non-densifying ones limited, and vice versa.

I-1.2.6 Effect of pressure

Recalling the concept of chemical potential of Eq. I-9, the application of an external pressure implies an additional term as following (Eq. I-15) [38]: 𝜇 𝐼 = 𝜇 𝑖 𝑜 -𝜎 𝑛 𝛺 𝐼 Eq. I-15

where 𝜇 𝐼 is the chemical potential at a particle interface under stress, 𝜇 𝑖 𝑜 is the standard chemical potential, 𝜎 𝑛 is the normal stress (positive if tensile, negative if compressive) at the interface and 𝛺 𝐼 is the atomic volume of the diffusing species.

The pressure influences the sintering process both intrinsically and extrinsically: at microscopic scale the diffusion-related mass transport, viscous flow, plastic flow and creep are affected by an external load; meanwhile from a macroscopic point of view the particles are subjected to rearrangement and destruction of agglomerates in the green powders. This can be resumed in (Eq. I-16) [38]:

𝑑𝜌 (1-𝜌)𝑑𝑡 = 𝐵 (𝑔 𝛾 𝑥 + 𝑃)
Eq. I-16

where 𝜌 is the fractional density, B is a term including diffusion coefficient and temperature, g is a geometric constant, 𝛾 is the surface energy, x is a parameter for the size scale, P is the applied pressure and t is the time. Hence, on the right-hand-side of the equation, the two terms in the sum represent sintering pressure and the external applied pressure, respectively (cf. Eq. I-7). Now, depending on the cases, one of the two driving forces is dominant: generally the particle size (value of x) and the entity of P are the factors determining whether the sintering or the external stress is dominant. In a study on nanosized zirconia, Skandan et al. [39] come to the conclusion and demonstration that there is a grain size threshold value, below which the influence of the applied stress is very limited, compared with larger grain sizes. Their result is given in Fig. I-7 where the schematic driving force is a function of the grain size. Furthermore, also the temperature plays an important role in combination with pressure. Quach et al. [40] displayed the existence of a threshold temperature too, above which the pressure becomes almost ineffective on the sintering, because the diffusion mechanism is dominant over the pressure (both intrinsic and applied). This will become clearer in I-1.3, where the densification equation is presented.

The system in analysis of Quach et al. [40] is c-YSZ sintered in SPS with an adapted matrix design to withstand high pressures. Inserts of SiC and WC were used to increase the limited maximum pressure of standard graphite. 

Effect of electric field

In this section the effects of the electric field and/or electric current are presented. Since this topic is in continuous development and since many works lead often to contradictory conclusions, this analysis does not aim at giving an exhaustive answer to all the questions still under discussion, but it wants to give the concepts useful to understand the following sections. The demonstration of the role of the electric field on sintering is rather hard, in fact in most FAST configurations the current is correlated to the temperature and thus the two variables cannot be uncoupled. The effect of the electric field on sintering depends largely on the material and processing parameters, and although a general consensus on the underlying mechanisms is lacking, several experimental evidences show significant effects besides the well-known Joule heating (the so-called athermal effects). Despite the first patents concerning the employment of an electric field to facilitate the sintering were reported already at the beginning of last century [42] [43] [44], extensive applications in this topic have been developed only in last few decades [45]. Such techniques are generally known by many different names: Field Assisted Sintering Techniques (FAST), Electric Field Assisted Sintering (EFAS), Electric Current Assisted Sintering (ECAS), Pulsed Electric Current Sintering (PECS) and Spark Plasma Sintering (SPS), among others. Sometimes one name is more general and includes more than one process. For instance SPS is a particular case of FAST. Pressure-less and field assisted sintering methods such as flash sintering and microwave sintering are also included.

As mentioned in the previous section I-1.2.1, the driving force of grain boundary motion is associated to the difference of chemical potential between two atoms sitting on the opposite side of a curved surface. However, for ceramic oxides which have strong non-directional ionic bonds, the application of an electric field across the grain boundary brings an extra driving force to the total migration energy.

The relationship in Eq. I-15 can be further modified with the addition of a term for the electric field, as proposed by Raj and co-workers [46] [47], giving Eq. I-17:

𝜇′ 𝐼 = 𝜇 𝑖 𝑜 -𝜎 𝑛 𝛺 𝐼 + 𝑒𝑧𝜙 Eq. I-17
where 𝜇′ 𝐼 is the total electrochemical potential (or total driving force), 𝑒 is the electron charge, 𝑧 is the valence of the diffusing ion and 𝜙 is the local electric potential.

In their work Jeong et al. [48] demonstrated that the grain-boundary migration in Al 2 O 3 is influenced by the presence of an electric field and the direction of the bias determines an effect on the migration rate. To carry out this experiment, two layers of Al 2 O 3 are put in contact, with a very different grain size. The grain-boundary migration is registered in three cases: the first without any applied electric field, the second and third with the electric field applied in the two opposite directions. The results show that the rate of grain-boundary migration is retarded and accelerated in the second and third case, if compared to the first one.

Intuitively, not only the grain-boundary mobility, but also grain growth is influenced by the presence of an electric field, as shown for YSZ [49], [40] , [50]. The grain-growth rate is a product of two terms, the driving force 𝑃 and the grain-boundary mobility, 𝑀 (Eq. I-18):

𝑑 ̇= (𝑃𝑀) 𝑚 Eq. I-18

where 𝑚 is an exponent depending on the purity of materials (𝑚 = 1 if pure, 𝑚 > 1 if impurities are present) and the mobility is expressed as Eq. I-19 [49]:

𝑀 = 𝑀 0 𝑒𝑥𝑝 (- 𝑄 𝑑 𝑅𝑇 ) Eq. I-19
where 𝑀 0 is the pre-exponential factor, 𝑄 𝑑 is the activation energy and 𝑅𝑇 has the usual meaning.

Ghosh et al. [50] reported the effect of weak electric fields on the grain-growth of fully dense zirconia (Fig. I-9) and proposed the following mechanisms:

1. Since the considered solid is an ionic ceramic, a space charge can form adjacent to the grain boundaries in response to the segregation of charged defects. Consequently, the applied electric field can interact with the existing space-charge layer influencing the segregation and the values of 𝑀 0 and/or 𝑄 𝑑 .

2. The electric field produces an additional driving force.

3. The electric field has an effect on the interfacial energy. 4. The electric field causes a local Joule heating because of a higher effective electrical-boundary resistance. An increase of temperature is then enhancing diffusion of ions on one hand, but it is limiting the motion of the grain boundary because a minimum of interfacial energy is formed, since the latter decreases with temperature, as Eq. I-20:

𝛾 𝑤 = ∆𝐻 𝑤 -𝑇∆𝑆 𝑤 Eq. I-20
where ∆𝐻 𝑤 and ∆𝑆 𝑤 are the excess enthalpy and entropy of the boundary, respectively. This minimum is acting as a kinetic barrier because the grain boundary is in a favourite state and so its movement results hindered.

Fig. I-9.

Effect of the electric field on the grain growth (extracted from [50])

Given these four possible explanations to the retarding of the grain-growth, it is important to point out that the strength of the applied field in the case of [50] is definitely lower than the existing field at the grain boundary, so the latter might not be affected and the first two explanations become less convincing. Yang and Conrad [49] also took into consideration the effect of the electric field on the Y ions: segregation might be increased at the grain boundary or Y ions mobility could be decreased under the effect of the external field.

Cologna and Raj [51] investigate the early stage of sintering, i.e. the non-densifying mechanism, focussing on the surface diffusion kinetics. Their experiment assures that the considered neck growth is only due to surface diffusion and so grain boundary or lattice diffusion can be ruled out. Despite the clear proofs of the electric field effect on the grain growth, the results show that the surface diffusion and so the neck growth is not influenced by the electric field, at least in the early stage of sintering.

Nevertheless more recent investigations from Biesuz et al. [15] have questioned these results, supposing that the applied electric field is too low and the resulting current is unable to heat the material by internal Joule effect. Indeed, the authors distinguish two regimes of field-assisted-sintering, according to current intensity and/or electric power dissipation: Type-A at 5 mA/mm 2 , where the densification mechanism remains basically unchanged and Type-B at higher current (10 mA/mm 2 ), where flash sintering (FS) of 8YSZ occurs. In regime Type-B there is an evident change, even though short, of the densification mechanism. Another observation is that lower values of electric fields correspond to higher current intensities, which is surprising on one hand, but on the other it confirms that current intensity, and Joule heating at grain boundaries, are the real key parameters in the densification mechanism.

I-1.2.8 Effect of heating rate

Since at this point the effect of the electric field and the main field assisted sintering techniques have been presented, it is interesting to focus on the thermal aspects of these processes, i.e. the high heating rates.

The physical phenomena are different among these methods, but the macroscopic result is the enhancement of sintering. As a general observation, valid both for conventional and field assisted sintering, the increase of heating rate causes a decrease of the achieved density at a certain temperature. However this does not mean that the higher density is inaccessible, but only that a higher sintering temperature is needed [52]. From a simple point of view, the heating rate determines the time which the system spends at a certain temperature: for lower heating rates this time would be obviously higher. The concept of "fast firing" has been introduced since four decades [53] and exploits the knowledge about the competition between grain growth and densification. Indeed, to improve the densification, the driving force for non-densifying mechanisms must be reduced, that is why it is preferable to overcome quickly (at high heating rate) the low temperature zone, to hinder the grain growth and favour densification. This is one of the simplest but effective way to tune the microstructure of the final product. The combination of high heating rates with high pressures maximizes the sinterability guaranteeing a moderate grain growth. However the combined effect of the electric field and the high heating rate is not fully disclosed.

Recalling the relation among the activation energies for diffusion mechanisms in

An interesting example is given by the comparison between the two works of Holland et al. [54] and Li et al. [9]. The former group assesses that the role of the thermal effects, i.e. heating rate, is almost negligible if no electric field is present, but on the other hand the presence of a moderate field strength determines a combined effect with the heating rate. Indeed the enhancement of densification in presence of an electric field can be noticed only if the heating rate is high enough to exceed a specific threshold value and only for the initial stage of sintering.

In conclusion the electric field enhances densification only if combined with a minimum heating rate and this effect can be observed only at the initial stage of sintering. On the other hand in Li et al. [9] it was shown that the effect of high heating rates is appreciable independently on the presence of an electric field.

I-1.3 DENSIFICATION MODEL FOR HOT PRESSING AND SPARK PLASMA SINTERING

In the previous section I-1.2 the working principles of conventional sintering, hot pressing, and field-assisted sintering were described, respectively. In the present section the derivation of a rather simple model to describe both hot pressing and SPS is discussed. As already mentioned, these two processes are very similar if non-conductive material is used.

The hot pressing (or SPS) equations can be derived from the creep theory. Table I-2 reports the specific relations for the different stages of sintering and type of mechanisms. The full mathematical derivation is given in the book of Rahaman [33]. As it can be observed in Table I-2, the form of all the equations is extremely similar because it is derived from Eq. I-21:

1 𝜌 𝑑𝜌 𝑑𝑡 = 𝐻𝐷 𝑘𝑇𝐺 𝑚 (𝜑𝜎 𝑎 ) 𝑛 Eq. I-21
where H is a constant including: the Burgers vector 𝑏 ⃑ , the shear modulus μ, a function of powder´s geometry and the density. Then k is the Boltzmann constant, T is the absolute temperature, G is the grain size, m is the grain size exponent, 𝜎 is the applied stress, 𝜑 is the stress intensification factor and n is the stress exponent. D is the diffusion coefficient of the rate controlling ion, as defined in Eq. I-12. A quantitative analysis can be then carried out starting from experimental data to determine the densification mechanisms, by means the estimation of the parameters m, n and Q act . Table I-3 gives the parameter value for each densification mechanism. Before proceeding further with the analysis it is important to present the assumptions behind the formulation of Eq. I-21.

I-1.3.1 Models requirements

Since in HP and SPS the mass of powder, M (kg), and the cross sectional area, A (m 2 ), of the die are constant, the product of the initial density 𝜌 𝑖 and height ℎ 𝑖 has to be equal to the one of the final values, 𝜌 𝑓 and ℎ 𝑓 , according to: where 𝜌 and ℎ are the instantaneous relative density and sample height, respectively. The instantaneous sample height is obtained from the displacement of the SPS piston, after correction for thermal expansion. The equations of steady-state creep for solid bodies can be adapted to describe the HP and SPS at intermediate and late sintering stages [33]. To do so three requirements are needed:

• the applied pressure is dominant over the intrinsic pressure: p a >> 𝛾 2 𝑟 ;

• the creep rate, that is a linear strain rate, can be written as densification rate, that is a volumetric strain rate. This is respected because the applied load is only uniaxial and the lateral shrinkage is negligible. The relation is given in Eq. I-24:

𝜀̇= 1 ℎ 𝑑ℎ 𝑑𝑡 = - 1 𝜌 𝑑𝜌 𝑑𝑡

Eq. I-24

where h is the sample height, and t and ρ have the usual meaning;

• creep refers to solid bodies, so a corrective factor to account for porosity and surface curvature is needed. Therefore the stress intensification factor, 𝜑, is defined in Eq. I-25:

𝜎 𝑒𝑓𝑓 = 𝜑 𝜎 𝑎 Eq. I-25
where 𝜎 𝑒𝑓𝑓 is the effective stress, which decreases with the decrease of porosity. Different forms of 𝜑 are given in literature, two equations are shown in Eq. I-26 from Santanach et al. [55] and in Eq. I-27 of Bernard-Granger and Guizard [56].

𝜑 = 1-𝜌 0 𝜌 (𝜌-𝜌 0 )
Eq. I-26

𝜑 = 1-𝜌 0 𝜌 2 (𝜌-𝜌 0 )
Eq. I-27

where 𝜌 0 is the initial green density. (iii) either grain growth is negligible up to a certain density (typically < 90%), or less restrictively, the grain size is a function of the density only, and thus independent from the thermal history. This last assumption was shown to be true for different ceramic materials [67] [56] [65].

I-1.3.1 Determination of the densification parameters with different methods

Among Type 2 it is worthy to distinguish between the constant heating rate (CHR) method of Wang et Raj [52] and the master sintering curve (MSC) method of Su et Johnson [63]. Type 2 methods allow the use of a larger density and pressure intervals compared with the isothermal-isobars methods, which solves one weakness of such methods [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF].

Hereafter only a brief definition of each method is given, because the mathematical description is given in the results (section I-3).

I-1.3.1.1 Constant heating rate method (CHR)

With the constant heating rate (CHR) method is intended a combination of mathematical operations and experiments to calculate Q act and n. The main feature of this method is that the densification is analysed during the increase of temperature which occurs with a constant heating rate, and not in the isothermal step. From this it comes the name CHR. Nevertheless, this is often confusing because the analysis requires the comparison of different densification curves obtained at different heating rates. The data points are compared among same values at same densities and the result is Arrhenius-type plot that provides the value of Q act . This approach proposed by Wang and Raj [52] for conventional sintering was extended to the HP/SPS case to calculate also the stress exponent n [68].

I-1.3.1.2 Master sintering curve method (MSC)

The master sintering curve method (MSC) was proposed in the work of Su and Johnson [63] for conventional sintering. Guillon and Langer [62] provided an adaption for SPS under the assumptions reported above. The MSC analysis adopts curves at different heating rates to determine Q act , so it can be employed as complementary analysis of the CHR method (no calculation of n is possible with MSC).

As suggested in the name, this method provides a densification curve: this can either give the value of Q act , starting from the experimental data points, or conversely, predict the densification, if the Q act is a-priori known. In the latter case, the MSC is used as an engineering tool design the thermal cycle for sintering of a specific powder.

I-1.3.1.3 Isothermal method

The isothermal method belongs to "Type 1" and as the name says, it is based on the analysis in the isothermal step of a certain thermal cycle. To best of our knowledge it is the most used method and it was proposed by Bernard-Granger and Guizard for HP/SPS for the first time [56].

As mentioned above it is needed to express the stress intensification factor, which may lead to uncertainties.

In particular the mathematical analysis is valid only if the grain size is constant with the density, which is a stronger assumption than the hypothesis that the grain size can vary but is a function of the density only.

I-1.3.1.4 Numerical solution of the sintering equation with the generalized reduced gradient (GRG) method

This model used to extract the different parameters is again presented by Bernard-Granger and Guizard, in another study [59].

To apply this method, the data points at different heating rate (as the CHR and MSC) are needed. The resolution of the sintering equation given in Eq. I-21 is performed with an appropriate numerical method. In this work the function Solver of Microsoft Office Excel, which is based on a generalized reduced gradient (GRG) algorithm, is considered. This is the only method, among the presented here, which allows the calculation of the grain size exponent, m. As drawback, additional experiments are necessary to determine the equation of the sintering path (or sintering trajectory), which relates the grain size as a function of density.

I-2 UO 2 DENSIFICATION

After presenting the general sintering theory and the methods to determine the densification parameters, this section I-2 is devoted to the practical application in the specific case of UO 2 densification by SPS.

First, a short overview on UO 2 sintering (conventional and field-assisted) is provided in section I-2.1 and after that the experimental part is given between sections I-2.2 to I-2.4. Section I-3 will be dedicated to the formal analysis of the densification results presented here.

For the study two types of UO 2 powders were employed: a "commercial" one, provided by Cogema and named simply "Cogema" in the text, and another in-house synthesized nanocrystalline UO 2 (hereafter named as "Nano-UO 2 "). More than one batch for each type of powder was used: the analysis focusses only on prereduced batches, which are quasi-stoichiometric, but complementary results come from other batches. For convenience let us call them respectively "Cogema-2" and "Test-nano". The relative results are preliminary or complementary to the main ones, therefore they are fully reported only in the appendices.

I-2.1 INTRODUCTION TO UO 2 SINTERING I-2.1.1 UO 2 properties
Uranium dioxide is preferred to other forms of uranium compound (e.g. metallic) because of its physical properties, which are the best in terms of safety for the PWR reactors operation. UO 2 is the chosen material for PWR reactors, i.e. those reactors which use water both as moderator and coolant. Indeed UO 2 pellets demonstrate high-temperature/dimensional/radiation stability and a good chemical compatibility with cladding alloy and water (coolant). The dimensional and thermal stability are the most critical parameters and have the priority over others, like low thermal conductivity of the oxidic form and the low uranium concentration. The latter two drawbacks result in a high temperature gradient between the center line and pellets periphery, and in the need of a large reactor volume, respectively [69].

The melting point of stoichiometric UO 2 has been reported at ≈2900°C by Manara et al. [70] and it can decrease of few hundreds of degrees with the increase of O/U ratio. Nevertheless, such temperatures are very far from the ones in the reactor and possible only in a rare scenario of a severe accident with the extreme temperature conditions. The lattice constant of UO2 at room temperature (293.15 K) was calculated to be 547.07 ± 0.08 pm, with a resulting theoretical density of 10.9511 ± 0.0005 g / cm³ [START_REF] Leinders | Accurate lattice parameter measurements of stoichiometric uranium dioxide[END_REF]. In UO 2+x the excess of O 2-is located into octahedral interstitial sites and the electroneutrality is guaranteed by the oxidation of U 4+ to U 5+ and U 6+ . With the increase of oxygen there is the formation of large defect clusters, named 2:2:2 Willis clusters [START_REF] Willis | The defect structure of hyper-stoichiometric uranium dioxide[END_REF].

The accommodation of the interstitial oxygen causes the deformation and reduction of the lattice parameter. Within a certain deviation from stoichiometry (0<x<0.22) the convenient empirical relation proposed by Teske et al. [START_REF] Teske | Investigation of the oxygen activity of oxide fuels and fuelfission product systems by solid electrolyte techniques. Part I: Qualification and limitations of the method[END_REF] can be adopted:

𝑎 = 5.4705 -0.132𝑥 Eq. I-28
where a stays for the lattice parameter in Å and x for the deviation from stoichiometry.

The change of UO 2 stoichiometry occurs naturally during the reactor life. Indeed the fission reaction of 235 U atoms produces fission products which have, on average, a valence state below 4+. To compensate for it, release of oxygen occurs, so that the global reaction can be considered a net oxidizing process [76] [77]. Also the accidental scenarios (not necessarily severe) and the fuel storage conditions influence the oxidation of the nuclear fuel. This topic is fundamental because of safety reasons. Indeed there is a degradation of the material properties with the increase of the O/U ratio. In particular the safety performances decrease with the deviation from stoichiometry because of the decrease of thermal conductivity and melting temperature [START_REF] Hobson | Effect of porosity and stoichiometry on the thermal conductivity of uranium dioxide[END_REF] [79] [80] [70].

In addition the reactivity between the cladding and the environment becomes higher for hyperstoichiometric UO 2 , that can cause undesirable reactions.

I-2.1.2 UO 2 conventional sintering

I-2.1.2.

Industrial densification process

The UO 2 industrial manufacturing process is reported in Fig I -12. A small amount of U 3 O 8 (up to 15%) is generally added as pore former to manage the porosity distribution in the pellet. Green pellets are obtained with a theoretical density around 50-60% TD by means pressing under 150-500 MPa. As first step in sintering all the binders and lubricants are released at 600-800°C and sintering proceeds for several hours (3-10 h) up to 1600-1800 °C and under reducing atmosphere (H 2 ). The target final density is 95-97% TD [START_REF] Ironman | Exploration of Viability of Spark Plasma Sintering for Commercial Fabrication of Nuclear Fuel Pellets[END_REF] because a certain porosity is desired to trap the formed gaseous fission products. After densification, centerless grinding is needed to comply with production standards (tolerance of 10 μm for the diameter).

I-2.1.2.2 Effect of stoichiometry on sintering

The presence of lattice defects as the ones generated in hyperstoichiometric UO 2 has the effect of enhancing diffusion. The ratio D O /D U , i.e. between the self-diffusion coefficients of oxygen and uranium, is reported to be ≈10 5 [82] [83]. This means that uranium mobility is the rate-controlling parameter for all the processes involving diffusion, e.g. creep, sintering, grain growth.

It has been reported by Matzke [START_REF] Hj | On Uranium Self-Diffusion in UO2 and UO2+x[END_REF], that D U increases with an x 2 law, where x is the deviation from stoichiometry. This is in agreement with the results of Lidiard et al. [START_REF] Lidiard | Self DIffusion of UO2[END_REF] who also gave a D ∝ x 2 relation. The point defect model assumed by both the works implies an increase of uranium vacancies with the increase of the O/U ratio and the increase of temperature. On the other hand, a linear dependence was proposed by Seltzer et al. [START_REF] Seltzer | The Influence of Stoichiometry of Stoichiometry on Compression Creep of Polycrystalline UO2+x[END_REF], Wang and Nieh [START_REF] Wang | A new interpretation of the mechanisms in Newtonian creep of uranium dioxides[END_REF], and Armstrong and Irvine [START_REF] Armstrong | Creep Deformation of Non-Stoichiometric Uranium Dioxide[END_REF], who worked on creep tests of UO 2 . Nevertheless, the D U self-diffusion coefficient is certainly increased with stoichiometry.

Densification is not only affected by the O/U ratio, which determines the oxygen potential of the fuel, but also by the sintering atmosphere. In the work of Kutty et al. [START_REF] Kutty | Densification behaviour of UO2 in six different atmospheres[END_REF], six different atmospheres of sintering were employed to densify UO 2.15 powder with a 6°C/min heating rate. Oxidizing, reducing, inert, and vacuum conditions were applied. The most reductive atmospheres, that were Ar, Ar-8% H 2 , and vacuum, required a sintering temperature between 300-400°C higher than in CO 2 (oxidizing), N 2 (inert), and N 2 + 1000 ppm O 2 .

The authors conclude that the difference lays in the different mechanism of transport. In more reductive conditions the densification of sintering must be attributed to the diffusion of uranium vacancies, whereas in more oxidizing atmospheres the governing process for sintering is the defects clusters formation.

The peculiar UO 2 structure is particularly affected by the stoichiometry, but also other parameters are influencing the densification behaviour. For instance the powder morphology or the operative sintering parameters (type of powder, pre-compaction pressure, heating rate schedule, and so on). However the latter are more common parameters for all the ceramic powders, therefore they are not discussed in details.

I-2.1.3 UO 2 spark plasma sintering SPS for UO 2 has come later to life compared with other materials and this is certainly due to the restrictive rules for handling nuclear material. The first publication reporting spark plasma sintering of U, in form of UN, is dated 2007 [START_REF] Muta | Preparation of Nitride Fuel by Spark Plasma Sintering Technique[END_REF]. Only few other works were presented up to 2014, for instance [67] [89]. The number of publications is constantly increasing, showing the interest for the topic from many research groups. A complete overview from Cologna collects the SPS studies on nuclear materials [START_REF] Cologna | 5.25 -Use of Field Assisted Sintering for Innovation in Nuclear Ceramics Manufacturing[END_REF]. It is important to recall that SPS has been used so far only as a research tool and not for industrial production of UO 2 pellets.

The perspective of reducing the densification temperature and time, or of enhancing the sintering capacity, makes the UO 2 SPS interesting for two main aspects: i) to simulate certain microstructures or chemical features of the irradiated fuels, like the so called highburnup-structure (HBS) [START_REF] Tyrpekl | Preparation of bulknanostructured UO 2 pellets using high-pressure spark plasma sintering for LWR fuel safety assessment[END_REF] or the addition of volatile elements, like CsI [START_REF] Wangle | Simulated UO 2 fuel containing CsI by spark plasma sintering[END_REF];

ii) to synthesize UO 2 pellets with second phases normally hard to densify, in order to form composites. The most investigated dopants are SiC, graphene, carbon nanotubes, TiO 2 , Mo, and others [START_REF] Yeo | Enhanced thermal conductivity of uranium dioxide-silicon carbide composite fuel pellets prepared by Spark Plasma Sintering (SPS)[END_REF] [94] [START_REF] Chen | Spark plasma sintering of diamond-reinforced uranium dioxide composite fuel pellets[END_REF] [96] [START_REF] Cartas | Influence of Carbon Nanotube Dispersion in UO2-Carbon Nanotube Ceramic Matrix Composites Utilizing Spark Plasma Sintering[END_REF] [98] [START_REF] Li | Ti3SiC2/UO2 composite pellets with superior high-temperature thermal conductivity[END_REF], and their scope is to increase the fuel physical properties (e.g. thermal conductivity) for the development of E-ATF (enhanced accident tolerant fuels) prototypes.

It is fundamental to underline that the effect of UO 2 stoichiometry on densification in SPS is the same as in conventional sintering. Tyrpekl et al. [START_REF] Tyrpekl | On the Role of the Electrical Field in Spark Plasma Sintering of UO2+x[END_REF] have reported the role of SPS on the pellets stoichiometry: the O/M is reduced at the surfaces because of the contact with graphite. This implies that SPS can both densify and reduce UO 2+x , but also that with the progression of densification, the U self-diffusion coefficient decreases, retarding densification itself.

I-2.1.4 UO 2 flash sintering

In the case of SPS almost two decades were necessary to start the research in the nuclear materials with respect to conventional ceramics. On the contrary, a much smaller gap was needed flash sintering (FS). As of 2010, when the first article on flash sintering was published [12], it took "only" seven years to have the first publication on UO 2 . Raftery et al. [16] and Valdez et al. [17] were the first to study the effect of electric current in flash sintering on UO 2+x and UO 2 . As for conventional sintering and SPS, UO 2+x has a better sinter capability than stoichiometric powder. Specifically Raftery et al. [16] demonstrated that the critical electric field for the flash is dramatically reduced from UO 2.00 to UO 2.08 or UO 2.16 and that this value decreases with the increase of the set furnace temperature. In addition, even at room temperature the flash phenomenon can occur, which is unusual for other ceramics. In agreement to these results, Valdez et al. [17] show an enhanced densification for UO 2.16 (91% TD achieved) compared to UO 2.00 (81 %TD) and the FS temperatures are estimated to be 780 °C and 835°C, respectively. Theoretically even higher densities could be reached by increasing the current density, but this led to a catastrophic cracking of the sample. Nevertheless the low temperatures (780 °C and 835 °C) and times (respectively 2 and 3 minutes) cannot justify the densification, which must be determined by a non-thermal effect brought by the electric field. More recent results were published by Ingraci Neto et al. [START_REF] Ingraci Neto | Controlled current-rate AC flash sintering of uranium dioxide[END_REF] who applied FS in the controlled current-rate AC-FS (alternate current FS) mode. The AC electric field prevents the accumulation of O 2-ions at the anode, avoiding variation of stoichiometry within the sample. The final product shows to be homogeneous, dense (93.4% TD), and defects-free.

I-2.2 UO 2 SPS: EXPERIMENTAL PROCEDURE I-2.2.1 SPS device

Sintering was performed in a SPS (FCT, GmbH, Rauenstein, Germany) enclosed into a glovebox at JRC-Karlsruhe [START_REF] Tyrpekl | Implementation of a spark plasma sintering facility in a hermetic glovebox for compaction of toxic, radiotoxic, and air sensitive materials[END_REF]. All the samples were prepared with the same procedure: 500 mg of UO 2 powder was poured into a 6 mm diameter graphite die, without any use of extra graphite foils. By means a manual press the powder was pre-compacted at ≈18 MPa in order to stabilize the assembly. The temperature was measured by means of a thermocouple inserted into the bottom of the piston, protected by a boron nitride tube to prevent carbon contamination. Thanks to this system the measure takes places very close to the powder and guarantees a more accurate value compared to measurement done by pyrometer on the lateral surface of the die. Since the SPS tests were carried out at maximum 1600 °C, a graphite felt was employed in all the experiments to wrap the matrix and limit the temperature dispersion (Appendix A.1).

The operating sequence is hereafter described: the SPS chamber is closed and a partial vacuum is applied (0.5 atm), then the machine sets the pressure automatically at 18 MPa (as the one applied manually before), at this step the pressing segment starts up to the set pressure, finally temperature is increased with the set heating rate. As last step, the cooling is occurring with the same heating rate as heating, while pressure is released at room temperature. Since pressure is set constant during all the temperature cycle, the effect of thermal expansion (TE) can be calculated also by the cooling segment (assuming thermal shrinkage equal to thermal expansion, example in Appendix A. For the data analysis the curves were initially smoothed with the "FFT" or "Savitzky-Golay" filters (20-40 points) available in OriginLab®. The derivatives curves as function of temperature were obtained with the "Differentiate" function of OriginLab®.

I-2.2.2 Characterization techniques

I-2.2.2.1 Density measurements

The samples were recovered after SPS to determine their density and microstructure. Different methods had to be adopted between the Cogema powder and the Nano-UO 2 batch. Although the densification procedure was the same for both powders, the pellets obtained from nanocrystalline powder tended to break more often and in smaller fragments.

For Cogema powder the density was measured both via geometrical and with the Archimedes' method, with deionized water at 24°C. The average of three measurements was used.

For the Archimedes' method only the weight in air and the one in water were recorded, because the mass and surface of the samples were too small to have an accurate measurement of the soaked mass (needed for determination of the open porosity). Careful attention was payed to the geometrical method. The measurements were done on pellets fragments (approximately 1/2 or 1/3 of the bases area) by means a micrometer, measuring the thickness in different points of the samples and using the average, but disregarding the rim zone which typically presents material build-up, determining a false increase of thickness. To calculate the density the nominal diameter of the inner die was considered, whereas the total weight was carefully measured as sum of the pieces together and each time confirmed by the weight difference between the full (pistons, matrix and sample) and empty (pistons and matrix) assembly.

For Nano-UO 2 samples the pellets diameters was the same as for Cogema, but the samples broke in smaller fragments, therefore the determination of the density was more complicated. The Archimede's method gave results with very high scatter, that is why it was considered not reliable. Geometrical measurements by means a manual micrometer resulted also inaccurate due the small fragments dimensions. A good compromise was the employment of SEM images. The pellet fragments were carefully placed with their fracture surface perpendicular to the vertical direction and the sample height was measured in five different positions by means the software running the microscope. The average of the samples height was used to calculate the density because the total mass and the nominal diameters were known.

I-2.2.2.2 SEM analyses

For all the samples the microstructure was analysed by SEM on the pellets fracture surface. All the images were acquired with the SE detector.

The microscope used for characterization was the "FIB ThermoFisher" described in Appendix A.2.1. SEM images were used in the case of Nano-UO 2 for the height measurement.

For the grain size measurement of the pellets with larger grains it was possible to use the line intercept method on two hundreds of grains.

I-2.2.2.3 XRD analyses

The XRD analyses were carried out with two devices, described in Appendix A.2.2. The first diffractometer was a Rigaku Miniflex 600, operated in air under fume hood, while the second was a Bruker D8 diffractometer operated under nitrogen glove box.

XRD was used as characterization method for two scopes: i) the determination of the UO 2 lattice parameter to calculate the O/M ratio of the initial powders, ii) the determination of the crystallite size of both powders and pellets with the Scherrer method [START_REF] Scherre | Bestimmung der Grösse und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen[END_REF] (Appendix A.2.2).

For the analyses the HighScore Plus program was employed. The Rietveld refinement [START_REF] Rietveld | A profile refinement method for nuclear and magnetic structures[END_REF] was performed in the automatic mode of the program (Appendix A.2.2).

I-2.3 UO 2 POWDER PREPARATION I-2.3.1 Cogema UO 2 powder

Commercial UO 2 from Cogema was selected as first batch for the study.

From previous studies carried out at JRC with the employment of this powder, the ratio O/U is known to be ≈2.10, the agglomerate size ca. 10 µm, and primary particle size ca. 100-200 nm [92] [4].

As reported in section I-2.1.2.3, the deviation from stoichiometry can influence the sintering behaviour, therefore this parameter needed to be fixed [START_REF] Tyrpekl | On the Role of the Electrical Field in Spark Plasma Sintering of UO2+x[END_REF].

To set the initial O/M equal for all the experiments, the powder was pre-reduced in a tubular furnace. The temperature was set at 800 °C with reducing atmosphere of Ar/4% H 2 for 4 hours (6 g, quartz crucible, heating and cooling rate 200 °C/h). By means XRD analysis the resulting stoichiometry was determined to be UO 2.01(±0.01) according to the empirical relation of Eq. I-28 [START_REF] Teske | Investigation of the oxygen activity of oxide fuels and fuelfission product systems by solid electrolyte techniques. Part I: Qualification and limitations of the method[END_REF]. After calcination, the powder was stored in a glovebox in Ar atmosphere (with a maximal oxygen content of 1 %vol) and the experiments were conducted within two days in order to limit oxidation.

I-2.3.2 Nanocrystalline UO 2 by hydrothermal decomposition

Nanocrystalline UO 2 powder was synthesised by using the hydrothermal decomposition of U(IV)-oxalate, using a protocol developed in JRC-Karlsruhe, reported by Walter et al. [START_REF] Walter | Hydrothermal decomposition of actinide(IV) oxalates: a new aqueous route towards reactive actinide oxide nanocrystals[END_REF]. A more extended and parametric study was given afterwards by Manaud et al. [START_REF] Manaud | Hydrothermal Conversion of Uranium(IV) Oxalate into Oxides: A Comprehensive Study[END_REF].

The powder preparation protocol was optimized in more steps because of the powder high sensitivity to oxidation, even when stored in protected atmosphere of the glove box. An initial batch, named "Test-nano" was initially studied, and then the main "Nano-UO 2 " batch was synthesised. The main difference between the two is that for the latter additional thermal treatments were performed to stabilize its oxidation state before sintering.

I-2.3.2.1 Analysis of oxidation kinetics: preliminary batch "Test-nano"

A preliminary batch, named "Test-nano", was synthesized and densified by SPS. In parallel its oxidation behaviour was analysed in the worst conditions, i.e. under air. The powder was let onto the sample holder (inside a drop of paraffine) and the XRD measurements were carried out continuously for approximately 13 days. The initial crystallite size was determined to be 7(±2) nm from Rietveld refinement. The XRD analysis showed a quick oxidation, which tended to reach its stability after approximately one week. In Fig. I-14 the lattice parameter as function of time is reported. On the secondary axis, also the O/U ratio is reported, calculated with Eq. I-28. Although the validity of such a relation should be limited to x=0.21, it was employed for the whole range of stoichiometry/lattice parameters (up to x=0.30). This is an approximation, but it is sufficient to understand the trend of the oxidation. Nevertheless, Manaud et al. [START_REF] Manaud | Hydrothermal Conversion of Uranium(IV) Oxalate into Oxides: A Comprehensive Study[END_REF] proposed that with hydrothermal decomposition the cubic fluorite structure of UO 2 /U 4 O 9 is stabilized also for O/U>0.25 because of the presence of amorphous U(VI)-bearing amorphous secondary phase. This result is applicable only in the case of nanocrystalline UO 2 and obtained only with hydrothermal decomposition.

Fig. I-14. Evolution of stoichiometry as function of time for "Test-nano" batch

The sintering curves of the "Test-nano" batches are presented in Appendix A.3.1 and are sometimes recalled in the main results.

I-2.3.2.2 Synthesis protocol

The quantities reported refer only to the Nano-UO 2 batch. Table I-4 summarizes the main steps following the oxalate precipitation. The obtained crystallite sizes are also given. The formed U(IV) was precipitated from solution by adding dropwise a 0.5 mol/L solution of oxalic acid in excess (20 %). After resting overnight, the precipitate was separated from the supernatant by centrifugation and repeatedly washed with milli-Q water, to remove nitrate ions. This separation step is crucial, since the nitrogen oxides (which would evolve under high temperature and high pressure conditions) could re-oxidise the U(IV) to U(VI) during the hydrothermal treatment.

Hydrothermal decomposition (conversion into oxide)

Typically, 27 g of wet oxalate, 24 mL of milli-Q water and 1 mL hydrazinium hydroxide were inserted under constant argon flushing in a 75 ml high temperature -high pressure stainless steel autoclave equipped with thermocouple and pressure gauge (Parr Instruments, Moline, IL, US). The autoclave was heated with a custom-made aluminium heating mantle. A 4h heat treatment at 220 o C was performed under static conditions, allowing the decomposition of U(IV)-oxalate to UO 2(+x) . The pressure in the autoclave rose continuously during heating and stabilized at about 150 bar one hour after that the maximum temperature of 220 o C was reached. After the heat treatment, the residual pressure in the autoclave at room temperature was about 62 bar due to gases evolved during the decomposition reaction. The resulting solid product (about 14 g in wet form) was washed with milli-Q water, ethanol, and acetone and dried overnight at 80 o C under argon flow.

(After this stage the "Test-nano" batch was analysed and sintered, whereas "Nano-UO 2 " continued with the next steps).

First calcination

The dry powder was then thermally conditioned in a quartz crucible for ). These values have been chosen according to the conventional range of the SPS machine. In Table I-5 the samples with different heating rates are named "Hxx", where "H" stays for heating rate, "xx" is the value of the heating rate in °C/min. Similarly, for the samples at different pressure: Pyy, where "P" stays for pressure and "yy" is pressure value in MPa. The sample H100 corresponds also to the P50, so from eight experiments nine data can be extracted. The two remaining samples were quenched at lower temperatures, 673 °C and 973 °C for 25°C/min and 200 °C/min, respectively, to obtain the microstructure frozen at partial densification. They are named Qzz, where "Q" stays for quenching and "zz" is the quenching temperature. The aim of these two tests was to prove that the grain size is independent on the thermal history, but only on the density. This is the hypothesis needed for the CHR method. The two values of temperature were chosen accordingly to the results at 1600 °C. The targeted density was approximately 75% TD for both the heating rates, so 673°C and 973°C, respectively. The curves of Q673 and Q973 are not reported, but they follow well the densification behaviour of the respective samples with the same heating schedule (H25 and H200). The density measurement confirms the partial densification. Compared with the target of the 75 %TD, the real values are slightly higher, 83 %TD and 78 %TD, respectively. ) because at low heating rates the time spent at low temperatures is higher, so non-densifying mechanisms, such as surface diffusion, are promoted. This is true also for high temperatures: since the full densification (>90-95 %TD) is reached at lower temperatures for lower heating rates, the grains have a longer time to spend at high temperatures without need of densification, so grain growth occurs.

Figs. I-16 (a-d). Microstructures of Cogema samples sintered at different conditions

The fracture surfaces of Q673 and Q973 samples are reported in Figs. I-17 (a-b). Despite the different heating rate and temperature, the two samples present a very similar microstructure: this observation is consistent with the hypothesis that the grains size is only function of the density (at least for ρ<96 % [57]), independently on the thermal history. 

I-2.4.2 Nano-UO 2

For Nano-UO 2 powder two types of experiments were carried out: at different heating rates (CHR method) and in isothermal conditions.

I-2.4.2.1 Sintering schedule: CHR method

The procedure adopted for Nano-UO 2 powder is the same as the one described above for Cogema batch, except for two differences: the loaded mass was ca. 400 mg instead of 500 mg and the pre-pressing step was set differently. The powder has been manually pre-compacted under 18 MPa, then heated at 100°C and finally pressed under 81 MPa for all the experiments. This procedure ensures to have the same green density among all the samples, since the highest applied pressure is 78 MPa (2.2 kN). A similar experimental schedule to the one of Cogema (Table I-5) is given in Table I-7, where the final sintering temperature is again 1600°C.

The letter code has the same meaning as above, but the letter "N" at the end stays for "nanocrystalline".

The two samples named Q775-N and Q960-N indicate the quenched samples similarly to the Cogema schedule. 

I-2.4.2.2 Densification behaviour (CHR schedule)

Both Archimede's and geometrical (i.e. with micrometer) methods were not applicable due to the very small fragment dimensions. Therefore for the density measurements the pellets height was calculated as average thickness of five measurements performed on the SEM images, as shown for instance in Fig I -18.

Nevertheless, some samples resulted stuck to the pistons, because of the high sintering temperature (1600°C) and the intentional absence of graphite foils. Since the measured samples showed a relative density within 96 ± 2 % and since the raw shrinkage curves show to reach the densification plateau well before 1600°C, an assumption was made for those samples whose density could not be determined. The final density was set to 96 %TD at 1600°C for all samples sintered at that temperature.

Fig. I-18. Example of thickness measurement to estimate the sample density

In Table I-8 the density values which could be really measured are reported, for those samples where the measurement was not reliable, the cell is left intentionally blank. The densities of the experiments with BN are not reported because similar to values of the conventional experiments. Concerning Q775-N and Q960-N, compared with the target of 75% TD, the actual values were ≈77% TD and ≈80 %TD. The densification curves of Q775-N and Q960-N are not reported for the sake of readability, but their trend follows the one of the respective dense samples (H25-N and H200-N, respectively). Although it is hard to distinguish each grain because of the small dimensions, a qualitative comparison does not underline substantial differences. Therefore the assumption that the grain size depends only on the density can be considered true also for the Nano-UO 2 system.

Figs. I-21 (a-b). Microstructures of Q775-N and Q960-N, quenched at approximately the same densities

I-2.4.2.4 Sintering schedule: isothermal method

Isothermal sintering under 50 MPa and with a heating rate of 200°C/min was carried out for different temperatures, as shown in Table I-9. The samples are named "Iww-N" where "I" stays for isothermal, "ww" is the temperature and "N" is nanocrystalline. The sample I960(15)-N is the only one with 15 min of dwell time, for all the others, the dwell is set at 60 min. 

I960(15)-N 60min I560-N I620-N I680-N I740-N I800-N I880-N I920-N I-2.

Isothermal Densification behaviour (isothermal)

The density measurement for the samples obtained by isothermal sintering was carried out only with the SEM images analysis. Table I-10 reports the values of densities. As it can be noticed, all the samples reached a high density except for three cases: Q800-N (no dwell), I620-N, and I560-N. The grain size was measured with the line intercept method without correction factor, which was possible as the fracture was predominantly intergranular [START_REF] Liu | A Polishing-free Etching Method for Microstructure Observation of Fine-grained Ceramics[END_REF]. This method consists in plotting in the picture several straight lines with known length and counting the number of grains intercepting each line. In addition many single grains were isolated and their dimensions were estimated (example shown in Fig. I-23).

For the samples with the lowest densities (up to 77% TD), because of the limited grain growth, the SEM resolution was not high enough to distinguish the single grains, therefore XRD measurements were performed as complementary analysis. The crystallite size was determined by XRD (Rigaku diffractometer) with the Scherrer method and the assumption that crystallites and grains have the same dimension in case of very limited grain growth was made. The results are presented in Table I-11. 

I-3 DETERMINATION OF THE DENSIFICATION PARAMETERS

The number of studies on UO 2 in SPS has grown recently, but much more research was carried out on conventional ceramics, thanks to the absence of the radioactive nature compared with UO 2 . Therefore, hereafter a formal study of UO 2 densification is proposed to contribute to the filling of this gap with the other ceramics.

The results on densification on Cogema and Nano-UO 2 presented in section I-2 are now employed in the analysis.

For Cogema batch only the CHR and MSC methods were employed, allowing the calculation of the apparent sintering activation energy, Q act , and the stress exponent factor, n.

For the nanocrystalline powder all the four experimental methods presented in I-1.3.1 section were applied and the three densification parameters, included the grain size exponent, m, were determined.

I-3.1 CALCULATION OF Q act AND n WITH CHR METHOD I-3.1.

Description of the CHR model

The CHR method of Wang and Raj [52] for conventional sintering was adapted in this work and used for pressure-assisted sintering (SPS and HP). Recalling the advantageous assumptions of "Type 2" methods, discussed previously in section I-1.3.1: i) no explicit calculation of the stress intensification factor (ϕ) is needed (Type 1 methods); ii) the sintering mechanism is not changing with the density within the experimental limits; iii) the grain size is a function of only the density.

To solve for the identification of ϕ in the isothermal methods (Type 1) Antou et al. [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF] suggested to analyse data points at fixed density (ϕ is only function of density). In the CHR method of Wang and Raj [52] this concept of analysis at constant density was already implemented, that is why the adaption of the CHR method resulted logical for pressured-assisted sintering.

Hereafter the mathematical analysis to determine Q act and n is given. Recalling again the equations Eq. I-12 and Eq. I-21:

𝐷 = 𝐷 0 𝑒𝑥𝑝(- 𝑄 𝑎𝑐𝑡 𝑅𝑇 )
Eq. I-12 (bis) 

Eq. I-32

For Eq. I-32 the Wang and Raj method can be applied to calculate Q act [52]. For doing this, the left-hand side of Eq. I-32 is plotted versus 1/T (Arrhenius-type plot). Several points at fixed ρ values can be obtained by conducting experiments at different heating rates: in this way the CHR method is adapted to pressureassisted sintering [68].

Once Q act is determined, Eq. I-31 can be re-arranged to calculate n:

[𝑙𝑛( 

I-3.1.2 COGEMA (CHR method)

The application of the CHR method is carried out only between 50% and 75% TD with an interval of 5% TD.

The choice to limit the density range is due to the three assumptions recalled in the previous section. The first assumption is implicit with the method, i.e. the stress intensification factor is excluded because of the analysis at fixed densities.

By recalling Figs. 15 (a-d), it can be seen that the densification curves have approximately the same slope between 50% and 75% TD, suggesting that an unique densification mechanism is occurring, independently on the heating rate. This is the proof for the second assumption reported above. The third assumption was verified with the microstructure analysis of the two samples quenched to obtain the same density (Figs. I-21).

As consequence, all the following results will concern the 50-75% TD range (i.e. intermediate stage of sintering), for which the assumptions of the methods were validated. The same approach is used also for the Nano-UO 2 system.

In Figs. 24 a-b the results of the CHR method for the Cogema powder are reported.

In Fig. 24-a the value of the activation energy, Q act , is determined from the slope of the interpolating lines at a fixed density, by plotting the left-hand side of Eq. I-32 versus 1/T.

In The value of both the parameters for each interpolating line is reported in For the same reason as for Cogema, the application of the CHR method for Nano-UO 2 is limited in the range between 50-85% TD (interval of 5% TD). The upper limit was increased at 85 %TD because the densification curves in The applied pressure begins to have an influence only above 64 MPa. The data points are too few to allow a quantitative interpolation, but they suggest a value of n close to 1. For the sake of readability, only the curves at relative density of 60%, 70%, and 80% are displayed. In Table I-13 all the other values are reported. 

Eq. I-36

The left-hand side of Eq. I-35, where the terms related to microstructure are grouped, is independent on the thermal history. Whereas, Eq. I-36 defines the function 𝛩 which is related to the thermal history. The equity of Eq. I-36 results very convenient because the densification path described by the left-hand side parameters of Eq. I-35, rather hard to calculate, can be obtained from much more accessible temperature data. The plot of density ρ as function of 𝑙𝑜𝑔(𝛩) is defined as MSC curve. According to Guillon et Langer [62], the requirements to obtain a unique MSC are similar to the ones of the CHR method: i) the applied pressure is constant; ii) only one diffusion mechanism is dominant during the whole sintering; iii) the microstructure (grain size) is a function dependent only on the density. The first requirement is easily met because the pressure is externally imposed. Concerning the third, it was already proven for the MSC method and the grain size is commonly accepted to be almost constant up to the final sintering stage [57] . The second requirement has to be taken as an assumption and it is the main weakness of MSC method. Indeed, differently from the CHR method, in MSC one should consider the whole sintering range, where probably more than one mechanism may occur. In addition, it has to be kept in mind that this model neglects the surface diffusion, but in the case of SPS this assumption can be considered true because of the typical high heating rates. The unique MSC is found by fitting the experimental data for different heating rates with a Boltzmann sigmoidal curve with the form of Eq. I-37 (equation given by default for calculation in OriginLab®):

𝑦 = 𝐴 1 -𝐴 2 1+𝑒 (𝑥-𝑥 0 )/𝑑𝑥 + 𝐴 2
Eq. I-37

where A 1 , A 2 , x and x 0 are numerical constants.

Then the MSC is used to derive the Q act as the value which minimizes the sum of square residuals between the fitting curve and the experimental data points.

I-3.2.2 Cogema

The sintering experiments at different heating rates were already describe for the CHR method, so the application of MSC was immediate. Figs. I-26 a-b report the MSC method results: the data analysis was restricted from at 400°C, lower limit at which the density curves have approximately the same value (defined as 𝜌 0 in Eq. I-35). The upper limit is the end of densification at 1600 °C, including the 2 minutes of dwell.

In the two insets of The results of the MSC method for Nano-UO 2 are given in Figs. I-27 (a-b). As in the case of Cogema powder, the considered data points are in the range 400°C-1600°C.

The best fitting is obtained for Q act = 75.5 kJ/mol, which is in perfect agreement with the results of the CHR method. The MSC method was also applied to determine the activation energy in the quasi-hot pressing configuration (with BN coating, between 400°C and 1600°C) and a value of 85 kJ/mol was found, which is only slightly higher than the one found in the SPS configuration without BN.

I-3.3 CALCULATION OF Q act AND n WITH ISOTHERMAL METHOD I-3.3.1 Description of the model

The isothermal method belongs to the "Type 1" methods as mentioned in I-1.3.1, and the starting equation is again Eq. I-21. The mathematical procedure for this method was developed by Bernard-Granger and Guizard [56]. Recalling the previous Eq. I-21, the Eq. I-38 can be written:

1 𝜌 𝑑𝜌 𝑑𝑡 = 𝐿 𝐷 𝜇 𝑒𝑓𝑓 𝑘 𝑇 𝐺 𝑚 ( 𝜎 𝑒𝑓𝑓 𝜇 𝑒𝑓𝑓 ) 𝑛

Eq. I-38

where all the terms have the usual meaning, except for L which is a new constant derived from H and the explication of 𝜇 𝑒𝑓𝑓 , in turn defined as:

𝜇 𝑒𝑓𝑓 = 𝐸 𝑡ℎ 2(1+𝜈 𝑒𝑓𝑓 ) ( 𝜌 2 𝜑 )
Eq. I-39

with the strict assumption that the grain size is constant, the term G is included into L, forming C:

1 𝜇 𝑒𝑓𝑓 1 𝜌 𝑑𝜌 𝑑𝑡 = 𝐶 𝐷 0 𝑘 𝑇 ( 𝜎 𝑒𝑓𝑓 𝜇 𝑒𝑓𝑓 ) 𝑛 𝑒𝑥𝑝 (- 𝑄 𝑎𝑐𝑡 𝑅𝑇 ) Eq. I-40
Now, if a constant Q act is assumed, the value of n can be found as:

𝑙𝑛 ( 1 𝜇 𝑒𝑓𝑓 1 𝜌 𝑑𝜌 𝑑𝑡 ) = 𝑛 𝑙𝑛 ( 𝜎 𝑒𝑓𝑓 𝜇 𝑒𝑓𝑓 ) + 𝐶 1 Eq. I-41
and once n is determined and assumed constant, Q act can be determined :

𝑙𝑛 ( 𝑇 𝜇 𝑒𝑓𝑓 ( 𝜎 𝑒𝑓𝑓 𝜇 𝑒𝑓𝑓 ) 𝑛 1 𝜌 𝑑𝜌 𝑑𝑡 ) = - 𝑄 𝑎𝑐𝑡 𝑅 1 𝑇 + 𝐶 2

Eq. I-42

As already mentioned, despite the interesting approach some critics have been moved to this method [64] because it relies too strongly on the exact determination of the 𝜎 𝑒𝑓𝑓 and 𝜇 𝑒𝑓𝑓 , while it neglects the radial and tangential thermally generated stresses.

The present results are obtained from Eq. I-41 for data points in isothermal conditions, so exactly how Bernard-Granger and Guizard [56] propose, whereas the calculation of the activation energy is done from Eq. I-42, but considering data points at fixed densities.

I-3.3.2 Nano-UO 2

In order to apply Eq. I-41, it is necessary to determine the 𝜇 𝑒𝑓𝑓 : a Young modulus of 228 GPa and a Poisson's coefficient of 0.31 (Eq. I-39) were used [START_REF] Gaillac | ELATE: an open-source online application for analysis and visualization of elastic tensors[END_REF] . Both relations for the stress intensification factor, ϕ, given in Eq. I-26 and Eq. I-27 were employed, but the latter seems to be more suitable in the present case. Hence only the results obtained with this relation are presented below. The data points from the densification plots of From this graph, it can be seen that no straight line can be drawn for each temperature, but it can be rather split into two regimes according to the density. For lower densities n ≈ 0.5 and for higher densities n ≈ 1. The limit between these two regimes is 65% TD for the two lowest temperatures (740°C and 800°C), while it is 70% TD for the highest temperatures (for 960 °C the minimum density is above 65 %TD during the dwell). The activation energy was thus computed by using both a stress exponent value of 0. 

I-3.4 CALCULATION OF Q act , n, m WITH GRG METHOD I-3.4.

Description of the model

The last model used to extract the different parameters is again presented in a study of Bernard-Granger and Guizard [59]. This method is based on Eq. I-21 that can be re-arranged in:

𝑙𝑛( 𝑇 𝜇 𝑒𝑓𝑓 1 𝜌 𝑑𝜌 𝑑𝑇 𝑑𝑇 𝑑𝑡 ) = - 𝑄 𝑎𝑐𝑡 𝑅𝑇 -𝑚 𝑙𝑛(𝐺) + 𝑛 𝑙𝑛 ( 𝜎 𝑒𝑓𝑓 𝜇 𝑒𝑓𝑓 ) + 𝐾′ Eq. I-43
where the terms have the common meaning and K' is a constant.

The method requires finding an equation for the grain size as a function of density by fitting the experimental data, i.e. the sintering path. The same assumptions made for the CHR and MSC are valid. The parameters n, m, and Q act and the constant K' are found by fitting the two sides of Eq. I-43 using an appropriate algorithm.

Here the function Solver provided by Microsoft Office Excel, which is based on a generalized reduced gradient (GRG) algorithm was used [START_REF] Lasdon | Design and testing of a generalized reduced gradient code for nonlinear programming[END_REF]. The advantage of this method is that it allows extracting each of the three densification parameters, and it can use either curves at constant heating rates or isothermal ones. Here the curves of the CHR experiments at varying heating rates were chosen.

The sintering path was determined from the data of Table I- Grain size (nm)

Fitted curve 95% confidence band

In literature other two models are proposed to determine the grain size exponent m.

A "classical" approach to estimate m in the case of dense materials is based on Eq. I-14 and the experiment consists in measuring the evolution of the grain size as function of holding time.

An alternative approach for the grain size exponent determination was proposed by Chakravarty and Chokshi [65]. In short it consists in having partially pre-densified pellets with different initial grain sizes and running collective experiments at isothermal conditions. In this way, the Eq. I-43 can be rearranged to find m.

In the present thesis the model of Bernard-Granger and Guizard [59] of the numerical solution was preferred because less experiments were needed and all the three densification parameters can be estimated at once. 

I-4. DISCUSSION

As first consideration, it is important to underline that this study was designed to be in the most ideal conditions, i.e. a reproducible process and a reproducible initial powder. Nevertheless, some fluctuations in the experiments were appreciable. Another consideration concerns the choice of the analysis range: a smart selection of the data was needed to comply with the assumptions of the calculation methods. This imply that the results have to be always reported together with their specific range of density (limited between 50% to 75%, or 85% TD) and cannot be considered as absolute value for the whole densification range.

For Cogema batch the value of the Q act and n are fairly constant for all the considered densities, sintering proceeds thus with a mechanism which is independent from the density, temperature, applied pressure and heating rate.

On the other hand results on Nano-UO 2 show a trend with density (e.g. Q act increases with ρ in the CHR method), indicating a possible co-participation of more than one densification mechanism.

The most careful readers might have noticed that the Nano-UO 2 powder densifies at higher temperatures than Cogema. it can be noticed that Nano-UO 2 , densification has a delayed onset, but it proceeds faster than for the Cogema powder (higher intensity of the derivative peaks). This might indicate a different type of process between the two powders. The higher densification temperatures for Nano-UO 2 remain however surprising, but this can be attributed to the repeated thermal reduction steps, needed to stabilize the stoichiometry. Indeed, the results on "Test-nano" batch (Appendix A.3.1), for which no additional calcination was carried out, show that densification occurs at much lower temperatures. The sintering peaks are shifted to lower temperatures of approximately 200 °C and 150 °C, compared with Nano-UO 2 and Cogema, respectively. It is hardly believable that the difference between the two nanocrystalline batches can be attributed to the lower crystallite size of the "Test-nano" (7 nm versus 17 nm), but it is probably attributable to the higher stoichiometry of "Test-nano" (UO 2.25 ). As reported in the section I-3.1, the deviation from stoichiometry has a large impact on the uranium ions diffusion and in turn on the related processes of coarsening (section I-1.2).

I-4.1 Comparison among the different calculation methods

Table I-15 summarizes the obtained values for the two powder batches and the different calculation methods. For Cogema batch only CHR and MSC methods were applied, whereas for also the numerical GRG method and the isothermal ones were used. The GRG method analyses also the same curves during heating. Contrary to the CHR and MSC methods, it requires to assume an explicit form for the functions σ eff (ρ) and µ eff (ρ). The choice of the fitting function for the grain versus density data can affect the values of n and m.

I-4.1.1 Comparison of the requirements

The isothermal method analyses data points at constant temperature. Besides the need of using an explicit equation for σ eff and µ eff , it relies on the strongest assumption that the grain size (G) is constant during sintering up to the maximum density considered. In reality, although grain growth starts to be significant only above ~90-95% TD, it is not necessarily constant in the lower density range. Here a more than twofold increase in grain size was measured from relative densities of 50% to 76% (Fig. I-29). These potential sources of error can be eliminated by interpolating only data points at fixed density [66] [112] , which is possible only if enough data points at the same density and different dwell temperatures are available. It requires thus a careful selection of the temperature steps and range.

I-4.1.2 Comparison of the results

Since CHR, MSC, and GRG methods rely on the same type of dataset at different heating rates, it is reasonable that provide similar results. Indeed Q act resulted 96 kJ/mol and 100 kJ/mol, respectively for CHR and MSC applied to Cogema, and the values for Nano-UO 2 were ≈75 kJ/mol for both the CHR and MSC, and ≈73 kJ/mol for the GRG method. This agreement among the results reinforce their robustness.

Concerning the value of the stress exponent, a direct comparison is possible only for the Nano-UO 2 results. In this case it is interesting to underline that the CHR adopts sintering curves at different pressures whereas the GRG method those at different heating rates, but in both the case the n values is close to zero. This indicates that the variation of the external pressure might not give relevant contribution.

The results from the isothermal curves are deviating from the ones of the other methods.

The value of n appears to be higher than 0 and more precisely there is a clear distinction between two regimes dependent on the density (Fig. I-28-a). At lower densities (50-65 %TD) n is on average 0.5 and for the higher range it is around 1. This could be explained by the decrease of the internal sintering pressure, defined in section I-1.2 (Fig. I-7). The particles curvature is normally attributed to the initial grain size, but it can be decreased during the densification. Therefore the local driving force, i.e. the internal sintering pressure, can become less relevant in favour of the external applied pressure. This corresponds to an increase of n.

As the existence of two regimes of n is quite evident, the calculation of Q act was also split into accordingly.

For n = 0.5, so in 50-65 %TD range, the Q act results 82 kJ/mol (not too far from 73-75 kJ/mol of CHR/MSC and GRG). In the case of n = 1, in the 70-85 %TD range, the Q act results 105 kJ/mol. This values is considerably different than the other results, even though well inside the usual scatter reported in literature. As it is shown in Table I-14, the value of Q act does not depend too much on n, but mostly on the density. The increase of Q act with density can be noticed also in the other methods, even if to a much lower extent. However the stronger assumptions linked to this method make the results a bit less reliable than the other methods.

Finally, also the results of the "Test-nano" batch are reported, even though not explicitly discussed in the results. The experimental process was the same as the other two batches, but the characterization and number of experiments was less detailed. These results seem to be in agreement with the main "Nano-UO 2 " batch, but their reliability is not certain because of the lower control of the initial conditions (oxidation state). Nevertheless also in this case the two Q act values are in agreement between the CHR and MSC methods. The work of Knorr et al. report a series of results also on other processes than sintering, such as creep tests and measurement of α-tracer diffusion coefficient [START_REF] Knorr | An analysis of diffusion and diffusional creep in stochiometric and hyper-stoichiometric Uranium Dioxide[END_REF]. Two regimes are identified, one at higher activation energies for lattice diffusion and the second at lower values for grain boundary diffusion. A lower activation energy for densification in SPS has been already reported in the literature also for other materials [START_REF] Deng | Direct current-enhanced densification kinetics during spark plasma sintering of tungsten powder[END_REF] and often attributed to an accelerating effect of the current for mass transport. However, in the case of UO 2 , only a minor fraction of the current passes through the sample, which is being heated predominantly by heat transport from the graphite dies. The fraction of the current flowing through the sample increases with the electrical conductivity, and thus with the temperature, deviation from stoichiometry, and density [START_REF] Tyrpekl | On the Role of the Electrical Field in Spark Plasma Sintering of UO2+x[END_REF]. The experiments conducted on Nano-UO 2 batch by insulating the current with BN, although not conclusive, indicate that the low activation energy in SPS is likely not an effect of the current: the Q act measured in the quasi-hot-pressing configuration is 85 kJ/mol, comparable with the 75 kJ/mol measured in SPS configuration and very far from the conventional sintering one. It is nevertheless interesting to note that the use of a current-insulating layer shifts the sintering curves towards higher temperatures, which is compatible with an effect on the pre-exponential term (D 0 in Eq. I-12).

A possible explanation for the low activation energy measured is that densification in the intermediate stage of SPS does not occur predominantly by lattice or volume diffusion but by different concurrent mechanisms. Lattice diffusion, grain boundary diffusion and surface diffusion have typically activation energies that are in relationship Q S < Q GB < Q L (Fig. I-3). Surface diffusion is thus dominating at lower temperatures, but it is generally considered a non-densifying mechanism; however, it can play a role in densification if particle or grain rearrangement and rotation take place during SPS [62]. Densification by particle rotation and repacking was reported to be particularly significant for nanocrystalline ceramics at low temperature and densities [34] [121]. It is expected to proceed rather rapidly because entire grains, rather than atoms, migrate simultaneously; the rapid heating rate of SPS limits also particle coarsening favouring particle rearrangements up to higher densities [START_REF] Wang | Intensive particle rearrangement in the early stage of spark plasma sintering process[END_REF]. The activation energy for surface diffusion may decrease with the particle radius, when entering the nanodomain [START_REF] Jiang | Grain size-dependent diffusion activation energy in nanomaterials[END_REF], and thus the lower activation energy for densification of Nano-UO 2 compared with commercial Cogema may be a size-effect. This is also coherent with the recent results of Manaud et al. [START_REF] Manaud | Direct sintering of UO2+x oxides prepared under hydrothermal conditions[END_REF] who calculated Q act for grain growth of UO 2 powders with three different crystallite sizes and two stoichiometries. Grain growth can be considered as a non-densifying mechanism, so related to surface diffusion. The observed Q act is increasing with the crystallite size rather than with the deviation from stoichiometry. In particular, for the batch with the smallest crystallite size, that is a nano-powder obtained by hydrothermal decomposition, as in this work, the estimated Q act for grain growth was around ≈100 kJ/mol. Also Yao et al. [START_REF] Yao | Grain growth and pore coarsening in dense nano-crystalline UO2+x fuel pellets[END_REF] found similar results. They performed isothermal annealing of dense nanostructured (100~165 nm) UO 2.03 and UO 2.11 at comparably low temperatures (700-900°C) and found activation energies for grain growth in the 100~200 kJ/mol range.

In general, for Nano-UO 2 , because of the high surface-to-volume ratio, surface controlled phenomena are also expected to be more pronounced.

At higher density, towards the final stage of sintering, densification proceeds by diffusional processes as grain boundary or lattice diffusion [START_REF] Chaim | Densification and preservation of ceramic nanocrystalline character by spark plasma sintering[END_REF]. The increase of the activation energy observed above 80% TD is possibly an indication of the onset of the change in the mechanism.

An alternative interpretation would imply that the activation energy of grain boundary diffusion of U is significantly lower than the one for bulk diffusion. Molecular dynamics simulations point into this direction: the activation energy of U migration at symmetrical grain boundary was indeed found to be 77 kJ/mol [START_REF] Vincent-Aublant | Self-diffusion near symmetrical tilt grain boundaries in UO2 matrix: A molecular dynamics simulation study[END_REF].

If that was the case, the activation energy found in SPS experiments would be compatible with a grain boundary diffusion mechanism. In particular for Cogema batch, this would be appropriate because of the stress exponent above 1. More it is discussed afterwards.

It is worth noting that the value of the activation energy alone does not allow to determine the dominant diffusion mechanism, and the exponents n and m are typically used to discern among lattice or grain boundary diffusion, plastic flow or particle rearrangement and grain boundary sliding [33].

I-4.3 Stress exponent -Comparison with literature

In literature no value of n is given for SPS of UO 2 , so the comparison can be done only with hot pressing (HP) and creep. Concerning the former, Hart [128] found out in the relative low stress range of 7-41 MPa and middle range of temperature, 800-1500°C, that the stress exponent in HP is not constant, but conversely it increases up to 92% TD and then slightly decreases at 94% TD. The data focused only on the final densification stage, above ≈84% TD: up to 88% TD n is still below 2 (upper limit for diffusion processes and grain boundary sliding), but above ≈90% TD it exceeds 3, which indicates a plastic deformation by dislocation motion. Since no data are given at lower densities, it is hard to conclude in which range (if it exists) n≈1, that is in which region the diffusion prevails on plastic deformation. Again for HP, Warren et Chaklader [START_REF] Warren | Reactive Hot Pressing of Nonstoichiometric Uranium Dioxide[END_REF] and Solomon et al. [START_REF] Solomon | Isostatic Hot-Pressing of UO2[END_REF] found a linear dependence of the strain rate with the stress (n≈1) despite the quite different conditions: 69-97 MPa and 550°C-700°C in the former [START_REF] Warren | Reactive Hot Pressing of Nonstoichiometric Uranium Dioxide[END_REF] and 3.5-28 MPa and 1300-1600 °C in the latter [START_REF] Solomon | Isostatic Hot-Pressing of UO2[END_REF]. Both indicate a diffusion process (either lattice or grain boundary).

Lastly, the studies on creep show that n varies with the applied stress and a transitional stress σ t , which divides the linear creep regime (n≈1) from the power law creep (n>3), is often defined depending on: grain size, temperature and stoichiometry [START_REF] Chung | The low-stress creep of fine-grain uranium dioxide[END_REF] [131] [START_REF] Wang | A new interpretation of the mechanisms in Newtonian creep of uranium dioxides[END_REF] [85] [START_REF] Ashby | A first report on deformation-mechanism maps[END_REF].

The result of the present work for Cogema (n =1.4) suggests that the densification occurs in the linear creep regime (or diffusion), and not in the power law regime (or plastic deformation).

On the other hand, in the case of Nano-UO 2 the stress exponent close to 0 suggests that the pressure has no influence on densification, at least up to a certain pressure [39].

Indeed n starts to be positive only above 64 MPa (Fig. I-25). Although the data do not allow to calculate its value from only two pressures (64 and 78 MPa), an estimation of its value above 64 MPa with the CHR method gives a value close to the unity. The other methods give values of n from 0 to 1. A value of 0 is not considered by the theory, while 1 is compatible with lattice diffusion, grain boundary diffusion or particle rearrangement [33]. A transition from pressure-insensitive to pressure assisted-sintering was also observed for nanoparticles of zirconia [39]. The interpretation given by Skandan et al. [39] is that the driving force for sintering is the sum of the intrinsic driving force (curvature dependent) and the externally applied stress, as also discussed previously (e.g. Eq. I-16). Most pressure-assisted models assume that the external pressure is significantly higher than the intrinsic sintering stress; however, in nanocrystalline particles the extreme curvature can give rise to higher stresses than the ones typically applied [39]. Several expressions for the sintering stress exist in the literature. Here we estimate it with the expression proposed by Olevsky [START_REF] Olevsky | Theory of sintering: from discrete to continuum[END_REF] (Eq. I-45):

𝜎 𝑠 = 6 𝛾 𝑠𝑣 𝐷 𝜌 2 Eq. I-45
where D is the particle diameter and 𝛾 𝑆𝑉 the solid-vapour surface tension (~0.7 J/m 2 for UO 2 at 800°C [START_REF] Hall | Surface energy measurements on UO2 -A critical review[END_REF]). Interestingly, the intrinsic sintering stress varies from 52 to 61 MPa in the 50-77% TD range (data from the first four rows of Table I -11), and is thus very close to the observed threshold stress of 64 MPa.

Graphite pistons cannot withstand pressures higher than ≈100-150 MPa [START_REF] Guillon | Field-Assisted Sintering Technology/Spark Plasma Sintering: Mechanisms, Materials, and Technology Developments: FAST/SPS: Mechanisms, Materials, and Technology Developments[END_REF], and the fracture toughness decreases with temperature, that is why the practical limit is around 85 MPa, for the specific system. Alternatively high-pressure setups, like in SiC pistons, can provide higher pressures, but it would change the other parameters of the experiment. The pre-pressing procedure between Cogema and Nano-UO 2 batches were not exactly identical (section I-1.2.4). In the former the pressure was applied at room temperature and the initial green density varied with the pressure. For Nano-UO 2 batch instead, all the samples are prepressed at the highest pressure, at 100°C, to ensure the same green density among all the experiments. Another set of experiments, named Cogema-2, repeated with same conditions of Nano-UO 2 verified the effect of pressure. The result, not shown, demonstrated that for Cogema-2 batch the different pressures had an effect on the densification behaviour (i.e. n>0). Therefore for Nano-UO 2 the densification almost independent on the applied pressure can really be attributed to the smaller grain size.

I-4.4 Grain size exponent -Comparison with literature

Initially lattice and grain boundary diffusion were modelled by Herring [28] and Coble [29], respectively, for creep of polycrystalline materials. The two relations are similar, with the only difference in the dependency of creep rate on the grain size exponents, equal to 2 for lattice diffusion (Nabarro-Herring) and to 3 for grain boundary diffusion (Coble).

The value of m = 1 is assigned to grain boundary sliding [33].

The extraction of m during densification is rather more complex than for n and Q act . Some studies report the grain size exponent for other materials, by using SPS [40] [65] [136] [137] or by comparing SPS and HP [START_REF] Langer | Direct comparison between hot pressing and electric field-assisted sintering of submicron alumina[END_REF] [139] [START_REF] Dahl | Densification and properties of zirconia prepared by three different sintering techniques[END_REF], or with conventional sintering [55] [141] [START_REF] Mazaheri | Densification and grain growth of nanocrystalline 3Y-TZP during two-step sintering[END_REF]. In these studies it can be seen that the grain size exponent has different meanings (because different relations are used) and so the same mechanism can be linked to two different exponents.

In their work Yao et al. [START_REF] Yao | Grain growth and pore coarsening in dense nano-crystalline UO2+x fuel pellets[END_REF] performed isothermal treatments on dense nanosized UO 2+x , previously densified by SPS. The initial stoichiometry of the samples was different. By analysing the final stage of sintering they found a grain size exponent of 2.5 for UO 2.03 and deduced that the grain growth mechanism was grain boundary diffusion, while for a hyper-stoichiometric UO 2.11 , they found m = 2, corresponding to lattice diffusion.

Also in the present work m results approximately 2, which would indicate lattice diffusion. However, as discussed before, it is unlikely that lattice diffusion is dominating at the low temperatures (i.e. in the 50-85 %TD range) considered here, especially for nano-powders with very large surface and/or grain boundary area. Furthermore, the other parameters are not consistent with lattice diffusion (n = 0 and low Q act ). The value of m is also sensitive to the choice of the fitting function for the sintering path (Fig. I-29).

I-4.5 Densification mechanisms

In order to conclude on the densification mechanisms, the densification parameters of Table I-15 are compared with the theoretical values of Table I-3. In addition, the appropriate considerations on the sintering activation energy are needed.

For the Cogema powder, the low Q act (≈100 kJ/mol) and the stress exponent n = 1.4 would limit the choice between grain boundary diffusion and grain boundary sliding, because lattice diffusion is incompatible with such low Q act values.

However, there is no specific parameter for the particle rearrangement mechanism (Table I-3), so in principle this must not be excluded.

Indeed, concerning Nano-UO 2 , the Q act is even lower (≈75 kJ/mol) or at the maximum, equal to the Cogema (105 kJ/mol in isothermal method).

Such activation energies are significantly smaller than the values generally reported for conventional sintering. When the current flow through the punches-UO 2 interfaces is prevented by a BN coating, the activation energy in CHR experiments becomes 85 kJ/mol (respect to the initial 75 kJ/mol) and the sintering curves are retarded by ≈50°C. The results indicate that an effect of the current cannot explain the low activation energy observed in SPS of UO 2 .

This suggests that densification in the early and intermediate stages does not proceed by grain boundary or lattice diffusion, but is more likely dominated by concurrent mechanisms, such as particle rotation and repacking.

An alternative explanation would imply that the activation energy for grain boundary diffusion is much lower than previously reported, as suggested by molecular dynamic simulations. This alternative seems to fit better for the Cogema powder because the stress exponent is above 1.

A transition from pressure-insensitive sintering (from 21 to 64 MPa) to pressure-assisted sintering was also identified. The threshold stress of 64 MPa is not far from the calculated intrinsic sintering stress of 17 nm UO 2 particles. The contribution of the capillary stresses in nanopowders are thus comparable with the typical applied stress in SPS.

I-5. CONCLUSION

• The densification parameters were calculated for two different powders, specifically for Cogema and Nano-UO 2 batches (other two extra batches were employed to support the study: Test-nano and Cogema-2). • Up to four methods were employed to carry out this study. The advantages and disadvantages were clearly stated and considered for each method. • Q act resulted ≈100 kJ/mol and n = 1.4 for Cogema batch. The densification mechanism is probably grain boundary diffusion with contribution of grain boundary sliding. An alternative can be the consideration of non-diffusive mechanisms as particle rearrangement. • In the case of the Nano-UO 2 batch: Q act was estimated ≈75 kJ/mol with three methods and 85-105 kJ/mol by the isothermal approach. The stress exponent resulted n ≈ 0, showing that the macroscopic pressure has low influence on the densification behaviour, at least below 64 MPa. The grain size exponent m resulted ≈2 by the application of only one method and it suggests a mechanism by lattice diffusion. However this is not compatible when compared with the other parameters (low Q act and n ≈ 0). In addition the determination of m is dependent on the choice of the fitting parameters for the sintering path (density versus grain size), therefore a careful choice is needed. • For Nano-UO 2 the very low Q act and the quasi-independent densification with pressure suggest that also grain boundary diffusion is excluded (n = 1). Surface diffusion would be compatible with the low Q act , but it is considered as non-densifying mechanisms. • Concurrent phenomena, especially for nanocrystalline powders are reported in literature. Therefore particle rearrangement is given as suggested mechanism for densification of Nano-UO 2 .

• The single experiment with BN coating shows that the effect of current is not so strong in terms of activation energy (Q act = 85 kJ/mol), but it has a role in the densification, which is shifted at higher temperature for a quasi-HP mode.

At JRC-Karlsruhe a new uranium-operated glovebox is currently under construction, equipped with a new SPS device able to run as SPS, HP or FS, without deep modifications of the setup. This could be the perfect instrument to run experiments with the focus only on the physical parameters, disregarding all the other experimental fluctuations. Potential studies could help to shade some light on the role of the current in the densification mechanism.

A general summary of the chapter is given here.

The theory of sintering was presented as prerequisite to introduce spark plasma sintering. Then the concepts of the field assisted sintering technologies were reported. In addition, the main parameters involved in pressure-assisted densification were listed and explained. Then the focus moved to UO 2 sintering and its main features. Finally the last sections presented the experimental results. The formal analysis of the UO 2 densification in SPS was proposed. The investigation on densification behaviour of nanocrystalline powder gave useful information. When employed as-synthesised, i.e. without additional thermal treatments, nanocrystalline UO 2 demonstrated to be densified at very low temperatures, a fundamental requirement in the case of incorporation of volatile second phases. Hence, in the next chapter dedicated to the preparation of UO 2 pellets doped with Cs compounds, nanocrystalline UO 2 will be one of the candidate for this task. 

CHAPTER II: SYNTHESIS BY SPS OF UO

OBJECTIVE

In this chapter the main questions to be answered are: is it possible to synthesize SIMFUELS bearing Cs, Mo, and Ba fission elements? What is the best method to exploit SPS features? Can the process comply with minimum requirements for chemical characterization? If yes, what are the compounds formed into the UO 2 matrix when Cs is alone and when coupled with other elements (Mo and Ba)?

The chapter is divided into three main parts (or six different subsections), starting from the investigation on the powder synthesis, passing through the densification by SPS, and concluding with the pellets characterization. The whole synthesis process needed to be developed from scratch, since almost no references, to the best of our knowledge, were available from literature (except for Le Gall [1]).

The characterization of as-sintered pellets acted initially as quality control and guided the choices for the process development. Once defined the best method, the real sample production could take place. After that, a more detailed chemical characterization was carried out. Finally, the most promising samples were selected for the following thermal treatments discussed in Chapter III.

In the present work, due to the context of a nuclear laboratory with the objective to minimize the waste of material, an "experienced trial and error" approach was pursued. In other words, the variation of parameters was limited based on the experience gained in the previous experiments of Chapter I.

II-1 LITERATURE REVIEW II-1.1 Fission products behaviour in normal conditions

From fission of each fissile nucleus two new atoms are obtained. These are the so-called fission products (FP).

The fission yield of 235 U and 239 Pu, the two common fissile isotopes in PWR reactors, is given in Fig. II-1. As it can be noticed the FP masses are distributed around two mean values of 90 and 140 amu (atomic mass unit).

Fig. II-1. Atomic mass distribution of fission products produced by thermal fission of 235 U (solid) and 239 Pu (dashed). Extracted from [2]

Inside the fuel the FP are initially formed as single elements, but the environmental conditions determine their diffusion and chemical speciation. The chemical reactions occurring in the UO 2 matrix depend on many factors, principally: temperature, oxygen potential, FP solubility, burnup, position in the fuel and in the rod, type of cladding and type of reactor design, etc…

The different FP elements and compounds can be classified according to their chemical state, as proposed by Kleykamp [3], who identified four groups: i) Fission Gases and other volatile fission products: Kr, Xe, Br, I, and Cs; ii)

Metallic precipitates (so called white inclusion): Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te; iii)

Oxide precipitates: Ba, Cs, Zr, Nb, Mo, Te, Rb, arranged in the perovskite structure as (Ba, Cs, Sr)(Mo, Pu, Zr, U, RE)O 3 , where RE=rare earths; i)

FP dissolved in the fuel matrix: Sr, Zr, Nb, Y, La, Ce, Pr, Nd.

As it can be noticed the same element can be in more than one state, between group ii), iii) and iv), depending on the specific conditions mentioned above, in particular temperature, oxygen potential and burnup.

In turn, the FP chemical state influences the physical properties of the fuel, such as thermal conductivity, density, swelling, creep, and incipient melting point. It affects also the release behaviour of the FP themselves [4].

II-1.2 Fission products behaviour in off-normal conditions

In the context of off-normal conditions and in particular in case of nuclear severe accidents, the release of FP is of high interest because of the risk of environmental contamination and consequent damages for nature and human beings.

Many research programs were carried out since the first severe accident of TMI-II (1979) and many are still ongoing to study the FP behaviour in accidental conditions within the complex system of the nuclear power plant. Two types of experiments are needed and complementary:

• the integral tests (in-pile tests), where the whole reactor system is recreated in smaller scale to analyse the combination of different parameters leading to core degradation and FP release; • analytical tests (out-of-pile tests), which are separated-effect studies specifically focussed on the FP release. In short: the release behaviour of the main FP is studied as function of several parameters, mainly: maximum temperature and thermal dwell (usually above 2000°C), sample burnup, type of atmosphere (reducing/oxidizing), type and presence of cladding, etc…

To the first category belong the STEP [5], ACRR [6] [7], PBF [8] [9] [10], LOFT-FP [11], and PHEBUS-FP [12] programs, while to the second group: ORNL [13], CRL [14], VEGA [15], HEVA [16], VERCORS [17], VERDON [18] and COLOSS [19]. A more complete list and detailed description of the experimental programs can be found for example in the comprehensive review of Lewis et al. [20].

The results of such experiments are employed to build physical models and validate calculation codes used for accidental scenarios predictions (e.g. MAAP [21] [22], MELCOR [23], ASTEC [24], MFPR [25] codes etc).

Clearly, the more information are collected in the experiments, the more accurate and reliable the codes become.

In general the released fraction is the cut-off parameter to classify the FP volatility and is mostly dependent on the final temperature and oxygen potential, whereas the kinetics of release is affected by the specific conditions of burnup and oxygen potential.

According to the results of HEVA and VERCORS tests, as reported in Pontillon et Ducros [26], the FP can be divided according to their volatility, as: From the VERCORS tests [26] it was underlined that Cs release could occur with two steps, the first at the beginning of the oxidation plateau at 1300°C and the second during the second ramp. This type of behaviour suggested the existence of a release mechanism not only governed by diffusion, but also by formation and destruction of intermediate chemical components. For instance, in some experimental observations an interaction between Cs and Mo could be supposed [27].

As consequence, the Mo behaviour is of high interest, not only because of the capacity of the Mo/MoO 2 couple to act as oxygen potential buffer, influencing in turn the speciation of other FP [3] [4], but also for its direct interactions with the other elements, especially Cs and Ba.

The Ba behaviour was not always consistent among the different tests, which showed a lower volatility in the in-pile experiments compared with the out-of-pile tests. The volatility resulted highly dependent on the Ba speciation. In particular the BaZrO 3 perovskite structure implied a high thermal stability, compared with BaMoO 4 [28]. The importance of understanding the Ba behaviour is linked to its high decay heat, constituting alone the 25% of the whole decay heat of the reactor [29].

II-1.3 Fission products release model

The HEVA, VERCORS and VERDON programs belong to the same series of experimental campaigns carried out at the CEA.

The concept is similar among the tests: the objective is to reproduce thermal conditions resembling a severe accident scenario. The typical thermal sequence of these tests is schematically given in Fig. II-2. The main steps are:

• initial state under neutral He atmosphere (between 350 to 800°C): corresponding to normal operating conditions of PWR fuel; • first temperature ramp up to 1500°C: this reproduces the core uncovery (loss of water coolant) with the consequent production of steam and change of atmosphere towards oxidizing conditions. • oxidation plateau at about 1300-1500°C: the oxidation of the external zircaloy cladding causes the consumption of water vapor and the formation of ZrO 2 and gaseous H 2 . The latter decreases the oxygen potential of the system; • second temperature ramp up to 2000°C: the atmosphere in last step of a severe accident can have both reducing or oxidizing conditions, depending on the specific case. The presence of H 2 can lead to explosions and to a possible reactor vessel failure. In this case the interaction between the core and the reactor building environment occurs. Another variation of the oxygen potential may happen; • high temperature plateau at temperature above 2000°C: in this condition the core meltdown is possible with formation of the corium, a liquid mixture of fuel, cladding, control rods, and reactor components. The largest risk is the development of a "molten core -concrete interaction" (MCCI)

which overcomes the last containment barrier and implies a direct release into the external environment. In the initial state, Cs is calculated to be in the Cs uranate form (the simplest being Cs2UO4), whereas Ba and Mo are in the oxidic state, both in solid solution with the fuel matrix. Part of the Mo is also found in metallic precipitates. Around 1000°C, MoO2 migration takes place to the grain boundaries and condensation occurs in the intergranular porosity of the colder regions of the fuel [31]. In this region also Cs is present, therefore Cs 2 MoO 4 can be formed according to Eq. II-1:

𝑀𝑜 2(𝑠) + 𝐶𝑠 2 𝑈𝑂 4(𝑠) → 𝐶𝑠 2 𝑀𝑜𝑂 4(𝑠) + 𝑈𝑂 2(𝑠) Eq. II-1
This type of compound is commonly found at the periphery of FBR (Fast Breeder Reactor) because of the higher fission yield and higher temperatures [34], while its existence in PWR is less obvious.

Fig. II-3. FP release mechanism proposed by Nicaise [30] and further implemented with the results of Geiger and Le Gall [32] [1]

During the oxidation plateau, part of the caesium uranate is decomposed and gaseous Cs migrates towards intergranular pores, increasing their internal pressure. This implies a first release of Cs according to Eq. II-2.

If the conditions are sufficiently oxidative (-400 to -300 kJ/mol), Mo is also released via Eq. II-3. The remaining Cs is still found in the fuel as Cs 2 MoO 4 and can be decomposed or vaporized according to Eq. II-4 and Eq. II-5.

𝐶𝑠 2 𝑈𝑂 4(𝑠) → 2 𝐶𝑠 (𝑔) + 𝑈𝑂 Initial BaO partially reacts with MoO 2 , forming BaMoO 4 (Eq. II-5), which is then decomposed at higher temperatures starting from the oxidation plateau. The other part of BaO interacts with ZrO 2 , either produced as FP or coming from the cladding. BaZrO 3 is formed according to Eq. II-7 and then it is decomposed at higher temperatures as Eq. II-8 describes. Depending on the final atmosphere, MoO 2 can be reduced returning into the metallic phase which limits its release (Eq. II-9). In the two previous works of Geiger and Le Gall [31] [1], SIMFUELS synthesis was done by doping UO 2 with many representative FP elements. Specifically, 11 elements were blended with UO 2 powder and densified in a single step of conventional sintering. This process was already proposed by Lucuta et al. [35] and Hiezl [36]. The speciation of Ba, Zr and Mo was studied as function of temperature and oxygen potential and the results were integrated in the model presented above (Fig. II-3).

𝐵𝑎𝑂 (𝑠) + 𝑀𝑜𝑂 2(𝑠) +
The introduction of volatile element, as Cs or I, was not possible in this type of SIMFUEL because of the high temperature (1700°C) used to densify UO 2 .

Cs introduction into UO 2 matrix was already performed by Wangle [37] 

II-1.4.2 FP introduction by ion implantation

In Geiger [31], Cs was added in dense 11 FP-SIMFUEL by ion implantation in low concentration (0.35 wt%). XAS analysis at Cs L 3 edge allowed to detect Cs but no clear conclusion was possible on its chemical speciation.

No clear proof of the interaction at low temperatures between Cs and Mo could be found.

Two other studies on FP-implanted UO 2 were recently carried out. The focus was on the diffusion behaviour of Mo, and Cs-coupled-Mo. The elements were introduced by ion implantation with different contents (0.08-4 at%) and the profile concentration was studied as function of temperature, oxygen potential, and implantation fluence. The main finding in Panetier [38] [39] was that the reducing conditions did not promote any chemical interactions between the co-implanted ions (Mo and Cs), so no Cs2MoO4 or similar compounds were detected. In particular Mo chemical speciation resulted independent on the presence or absence of Cs, but also on the thermal annealing (1600 °C, 4 h, Ar/H2), that means no Mo release occurred. On the other hand, Cs underwent release, but the presence of Mo did not influence the result. Finally, the only interaction was due to a local formation of paired Cs gaseous bubbles and Mo metallic precipitates. The latter are anchored on dislocations and hinder the Cs bubbles migration. No annealing was carried out at more oxidizing conditions, so no proof is available whether Cs2MoO4 can form also in this condition.

II-1.5 Summary

Among the different studies on FP behaviour in UO 2 , introduction of FP by ion implantation is certainly more suitable to study the diffusion kinetics, rather than the chemical speciation, because of the small area of implantation (depth from the surface around 200-300 nm).

Geiger and Le Gall demonstrated that SIMFUEL samples are a good alternative to irradiated fuels studies as far as the behavior of FP at intermediate temperatures is concerned [31] [1]. Le Gall proposed an alternative sintering process to produce SIMFUEL samples containing volatile FP compound. She showed that SPS is indeed a very useful and suitable tool to study Cs speciation in UO 2 [1]. Nevertheless, further developments are needed to improve the synthesis process to obtain pellets with uniform distribution of additives and better-controlled final compositions, i.e. to limit the Cs and Mo release during the sintering process.

II-2. EXPERIMENTAL METHODOLOGY

As already mentioned [1], Cs volatility represents a problem for its retention during conventional sintering, that is why SPS was chosen as densification method. Concerning Mo and Ba, their introduction into UO 2 did not constitute any issue, as it was shown in Geiger and Le Gall [31] [1], where conventional sintering temperatures were acceptable for FP retention.

The process development had as first milestone the Cs introduction into UO 2 matrix, while the addition of Mo and Ba was developed only in a second moment.

The objective of the synthesis consisted in preparing pellets with the following four requirements, in order of priority:

i) the samples had to contain Cs and possibly in different type of compounds; ii) the densification process had to guarantee both the Cs retention and not to exceed the maximum temperatures of normal PWR reactors operations. Hence the maximum temperature of ≈1300°C was selected as threshold [1]. Indeed the operation temperatures are in the range between 500 °C, at the pellet periphery, to 1300°C, at the centre [40]; iii) a sufficient density of at least 90 %TD was required to guarantee a simpler handling of dense UO 2 pellets. This could facilitate the access to the different characterization techniques and reduce the risk of contamination by inhalation; iv) the amount of FP compounds had to be high enough to be detected by different characterization techniques. For example, the representative concentrations of a PWR fuel with burnup of 76 GWd/t(U) correspond to 0.66 wt% and 0.31 wt%, for Mo and Ba concentrations, respectively [31].

The concentration of Cs is in the same range, i.e. 1 wt% [3]. In this study, the adopted concentrations were higher than the real ones: Besides the sufficient FP amount, it was desirable to have a FP distribution as homogeneous as possible in order to facilitate the characterization.

In the work of Le Gall [1] the requirements i), ii), and iii) were met because Cs doped samples were obtained and also with a maximum temperature within the target, i.e. at 1200 °C, which guaranteed sufficiently dense pellets. Nevertheless, the final result could be still improved in terms of FP retention and homogeneous distribution.

To try to solve both these two issues at once, the approach consisted in optimizing the synthesis of the starting powder containing Cs, and in studying the sintering behaviour of these powders. In the case of Le Gall [1], hand mixing of standard UO 2 with commercial powders of Cs, Ba and Mo compounds was adopted.

The densification in SPS was carried out with the same device described in the previous chapter. In this case, SPS was used as dilatometer to find the optimized densification temperature. As consequence, the sintering parameters could be adjusted in-situ, according to the need. All the SPS curves were normalized by the sample mass, allowing a direct comparison of the raw shrinkage curves. In the text the comparison among the experiments is always done by comparison of the densification rate (piston speed). The SPS plots were smoothed by means the Savitzky-Golay algorithm [41] (interval of 40 points) available in Origin, for a better readability.

The next section presents a screening study (Section II-3) carried out to investigate other types of synthesis: one liquid route, one by liquid infiltration into solid UO 2 , and one by hand mixing with nanocrystalline UO 2 as starting matrix. The best route will be selected and used to produce SIMFUEL samples (Section II-4) that will be characterized in Section II-5.

II-3 PRE-TESTS: SCREENING OF THE SYNTHESIS ROUTES

II-3.1 Liquid route II-3.1.

Synthesis

The first approach was to investigate a liquid synthesis route to try to solve in one step both the problem of the homogeneous distribution and an optimized sintering temperature. Indeed the idea behind this process was to guarantee an intimate mixture between the FP elements and UO ) should be obtained, but CsOH was added to have an initial Cs/NH 4 ratio equal to 1/9 and so aiming at a final ratio Cs/U of 1/10. This value (10 at% Cs) was set arbitrarily to obtain a target Cs concentration of ≈5 wt% into UO 2 (Cs = 133 g/mol, UO 2 =270 g/mol). Such a concentration, although higher than the one of real irradiated fuels (≈1 wt%), seemed to be reasonably representative and to guarantee a successful characterization. Le Gall [1] proposed the same strategy, showing that a low FP concentration made sometimes the characterization harder (for instance spotting an area containing the FP within the pellet). In addition, a higher concentration compensates a possible Cs release both during synthesis and sintering.

The compound of Eq. II-10 was obtained in praxis by precipitating 5 ml of 𝑈𝑂 2 (𝑁𝑂 3 ) 2 (494 g/L) together with 1.32 ml NH 4 OH 25 vol% and adding 0.15 g of CsOH dissolved in water. After precipitation, the powder was filtered and recovered for thermal conversion, as in Eq. II-11:

(𝑁𝐻 4 ) 1.8 𝐶𝑠 0.2 𝑈 2 𝑂 7 → 2(𝐶𝑠 0.1 )𝑈𝑂 3 + 𝑁𝐻 4 𝑂𝐻

Eq. II-11

In this step the excess of NH 4 OH + was removed with calcination under air at 600°C for 3 hours (tubular quartz furnace, heating and cooling rates 200°C/h). The intermediate compound was expected to be UO 3 containing 10 at% Cs. This treatment was probably too short to obtain any stable compound, in fact Cordfunke et al. [49] needed more than one week of heating period to synthesize stable forms of uranates with low Cs/U atomic ratios (the lowest 1/8). After the first thermal treatment (Eq. II-10), the powder was let in the furnace and directly heated for a second calcination. A flux of Ar + 4% H 2 was employed for 5 hours at 800 °C to reduce the powder to stoichiometric UO 2 .

II-3.1.2 Powder characterization

After reduction, the final product resulted in a black powder that was recovered for characterization. XRD and SEM-EDX analyses were carried out to verify whether Cs was still present and in which form. In Table II-1 all the experiments of this batch are reported. The "L" name of each test stays for "liquid route".

The sintering parameters were varied with the aim of obtaining high density at the lowest possible temperature and to determine their impact on the final microstructure. Several observations were made during the sintering pre-tests. Increasing the pressure and decreasing the heating rate shifted the sintering curves to lower temperatures, as observed in Chapter I. However, when decreasing the heating rate, the time spent in temperature increased, that could have favoured Cs release. The heating rate was varied within the same tests (L6 and L7) with the aim of overpassing quickly the low temperatures, where non-densifying mechanisms such as surface diffusion might occur, but allowing enough time for densification, above 750°C. In L9 two dwell steps at low temperatures were added (5 min at 100°C and 200°C), to allow the release of possible adsorbed gases. Nevertheless, the absence of any densification step suggested that no gas was formed. In the next section, initial pre-densification steps will be attributed to release of adsorbed gases. 

II-3.1.4 Pellets characterization

After sintering a visual inspection of the pellets was needed. In general all pellets resulted dense, but quite fragile, so when extracted from the graphite matrix they broke spontaneously. This behaviour could be ascribed to probable residual stresses and it was always observed, independently on the powder composition. It is worthy to recall that no graphite foil in the SPS setup was applied in any experiment of this thesis. As consequence, the samples extraction was sometimes complicated because the pellets remained stuck to the pistons. This was source of difficulties for the following characterization. Again only Tests L7-L8 -L9 are considered as example. The density was estimated to be ≈98 %TD for Test L7, ≈94% TD for Test L8, whereas the density of Test L9 was not recorded because the pellet was stuck to the piston, but comparing the shrinkage curves, it was likely above 90 % TD. For the theoretical density (TD) it was considered the theoretical composition of 95 wt% of UO 2 and 5 wt% Cs. As conclusion, the SEM-EDX analyses confirmed that Cs was retained into the pellets, so the first goal of the synthesis was achieved, along with the objective of the minimum density to handle the samples. Nevertheless, the process showed some drawbacks, especially i) the extraction of pellets was complicated or sometimes not even possible and ii) the final microstructure appeared to be very variable and inhomogeneous, which is undesired. In addition, also the precipitates composition resulted inhomogeneous. By the XRD analyses on ground pellet fragments no second phase could be detected. To conclude, the present synthesis route was evaluated positively because it gave dense pellets containing Cs, but the process needed to be optimized. The SPS environment can reduce the stoichiometry, but in such initial conditions two phases can be expected after sintering [54].

The solvent to powder ratio was defined in a preliminary test to obtain an efficient infiltration. The aim was to cover the powder, but limiting to the minimum the amount of free liquid above it in order to avoid Cs concentration above the powder surface.

The infiltration took place into a petri glass to favour a quite large evaporation area. Two different Cs concentrations were employed: 5 wt% CsOH (=4.4 wt% Cs) and 2 wt% CsOH (=1.8 Cs wt%). The scope was to verify whether the Cs amount could cause an effect on densification. The first mixture was split into two sub-batches (I1 and I2, in Table 2). The former was only let dry at room temperature inside a nitrogen glovebox for at least 60 hours, while the latter underwent a second treatment in temperature (reduction at 650°C for 5 hours in Ar + 4% H 2 , heating and cooling at 200°C/min). The last batch (I3), with lower Cs content, was treated as batch I2. Table II-2 summarizes the synthesis conditions. The objective of batch I1 was to limit the grain growth during sintering, in comparison with I2, that is why no pre-heating was applied. 

II-3.2.2 Powder characterization

For Test I2 the weight loss was recorded after reduction and the decrease of 11.2 wt% suggested the release of residual water and oxygen. The XRD measurement of Test I2 powder confirmed that the O/U ratio decreased from 2.25 to 2.11 (a = 4.459 Å), as it can be seen in Fig. II-8. After reduction the red peaks are shifted towards lower angles, but still not reaching the UO 2.00 reference positions, marked by the blue line.

As for the liquid route, no trace of Cs was detected in XRD. In addition, it appears that the Cs presence causes an evident shift of the sintering peak towards higher temperatures (≈ 150 °C). Test I2 densifies pre-reduced powder, so only a short dwell step at 100 °C of 1 minute was set to homogenize the temperature. The effect of reduction, visible in XRD in Fig. II-8, affects also the densification behaviour.

As expected, no sintering peak is present at low temperatures because all the gaseous water or oxygen was already released. In addition, the sintering peak is shifted to even higher temperatures (peak between 700°C and 1000°C) compared with Test I1, because of the reduced stoichiometry.

As last, Test I3 shows the effect of a lower Cs wt%. Compared with Test I2, no appreciable difference in the range of sintering temperature can be noticed, although the absence of a dwell step at 100 °C. Therefore, the presence of Cs determines a net increase of the sintering temperature, but apparently independent on its concentration.

Figs. II-9 (a-b). Sintering of powder obtained by liquid infiltration. Densification curves of tests from Table 3 as function of time (a) and as function of temperature (b)

II-3.2.4 Pellets characterization

The pellets extraction was also in this case rather complicated because of the pellets fragility. Due to the irregular shape of the fragments, only densities of samples Nano-1 and I3 could be geometrically measured.

The former yielded to ≈95 % TD, while the latter ≈87 %TD. As consequence, since the other two sintering curves (I2 and I3) are similar, the final density should be in the same range. However, Archimede's method could not be employed because of fragility. XRD analyses (not shown) could not highlight the presence of any Cs compounds. The final stoichiometry resulted in the range of UO 2.00-2.05 for the four tests, but no trend could be identified.

To conclude on this synthesis route: the incorporation of Cs was possible, but the minimum requirements were not met because the samples were very fragile and with an inhomogeneous microstructure. This behaviour is surprising because the shrinkage curves would suggest a successful densification. This synthesis route was thus not further optimised.

II-3.3 Powder dry hand mixing II-3.3.1 Synthesis

The last investigated route was the dry mixing in a mortar of nanocrystalline UO 2 with FP compounds.

In the work of Le Gall [1], the vibratory ball milling process did not bring any benefit to the mixture, that is why hand mixing of solid powders into a classic agate mortar was preferred. Indeed, the available ball milling machine (Restch MM 400) had the only effect to reduce the agglomerates size, because the horizontal vibration did not contribute to the homogenous mixture between FP compounds and UO 2 matrix.

Another type of machine, such as planetary ball milling, could solve the problem of homogeneity, but it requires large amounts of powders, incompatible with the synthesis of limited batches of nanocrystalline UO 2 .

Therefore hand mixing resulted the best option. The protocol was always repeated in the same way:

• the FP compound and nano-UO 2 powders were initially mixed in mass proportion 1:1, by means of a spatula; • UO 2 was gradually added until reaching the desired FP concentration;

• careful hand grinding in the agate mortar was carried out for 10 minutes, by alternating grinding with the pestle and blending with the spatula.

Concerning the Cs addition, it was initially introduced in form of uranate, as done in Le Gall's study [1] 

II-3.3.2 Densification

In reason of the limited amount of powder produced for each synthesis cycle (5 g), more than one batch of nanocrystalline UO 2 was needed to carry out an extensive research. For this reason the different batches are named "Nano-1", "Nano-2", etc…. From the experience we knew that each batch is slightly different from the other, despite the same synthesis process (same amount of reactants and water, same temperature, same time, etc). For instance the autogenic pressure developed during heating is not exactly the same, leading to possible different final crystallite size. In addition, as already shown in Chapter I, this powder is extremely sensitive to oxygen presence and tends to oxidize quickly. These features made the SPS experiments hard to be exactly reproduced, but the advantage of a lower sintering temperature compensated for the other drawbacks.

In Table II The change of strategy in Test G5 was adopted with the precise aim of the further decrease of the sintering temperature. To do that the pressure and dwell time had to be increased. The decrease of temperature (750°C) was necessary because the previous densification tests at 950 °C implied the risk of Cs uranate decomposition. Indeed, the studies from literature show that decomposition can begin from 650 °C in air (presence of water vapour), according to Cordfunke et al. [49], or from 800 °C in inert dry atmosphere (Ar environment) according to Berton et al. [57]., or from 950 °C under vacuum (10 -9 atm), in the study of Bose et al. [59].

The atmosphere within the SPS die is not exactly known, so a direct comparison with the literature is not trivial, but it is known that the graphite environment has a reducing effect on the powder and that the system is only partially sealed (the gas escape at low temperature as 100-200 °C was noticed and marked by the black arrow in 

II-3.3.3 Pellets characterization

In contrast with what observed for the first two synthesis routes (sections II-3.1 and II-3.2), for the present one no difficulties were encountered in the pellets extraction. Nevertheless, the samples broke apart also in this case, but the geometrical densities could be always measured. Table II-5 reports the density values for the samples of Table 4. As it can be seen, all the samples reached a final density above 90 %TD, fulfilling one of the initial requirements. No specific trend could be identified among the pellets densities. -10) and this is not entirely surprising because it follows the direction perpendicular to the pressure application. Besides this common feature, the microstructure of each sample presents some peculiarities. Specifically, the sintering temperature seems to influence the distance of Cs from the top/bottom surface. The higher the temperature and the higher the distance of Cs from the pellet edge. In addition, for the two higher temperatures (G1 and G2), Cs seems to segregate to form a highly Cs concentrated band, as it can be noticed in Figs. II-12 a), b) and d), f). For G1 the Cs/U ratio is 5/2 in the "Cs band" and this is coincident with the crack which surrounds the whole surface (Fig. 12-a). The high Cs content causes a preferential site for delamination.

Test ID Nano1 G1 G2 G3 Nano2 G4 G5 
In sample G2 the Cs band has Cs/U ≈ 1/1 and becomes 1/5 towards the pellet central part.

Samples G3 and G4 are not shown, but they present similar features of G1 and G2. Sample G5 is shown in Figs. II-12 (g-i). In particular the high Cs concentration (Cs/U=1/2) on the whole surface, except close to the edges, can be notices in Figs. II-12 h-i. Therefore, the Cs distribution results more homogeneous for this last sample.

From this comparison it can be noticed that, although the densification curves appears similar, the microstructure is heavily affected by the maximum sintering temperature.

In general the hand mixing demonstrates the advantage of a good sample handling, the presence of Cs, and the possibility to tune the Cs amount/distribution in relation to the sintering temperature. 

II-3.4 Synthesis route selection

Based on the results of the present screening test, a summary of the advantages and disadvantages of each synthesis route is presented in Table II-5. As it can be seen, the hand mixing of solid reagents has the lowest number of drawbacks and least critical ones. Due to that, the first two synthesis routes will be discarded from now on and only hand mixing will be employed for the final production of all the compositions. 

II-4 SAMPLES PRODUCTION II-4.1 Starting powders

After the selection of the best synthesis route for Cs 2 UO 4 introduction into UO 2 , the adaption for the other FP elements (Mo and Ba) was investigated. The same compounds employed in the work of Le Gall [1] were added to the UO 2 matrix because representative for the FP release model initially proposed by Nicaise [28]. . For practical reasons it was not possible to characterize the oxidation state of the starting powder of each sample, but the date of sintering was always registered, so the number of days between the production of powder and the pellet densification was always known. Sometimes an appreciable difference in the sintering behaviour between two pellets from the same batch, but from different days was observed (time in between more than 2 weeks).

XRD analyses were carried out on the as-synthesised powder and the stoichiometry was determined with the usual equation between O/U ration and lattice parameter (Eqt II-12) [51]. As these analyses were carried out for practical reasons in the Rigaku device (under fume hood) the oxidation under air was really quick, as explained hereafter.

A first XRD analysis was carried out for a very short time (15 minutes) only to check whether the conversion from U(C 2 O 4 ) 2 to UO 2 was completed. A second measurement of 4 hours was then performed to increase the accuracy. Nevertheless, it was possible to notice the change of lattice parameter between the two measurements, indicating a quick oxidation in air. In Table II-8 the lattice parameter, the corresponding stoichiometry, and the crystallite size are reported. As it can be seen the O/U ratio ranges between 2.04 to 2.15, but there is no certainty how much the measurement itself contributes to such a difference. For instance, the time between the end of the decomposition and the beginning of the measurement could have been different among the samples. The crystallite size was calculated based on the Scherrer's method (cf. Appendix A. A qualitative image of nanocrystalline UO 2 (batch Nano-3) can be observed in Fig. II-14 (a-b). At high magnification (b) it is possible to recognize spherical agglomerates with diameters of the order of 1 μm. The latter are in turns formed by smaller primary particles, as it could be deduced by the two grains circled in red. However, the resolution is not high enough to conclude on the crystallite dimensions. Other attempts were made to improve the purity of the compounds, for instance by repeating the heat treatment at higher temperature (700°C) to ensure the removal of all CO 3 2-groups, or by employing amorphous UO 3 [49], instead of UO 2+x, as starting material (synthesized from metastudtite according to the procedure reported in [65]). Nevertheless, the first original batches were still the most pure compounds. Therefore, these powders were kept as reference and employed for the SPS experiments. Hereafter they will be named with their nominal stoichiometry, even if not really pure. "bump" between 30 ° and 40° can be noticed, which can be related to some residual background from the paraffin. In conclusion, the characterization confirms the purity of the starting powders and gives an idea of the initial morphology. 

I-4.3 Densification in SPS

The complete list of analysed compositions is given in Table II-9. The arrows indicate the adjustment of the main parameters. As it can be noticed, the same approach used for UO 2 + Cs 2 UO 4 in Section II-3.3 was replicated for most of the other compositions. The starting SPS experiments were carried out at higher temperatures, but since no downside appeared with the decrease of temperature and the relative increase of pressure and dwell time, the process was optimized in this direction. As result, the final parameters are generally: pressure at 80 MPa, time up to 5 minutes, and temperatures between 660°C and 850°C. The FP compound concentrations were kept in the range between 2-5 wt%. For the sake of shortness, the compositions are abbreviated as in Table II-9. Additional parameters will be added to the names to distinguish the different samples (the number of the nano-UO 2 batch in brackets and the sintering temperature).

Together with the raw densification plots, the results of the density measurements are provided for all the samples. The measurement was carried out by the geometrical method using the nominal diameter as diameter and the pellets height was measured with a micrometer excluding the rim zone with accumulation of material. The result is based on a single measurement, therefore no statistic is presented. Nevertheless, the precision on this parameter was not required because the scope was only to obtain sufficiently dense pellets with the minimum sintering temperature. Hence, the density was considered sufficient when the samples could be handled without breaking and the numerical value was only a confirmation. For almost all the samples the density was above the 90 % TD, except for few cases (87-89%). The theoretical density was calculated from the rule of mixture of the UO 2 density (10.97 g/cm ) and the FP density (values found in the database [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF]). The density results will be presented in the following section, but not discussed.

In addition, the discussion related to the following results is qualitative because not enough experiments are available to draw solid conclusions, therefore the analysis will be mostly limited on what can be observed. The scope of this section is to describe the production of the samples, while a formal analysis like the one proposed in the previous chapter would have required more data points for each composition while not necessarily leading to the final goal.

II-4.3.1 Pure UO 2 densification

The sintering parameters for the four nanocrystalline UO 2 samples are given in Table II Hereafter the main observations are given:

Sample

• N-1 and N-2 have comparable sintering range, with a different onset, but same sintering peak (≈730°C) and same end of densification (≈900°C). • Approximately the same time passed between synthesis and densification for both the N-1 and N-2 samples (6 and 7 days, respectively); • A characteristic pre-peak between 100-200 °C can be noticed in N-1 and N-2, that is not visible in N-3 and N-4. This feature will be visible also in the doped powder and must be related to the release of adsorbed gases in the powder; • N-3 and N-4 have the sintering range similar between each other, but centered at significant lower temperatures than N-1 and N-2, that is (≈550°C). N-3 has slower densification rate than N-4 (absence of a sharp peak in the speed curve); • Substantial different time passed between synthesis and densification of N-3 and N-4 (19 and 5 days after, respectively); • The batches with higher crystallite size (N-3 and N-4, Table II-8) display an earlier sintering range.

As it can be noticed, although the procedure was the same for all the samples, two main behaviours can be distinguished. The time passed between the synthesis and the densification does not seem to have a relevant effect on sintering (N-3 versus N-4). No specific explanation can be given for such a different behaviour, except the different campaigns of synthesis. The preparation of N-3 and N-4 took place approximately eight months later than the first two batches. Therefore an uncontrolled change in one parameter must be the cause of the different behaviour. Nevertheless, to be consistent, the following results on FP doped powders will be always presented with the pure Nano-UO 2 plot as reference. Finally, the pre-reduction of N-3 does not cause any significant shift in the densification temperature of CU 2 (3R)800, but decreases the densification rate compared with CU 2 (3)750 (slope of fuchsia curve compared with the black one).

II

As general conclusions: i) the presence of Cs 2 UO 4 or Cs 2 U 2 O 7 determines an increase of the densification temperature; ii)

the sintering range appears quite similar independently on the type of uranate (mono or diuranate) or on the initial UO 2 matrix. Also in the case of Le Gall [1] the addition of Cs 2 UO 4 caused an increase of sintering temperature, although all the curves are shifted to higher temperatures because of the employment of standard UO 2 .

II-4.3.3 UO 2 + Cs 2 MoO 4 densification (samples CM)

Table II-12 reports the sintering experiments for the CM composition. Nano-1 and Nano-2 batches were employed as base materials. The first two samples at 950°C demonstrate that the addition of Cs 2 MoO 4 causes a similar effect, independently on the Nano-UO 2 batch: the densification range is decreased and precisely it ranges between 400°C to 800°C. The other two samples sintered at 750°C differ only for the atmosphere between each other: vacuum, that is the usual condition, and argon. They both have the sintering peak slightly shifted towards higher temperatures compared with the samples at 950°C (peak at ≈650°C instead of ≈590°C), despite the application of a higher pressure. When the pressure is applied at 100°C instead of room temperature, the pre-peak observed at low temperature (maximum at ≈150°C) becomes rather a large "bump" indicating a more continuous initial shrinkage. Nevertheless this seems to have no large impact on the sintering behaviour at higher temperatures.

Two aspects are worthy to be underlined:

• the doping of Cs uranate or CsOH (Section II-3.2) suggests an increase of the densification temperature, whereas for CM composition a decrease results evident; • the densification rate is slower than in pure UO 2 (e.g. peak intensity of black and blue speed curves).

As consequence, it could be assumed that the densification mechanisms change if Cs is alone in the UO 2 matrix or if it coexists with Mo.

This result is in contrast with what observed in Le Gall [1], where the addition of Cs 2 MoO 4 caused an increase of the sintering temperature, although a much lower concentration was introduced (0.9 wt% versus the present 5 wt%). The densification of UO 2 + BaMoO 4 was a preliminary step before the addition of Cs to form a Cs-Mo-Ba doped sample (CU 2 B shown later). In Table II-13 two sintering experiments are reported, the former at 1150 °C and the latter at 800 °C. The BaMoO 4 concentration was 5 wt% for both the cases. The addition of BaMoO 4 causes a minor shift of the sintering peak B(1)1150 compared with N-1, but the densification onset is exactly the same, at 500°C. The behaviour at low temperature (pre-peak) is again reproduced for the sample based on N-1 matrix.

In the case of B(3)800, a more complex densification can be noticed: the piston speed displays a densification occurring in two steps, so with two peaks. Since the BaMoO 4 batch is the same for both the samples, this effect must be linked with the specific interaction with N-3 matrix. The first peak of B(3)800 must be associated to UO 2 densification, since it is in the same temperature range of the N-3 peak. On the other hand the second peak of B(3)800 could be associated to the presence of BaMoO In Le Gall [1] the BaMoO 4 doping did not cause an evident shift in temperature. For the first sample, the addition of MoO 2 seems to have a clear effect on the densification, with a shift of the curve to higher temperature (around 100 °C). On the other hand, in the second test, almost no effect is noticed because the sintering peak of the sample overlaps with the pure UO 2 (N-4) reference.

Only the onset is slightly earlier, but the two curves (black and green) have the general same trend. Two more complex systems with two FP compounds were finally sintered. Table II-15 reports the details of the sintering experiments. Since Nano-4 powder was used as reference for all the samples, there is no need to specify it in the samples name. The first two samples have the same composition, but different heating rate schedule to cause a possible different final microstructure and/or speciation (the second is distinguished as "hr"). 

II-4.4. Summary of the densification behaviour

Table II-16 summarizes the effects of the addition of the different FP compounds to the densification of nanocrystalline UO 2 . There is no doubt that the interaction between the UO 2 matrix and the FP compounds has an effect on the densification mechanism, but the problem seems to be rather complex to be explained and a large parametric study would be needed on this specific topic. In particular, the stable oxidation state of the matrix would be a strong requirement. In addition, it is interesting to underline the similarities and discrepancies between the present results and the ones reported by Le Gall [1]. Despite some differences, the global process was very similar in both the studies, with the same tools and devices. The biggest novelty here introduced is the employment of nanocrystalline (and oxidized) UO 2 . In particular the different behaviours when the FP compounds are alone or combined can be underlined:

• Cs in the caesium uranate form determines an increase of the sintering temperature;

• Mo, in the MoO 2 form, causes a weak increase or has no effect on the densification peak;

• When combined together, either in Cs 2 MoO 4 or in the Cs 2 U 2 O 7 + MoO 2 form, the two elements determine a decrease of the sintering temperature. Therefore an interaction between them may take place; • BaMoO 4 -doped UO 2 seems to densify in two steps, firstly only UO 2 and then both the compounds;

• The single experiment of the combination of BaMoO 4 and Cs 2 U 2 O 7 is not enough to draw solid conclusion, but the clear split of the densification curve might indicate an initial UO 2 densification, according the pure UO 2 reference plot, and a second higher densification step when the matrix and the FP densify together.

II-4.5 Chemical analyses by ICP-MS

In the previous section one of the main questions of the chapter was positively answered: it is possible to obtain dense UO 2 pellets containing Cs compounds. However, if the proof of a sufficient density was quantitatively given, the effective presence of the FP elements needed a quantitative confirmation. Chemical analyses by mass spectrometry were carried out on one sample of each composition (in case of only one sample available for the specific composition, the analysis was not performed).

To face the possible issue of an inhomogeneous FP distribution, the entire sample or at least the greatest mass of the pellet was analysed. Inductively Coupled Plasma Mass Spectrometry (ICPMS) was used to determine the Cs, Mo and Ba concentrations, whereas Isotopic Dilution Mass Spectrometry (IDMS) for the concentration of U. For both the techniques the JRC-Karlsruhe protocols were followed (WI0410/S5/R1 for ICPMS, and IMS-JRC.G-C1.1-WIN-0021 v6.0 for IDMS).

Table II-17 reports the results of the analyses. The theoretical concentration was calculated as the weight ratio between the UO 2 powder and the FP compound. The employment of very small batches (<500 mg of UO 2 and <20 mg of FP) increased the uncertainties of the ratio, for this reason the results could have large errors. For instance in two cases the Cs concentration is above the maximum theoretical one. In addition, the pellet dissolution was not always completed, increasing the uncertainties. It must be considered that the pellets were, at least on the external surfaces, contaminated by the graphite assembly of the SPS, therefore the presence of residual black particles might be due to carbon. Nevertheless a general positive conclusion can be made. Despite the uncertainties, Cs was always identified and with a retention range between 71 and 100 %, which met the target of the synthesis. On the other hand Mo was detected with lower concentrations, between 34% and 61%. This can explained, besides the incomplete dissolution, by the Mo migration towards the pellets edges, as it will be shown later in SEM-EDX. The Ba concentration was extremely low in sample B(1)1150 because the sample dissolution was not achieved (BaMoO 4 is white, like the undissolved residue) and maybe because of the high sintering temperature (1150°C), although the melting point is some hundreds of degrees higher (1460 °C, [67]). The ICP-MS analyses confirm the presence of Cs, Mo and Ba. In particular for Cs, which is the most sensitive to temperature, the maximum release was of ≈30 wt%.

II-5 POST SINTERING CHARACTERIZATION

After the samples preparation with different compositions it was demonstrated that:

-the pellets reached the minimum desired density (densification analysis); -Cs, Mo, and Ba were retained after sintering, even though not always in their full amounts (ICP-MS).

As consequence two other objectives were missing:

-definition of the FP distribution and of their amount (compared with ICP-MS); -determination of the FP speciation. The present characterization campaign aimed at the achievement of these last two objectives. To look for the presence of the FP compounds and their distribution, SEM-EDX analyses were carried out. These results were complemented by conventional XRD and XANES at synchrotron facilities.

Not all the pellets presented in the previous sections will be reported hereafter, but only those that are relevant for the following thermal treatments of Chapter III.

It is important to underline that each pellet was divided into several fragments from the rupture naturally occurred after extraction from the SPS die. Each fragment was used for one or more different characterization techniques. For instance the same pellets analysed by ICP-MS were previously analysed by SEM-EDX.

SEM-EDX was performed in four different devices, so the details are given in Appendix A.2.1. The samples were coated by gold or carbon sputtering and analysed both as-sintered or after polishing.

Polishing protocol is also given in Appendix A.2.1. Due to the many handling steps, it was not possible to keep track of the pellets surfaces positions, i.e. which surface was in contact with the cathode and which with the anode. Since no distinction was possible, this will be indifferently called "base" or "top surface", in the following sections. The observation of the fracture surface was preferred to the one of the top/base faces to better understand the FP distribution into the pellets bulk. The majority of the results report BSE images to identify different atomic mass with the grey scale, but sometimes SE images are also given.

For XRD analyses three devices were employed: Rigaku Miniflex 600, Bruker D2, and Bruker D8 diffractometers (details in Appendix 2.2.2 ). Pellets fragments (20-30 mg) were ground in a mortar and mixed with some drops of different liquids, depending on the device (respectively paraffin, cyclohexane, and isopropanol). The analyses were carried out in a very large period of time (several months), therefore between the first and the last results the oxidation state of nano-UO 2 matrix might have dramatically changed, since the fragments were exposed to air. For XANES characterization a samples selection was done based on the SEM-EDX results: the most homogeneous FP distribution was the selection criterion. The same samples analysed in XANES were then employed for the following thermal treatments and final characterizations, in Chapter III.

It is worthy to stress that the samples were analysed on the base/top surfaces, differently from SEM-EDX. In the next Chapter III, SEM-EDX and XANES will be presented for analyses performed only on the fracture surface, but this required a more complex sample preparation.

The results are presented according to each composition. First the qualitative analysis by SEM observations and the semi-quantitative analysis by EDX are given, then XRD is presented, and finally HERFD-XANES is discussed. A short summary is given at the end of each section.

II-5.1 Pure UO 2 pellet characterization

Before presenting the results on FP doped pellets, this section shows a short characterization of pure UO 2 .

For the sake of completeness, the last UO 2 pellet, obtained by Nano-4 batch, is analysed by XRD and EBSD.

Although some analyses on pure UO 2 pellets were already reported in the previous Chapter I, those powder batches were produced in a different moment of the project and underwent two thermal reduction (samples "Nano-UO 2 ").

The densification curve of Nano-4 pellet was given in the previous section: the main sintering parameters were T=950 °C, hr=100°C/min, P=70 MPa, and 2 minutes dwell. 

Fig. II-27. XRD analysis on Nano-4 pellet after sintering at T=950°C, 2 min

For a statistical analysis the grain size was determined by means of EBSD. The analysis was carried out by scanning the sample fracture surface from the top edge towards the centre, to verify whether a gradient in grain size could be noticeable along the pellet height.

Grains with areas less than 9 pixels were disregarded (pixel size : 0.034 µm) and also those from the borders of the map. The minimum misorientation angle between two grains was 5°. The equivalent circle diameter (ECD) resulted 0.6 (0. No further EBSD analysis was performed, because not strictly necessary for the objectives aforementioned.

It could be however an interesting analysis to compare the grain size distribution in presence of FP compounds and relate this results with the densification plots of the previous section. The samples are presented from the top to the bottom with the decreasing sintering temperature. At the top of each overview image, i.e. the first on the left, the type of uranate and the temperature are reported. At the bottom of each of these images the sample code adopted in Table II-4 and Table II-11 is indicated.

Given that different nanocrystalline UO 2 batches were used, the fracture surfaces resulted however quite different among each other.

Looking only at the FP distribution, the effect of temperature on the FP distribution seems to play the most important role, as it could be expected from a volatile element like Cs. As it was already observed above in section II-3.3 (Fig. , Cs forms some precipitate layers parallel to the pellets top/bottom surface and its distance from the edge increases with the sintering temperature. This is visible in the first three samples, whereas in the fourth one, i.e. CU 2 (3)R, the Cs layer is not double, one for each edge, but it is single and rather in the middle of the pellet height. The next sample is CU(2), which was already shown in Fig. It presents a homogenous surface with Cs needle-like structures laying onto it. In this case the lower temperature (750°C) might have preserved the original Cs uranate microstructure, even though for sample CU 2 (3R) the sintering temperature was only 50°C higher.

The last two samples were sintered at 750°C, but with another nano-UO 2 batch. They present no large FP layer, but Cs is present in both in form of small precipitates. In this case the microstructure is not needle-like, but it seems very similar to the UO 2 matrix. Concerning the distribution it could be concluded that the temperature is the most relevant parameter, even though the trend is not really clear. The variable of the different initial powder might play a fundamental role. By recalling the densification plots of Figs. II-21 (a-b) it can be noticed that the microstructure reveals more differences than the shrinkage behaviour.

Concerning the speciation of the Cs compound, the atomic Cs/U ratio reported in the figures and obtained by EDX analysis is varying between 1/2 and 2.5. For Cs/U lower than 1, a partial decomposition can be supposed. The decomposition of Cs 2 UO 4 was reported to happen at different temperatures, between 650 °C under humid atmosphere and with release of CsOH [49] and up to 950°C under vacuum, by release of Cs 2 O [59].

Nevertheless it is surprising that large zones of many samples give a total Cs concentration well above the expected theoretical one. Recalling that the FP concentration is 5 wt% for both Cs 2 UO 4 /Cs 2 U 2 O 7 , if Cs was homogeneously distributed it would result in a total Cs/U ratio between 1/30 and 1/20, or equivalently a total Cs concentration between 1.6-2.3 wt%, which is far lower than the found values. Only the EDX analyses on the extended areas in Fig. II-29-q and II-29-t give an average ratio of Cs/U=1/20, which is coherent with the theoretical ones. For the other samples it seems that the caesium uranate segregated alone to form an independent structure.

Figs. II-29 (a-u). SEM, EDX, and X-ray maps of CU/CU 2 samples

In order to understand the representativeness of the surface and to perform the EDX analysis in the most ideal conditions, the samples were polished to reveal the microstructure of the bulk. Two representative cases were chosen: samples CU 2 (3R) and CU(2)750. The former has a large Cs band, with Cs/U=1, indicating that the initial Cs 2 U 2 O 7 is not decomposed and lays onto the surface. The latter presents Cs/U=1/2, but the initial FP compound is Cs 2 UO 4 . In addition the microstructure shows a peculiar needle-like morphology which seems to be laying onto the UO 2 matrix. II-18 the complete composition is given. The top part of the pellet, close to the edge, was not extensively analysed, but the absence of any precipitate shape suggests that Cs must have left this zone before the completion of densification. It is interesting to notice that Cs was present in the largest part of the sample at the time of the densification, but probably could escape from the black-rectangle zone before the full densification. If the Cs presence is the proof of a temperature gradient, it is strange to obtain an asymmetric position of the red rectangle within the pellet height. It was demonstrated by Tyrpekl et al. [68] that the microstructure in UO 2 SPS is not homogeneous because of the combination of the symmetrical effect of the reductive graphite around the pellet and the directional effect of the electric field across a hyperstoichiometric sample. Indeed in UO 2+x the O 2-ions tend to have a preferential migration towards the positive electrode. Therefore the combination of the temperature profile and the gradient O 2-concentration (i.e. pO 2 ) could explain the asymmetry of the Cs presence. However only one experiment is not enough for a strong conclusion and the other samples seem to have a different behaviour.

Figs. II-30 (a-e). SEM-EDX analyses on polished CU 2 (3R) sample

The CU(2)750 sample was further analysed before and after polishing, respectively in Figs. II-31 (a-c) and Figs.

II-31 (d-f). The X-ray maps of Cs and U are reported in parallel to the SEM images. As it can be noticed in Figs.

II-31 (a-c) the darker precipitates with a needle-like morphology contain Cs, while the U content is lower than the surrounding matrix.

Fig. II-31 (a-f). SEM images and x-ray maps of the unpolished and polished surface of sample CU(2)750

Table II As in the case of sample CU 2 (3R), the polished surface reveals a very different microstructure, which contains the expected amount of Cs.

The local Cs concentration inside the precipitates is ≈17 wt%, corresponding to a Cs/U ratio is around 1/2. This indicates that the initial Cs 2 UO 4 was decomposed and part of the Cs was released. Alternatively this result can be attributed to the limitation of the technique. Since the X-ray signal of EDX comes from the inner volume at ≈1 μm below the surface, if the precipitate thickness is too low the contribution of the UO 2 matrix is overestimated. Only eight points were measured, but from this small statistic it appears that the Cs content is reproducible which hints that effectively the initial Cs compound was partially decomposed. From the comparison between the analyses on the local points and the extended areas, it can be deduced that the Cs escaped from the precipitates is still in the sample since the global concentration is coherent with the initial theoretical content. This means that Cs lays into the structure in smaller precipitates, not clearly visible with SEM-EDX. A closer look at the microstructure in Fig. II-32 shows that Cs is also dispersed into the small porosity of the matrix.

Fig. II-32. Comparison between large Cs precipitates and smaller inclusions into the matrix

Three important conclusions arise from this analysis:

-the initial caesium uranates are probably decomposed and part of Cs stays in the pellet as smaller precipitate into the microstructure porosity; -the microstructure observed on the fracture surface is not representative of the real bulk; -the high Cs concentration observed on the fracture surfaces can be explained by a preferential rupture of the pellets along these planes because of the lower cohesion with the matrix given by the different microstructure.

Based on the last two conclusions, the analysis must be limited to the only elemental identification and the determination of the precise composition is postponed in the next Chapter III, where all the samples are analysed after polishing.

II-5.2.2 XRD

XRD analysis was carried out on sample CU(2)750 because it showed a homogenous distribution of the Cs precipitates. A fragment of the sample was ground to powder form and analysed in the Bruker D8 diffractometer. Figure II-33 presents the diffraction pattern with the phase identification and quantification.

It is important to underline that many of the peak positions, including those of the main peaks, of the different Cs uranates are the same of the UO 2 structure. This makes the phase identification quite challenging, also due to the low Cs uranate concentration. Nevertheless, base only on few elements, the The XRD analysis, although the limit of the instrument to detect low concentrations, seems to confirm that the initial Cs 2 UO 4 has decomposed towards Cs 2 U 4 O 12 . For simplicity, since the analysis will regard only the two samples CU(2)750 and CU 2 (3R)800, let us drop the information of the powder batch and call them CU-750 and CU 2 -800 to maintain the important information about the type of uranate and the sintering temperature.

It is important to recall that the analysis was carried out on the top surface of the pellets. From Fig. , the following observations can be made:

• The shape is very similar among all the spectra, therefore no important differences are present at the pre-edge zone or after the white line. The oscillations intensity and frequency are the same, indicating a very similar environment. In addition it is important to recall that the Cs compounds were not 100% pure (XRD on powder); • The white line intensity is higher for Cs 2 U 2 O 7 than for Cs 2 UO 4 ; • The white line intensity is higher for both the samples compared with the references. . As consequence it can be concluded that: -Cs is found in both the samples, but with probable different concentration; -The distinction between Cs 2 UO 4 and Cs 2 U 2 O 7 is very difficult because of the identical shape, however a difference in the white line intensity appears to be a key factor, since it is consistent between references and samples; -The samples spectra match the references shape, except for a higher white line intensity. The overabsorption effect could cause a decrease of the references white line intensity, but the results in transmission mode, collected at INE beamline (Appendix A.4.2), exclude this explanation. Hence the increase of intensity could be attributed to a difference in Cs environment and so to the effect of SPS treatment.

II-5.2.4 Conclusion

• The SEM-EDX analyses demonstrate the existence of different types of microstructures on the fracture surfaces. In particular Cs was found often laying in large layers parallel to the top/base pellets edges; • Temperature seems to be the most important parameter for Cs distribution, even though the effect of the electric field on hyperstoichiometric UO 2 could cause a gradient of pO 2 , contributing to the Cs distribution; • The fracture surfaces are probably generated from layers with high Cs concentration, which act as preferential plane for rupture; • Polishing reveals the real bulk structure, whereas the fracture surface results useful to determine the morphology but unreliable for the composition; The SEM-EDX analyses show a variety of compositions: close to the edges, where no large precipitates are present, the Cs/U is 1/10, but no trace of Mo can be detected. The large squared grains show that the Cs/U ratio is 4/1 and in two cases also Mo can be found. This ratio is not coherent with any compound, but the raw fracture surface is not representative of the real composition. It seems that Mo is better detected when the large blocks are partially decomposed. At the bottom right of No further analyses were carried out because the raw fracture surface revealed to be unrelated to the actual composition of the bulk. Nevertheless a scarce presence of Mo was noticed, also for the lowest sintering temperature. Therefore the following analyses will help to understand whether a decomposition or not did occur.

II-5.3.2 XRD

For XRD analysis one fragment of samples CM-750 was ground and analysed in the D8 Bruker diffractometer (Appendix 2.2). For the latter, the corresponding Cs concentration is 1.7 wt%, i.e. approximately the half of the initial theoretical Cs concentration because for 5 wt% Cs 2 MoO 4 , the total Cs concentration is 3.1 wt%. It is interesting to notice that the spectral shape is different between the two setups: in HERFD mode the pre-peak intensity is higher because of the higher resolution. Also the larger peak at the white line shows some minor differences between the two experiments. The experimental spectrum in HERFD mode is affected by higher noise because it is the average of only two spectra, while the curve in standard mode is obtained by the average of ten spectra. c). This result makes gives a clear answer from the question derived from the SEM-EDX observations. Mo is certainly present and all its environment is Cs 2 MoO 4 .

No doubt exists on the Mo environment because other possible compounds, such as MoO 2 or MoO 3 , display a substantial different spectrum, as shown in the section II-5.5 (sample M). Nevertheless it cannot be excluded that Cs is partially divided between the uranate and molybdate environment. This would explain both the results from XRD and from XANES, at Cs L 3 -edge. Since XRD has a lower detection limit the results from XANES can be considered more reliable, that is Cs is mostly in the Cs 2 MoO 4 environment.

II-5.3.4 Conclusion

• the FP microstructure results inhomogeneous and not well embedded into the UO 2 matrix. A great difference can be noticed between sintering at 750°C and 950°C; • EDX and XRD analyses showed Cs is often found alone with U, as is in the Cs 2 U 4 O 12 structure, while Mo is always coupled with both; • XANES spectra Cs L 3 -edge can be differentiated by the different white line intensities;

• XANES analyses proved that all the Mo is in the Cs 2 MoO 4 environment and with high probability also all the Cs remains in the Cs 2 MoO 4 environment in contradiction with EDX and XRD analyses. As it can be noticed the FP distribution is homogeneous on both the types of surfaces. In addition, from the high magnification images on the right, it seems that the precipitates are really embedded into the UO 2 matrix.

The higher sintering temperature of B(1)1150 determines a higher grain growth of both the precipitates (Fig.

II-40-b and -e) and, to a minor extent, of the UO 2 matrix. However the thermal treatment is well far from the BaMoO 4 melting point at ≈1600°C [67], therefore all the diffusion processes must have occurred in the solid phase.

For this composition the FP distribution is very homogeneous and the fracture surface is well representative of the whole sample. ). The secondary peaks are well identified as BaMoO 4 and Ba, respectively. The fluorite structure is not split, but an unique phase is present. From Rietveld refinement the composition is so determined: 94.7 % UO 2+x (a = 4.464 Å), 4.7% BaMoO 4 , and 0.6 % Ba. This is quite in agreement with the theoretical concentration of 5 wt% of BaMoO 4 , even though the effective Ba concentration is slightly higher and no single Mo phase is identified. 

Conclusion

The FP distribution is homogeneous and initial BaMoO 4 is maintained during the SPS process. The fracture surface is representative of the whole pellet microstructure. 

Fig. II-47 (a-i). ). SEM-EDX-X-ray maps of UO 2 + Cs 2 U 2 O 7 + MoO 2 SEM-EDX. Sample CU 2 M-660

The second type of precipitate is given in Figs. II-47 (d-f) and corresponds to the large cavities visible in Figs.

II-46 (b-c) and marked by the blue shape. Part of its microstructure is well integrated to the UO 2 matrix and part lays below the fracture surface.

The SEM-EDX analyses reveals a variable composition depending on the position. The details are given in Table II-20. The extended analysis on the precipitates defined by the red ellipse shows that the atomic Mo/Cs/U ratio is 3/2/2. The grains inside the cavities have a quasi-octahedral shape and they might be made of UO 2 , due to their bright signal. The punctual EDX analysis on this microstructure determines a scattered composition, probably because of the small dimensions. The red cross is representative of the measurement point and the average atomic Mo/Cs/U ratio results 3/2/20. In Table II [70], therefore the found values could be ascribed to some of these compounds. -An interaction with uranium is observed at the periphery of the MoO 2 precipitates, hinting the formation of uranyl molybdates.

II-5.6.2 XANES

Due to the presence of both Cs and Mo, the XANES analyses were carried out at Cs L 3 and Mo K-edges, respectively. 

HERFD-XANES at Cs L 3 -edge

Figs. II-49 (a-c). XANES at Mo K-edge of sample CU 2 M-660. Overview in a), HERFD mode in b), standard mode in c)

The linear combination (LC) fitting of the references spectra is used to match the samples curves. In the LC fitting also the MoO For the spectra of both the setups (standard and HERFD), the best fit curve is obtained by approximately the equal contribution of both the references, as shown in Table II-21. It is interesting to underline that the Ba X-ray map presents a more concentrated layer between the top edge and the middle of the pellet, indicated by the white rectangle. In this zone also molybdenum can be found, suggesting that the two elements are still combined together in BaMoO 4 . The yellow cross is representative of the EDX analysis of Table II-24. -a gradient of Mo can be noticed going from a Mo-poor zone in the centre, where Ba interacts with Cs, to Mo-enriched zone at the pellet edge, where it is reduced to metal by the contact with graphite; -Residual BaMoO 4 precipitates are found in the intermediate region between the centre and the edge.

Fig. II-51 (a-c). SEM-EDX and X-ray map analyses on UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (CU 2 B). SEM image (a). Ba X-ray map (b). Cs X-ray map (c)

Fig. II-52. SEM-EDX and x-ray maps of the top pellet edge

The sintering temperature of 880 °C (2 min dwell) is not sufficient to justify the BaMoO 4 melting (1460 °C [67]) so these processes must occur in solid form. On the other hand the sintering process is really short. The presence of two steps in the shrinkage curve, shown in 

II-5.8 Samples selection

As conclusion of the characterization campaign, the best sample of each composition was selected to continue the study with the following thermal treatments. The samples not containing any Cs were not further analysed. Due to possible inhomogeneities between the samples, only one pellet was selected for each composition (except one case). To simplify the nomenclature of the samples in view of the thermal treatments, the information about the sintering temperature and the original nano-UO 2 powder will be not more included in the sample name. Table II-25 reports the selected samples for the next thermal treatments and gives the reference table for the details of the sintering parameters. 3)750 is also used because of the identical sintering conditions of CU( 2)750

II-6 CONCLUSION

Among the three investigated synthesis routes, hand mixing of solid FP powders and nanocrystalline UO 2 revealed to be the best method to obtain dense and sufficiently homogenous pellets.

The optimized sintering conditions were achieved with the progressive reduction of temperature, around 750°C, and the consequential increase of pressure and dwell time, at 80 MPa and 5 minutes, respectively.

The sintering behaviour depended on the type of FP element. In general when two FP and especially Cs and Mo were present together, the densification temperature tended to decrease.

The microscopy analyses on the fracture surfaces were not representative of the bulk structure visible after polishing. This seemed to be particularly true for the Cs compounds, that are caesium uranates and caesium molybdate. The reason of this behaviour was found in the fracture process, which occurred preferentially along planes with high concentration of FP compound, because of the lower cohesion with the UO 2 matrix. In the case MoO 2 and BaMoO 4 doping, the fracture surface resulted more representative of the inner bulk. The FP precipitates were always found elongated in the direction parallel to the top and base pellets surface, as consequence of the application of the pressure.

The chemical speciation was investigated by EDX, XRD and XAS analyses. Only their combinations allowed obtaining sufficient information to conclude on the speciation of the various FP elements.

Concerning the caesium uranates, they underwent partial decomposition with the decrease of the initial Cs/U ratio. The released Cs did not completely escape the pellet, but it was partially found in small precipitates in correspondence of porosities.

Caesium molybdate showed an apparent partial decomposition by SEM-EDX and XRD analyses, but XAS was the key technique to confirm that actually the most of the initial chemical state was preserved after sintering.

Molybdenum dioxide and barium molybdate displayed that the thermal treatment, thanks to the low temperature, had absolutely no effect on their speciation, hence the three characterization techniques agreed perfectly. Some interesting results were obtained for the mixtures of two FP compounds.

For Cs 2 U 2 O 7 + MoO 2 a partial interaction between Cs and Mo was demonstrated by both SEM-EDX and XAS, even though the exact identification of the phase was not possible. Probably one of the many possible types of caesium molybdates might have formed.

The co-doped Cs 2 U 2 O 7 + BaMoO 4 sample demonstrated a more complex behaviour: BaMoO 4 was partially decomposed which results in the migration of Mo to the pellet edges and its consequent reduction to metal, because of the contact with the reductive graphite pistons. The free Ba interacted with U and/or Cs, forming ternary (Ba -U -O) and quaternary compounds (Ba -Cs -U -O). Similar results, although less clear, were previously obtained in the work of Le Gall [1].

One single pellet was selected to be representative of each composition and was designated for the thermal treatments in Chapter III.

A short summary of the chapter is here presented.

This chapter was dedicated to the synthesis of SIMFUELS doped with Cs, Mo, Ba compounds. The initial investigation aimed at finding the best synthesis route to obtain pellets with the desired requirements.

Between the liquid route, the infiltration route, and the solid route, the latter resulted the most suitable for the scopes of the study. The synthesis process was tuned in a second moment, to optimize the densification parameters for Cs-doped UO 2 pellets. The introduction of Mo compounds resulted relatively simple and was performed according the more stringent parameters adopted for Cs compounds. The characterization by ICP-MS and the measurement of density confirmed the success of the synthesis. A more detailed characterization was carried out by SEM-EDX, XRD, and XAS analyses. The microscopy observations noticed that the raw fracture surface was not representative of the bulk, so for a more correct analysis the samples polishing would have been needed. The XRD analyses confirmed the presence of the different elements, but in the case of the Cs 2 UO 4 , a partial decomposition to Cs 2 U 4 O 12 could be deduced. The XANES analyses at Cs L 3 and Mo K edges confirmed the other characterization. In particular the proof of the Cs2MoO4 formation from Cs 2 U 2 O 7 and MoO 2 was given thanks to this technique.

CHAPTER III:

EFFECT OF THERMAL TREATMENTS ON CAESIUM SPECIATION

EFFECT OF THERMAL TREATMENTS ON CAESIUM SPECIATION 

OBJECTIVE

The main goal of this chapter is to define a relation between temperature, pO 2 and the Cs behaviour. To this end a selection of the best samples produced in Chapter II undergoes thermal treatments at defined temperatures and pO 2 . The first question is how and if Cs is released, while the second concerns its final distribution and chemical state inside the pellets. KEMS and TGA are employed to answer the former question, while SEM-EDX, XRD and XANES the latter. It is worth reminding that the kinetics release is not necessarily representative of irradiated fuels, because of the substantial difference of the microstructure, but it is a fundamental information to associate the amount of Cs with its speciation.

The strategy behind the thermal treatments was to characterize the Cs release and have a "picture" of the pellet at different steps of a hypothetical accidental thermal sequence.

Two types of experiments were carried out, Knudsen effusion mass spectrometry (KEMS) first, at JRC-Karlsruhe, and then TGA, at CEA Cadarache. KEMS analyses had the scope to provide the Cs release as function of temperature and these results were then employed to set the temperature for the following TGA treatments on new fragments of the same samples. The latter were finally characterized by SEM-EDX, XRD and XAS.

Due to the possible microstructure inhomogeneity among the pellets, as shown in the previous chapter, only one pellet for each composition was employed. As consequence, fragments of the same pellet covered the needed characterization techniques, but the limited amount of material did not allow more than one analysis for each piece, reducing the data point statistic.

III-1 THERMAL TREATMENTS

III-1.1 KEMS III-1.1.

Working principle

It is worth mentioning the KEMS working principle, since it is less common than the other characterization techniques. KEMS stays for Knudsen Effusion Mass Spectrometry. The employed device was assembled at JRC-Karlsruhe and installed in a shielded glove box [1].

The Knudsen cell is an effusion container whose orifice is designed to fulfil the Knudsen conditions, which means that the mean free path between two collisions of gaseous molecules is larger than the orifice size [2] [3] [4]. The same is true for the average distance of the gaseous molecules within the cell during the measurement. Only with these conditions fulfilled, an equilibrium between the condensed phase and its vapour is established. The orifice generates a molecular beam composed by different gaseous species, whose flux is proportional to their vapour pressure inside the cell. By coupling a mass spectrometer to the cell, the beam gaseous molecules are ionised by electron bombardment (at an energy of ≈33 eV) and are collimated onto a detector by an electric field. The simple combination of the Newton's second law with the Lorentz force determines the trajectory of each ion, according to its mass/charge ratio.

Theoretically, the vapour pressure of each species (p i ) can be calculated from the measured intensity of the corresponding ionic species (I i ). The relation between the two depends on temperature and on a calibration factor. The latter can be determined by comparing the simultaneous vaporization of a reference material (normally Ag). In conclusion, both the identification and quantitative determination of each gaseous specie are possible. Nevertheless, during the ionization process, the rupture of chemical bonds might occur, so that the detected ions could be only a fragment of the original molecule (or the ion is fragmented into a neutral molecule, not detected, and a smaller ion).

Other thermodynamics properties can be then calculated from the vapour partial pressure, such as sublimation enthalpies, enthalpies of formation, and activity coefficients. Nevertheless, for the present study the instrument was used for the qualitative determination of the released gaseous species as function of temperature, and thus to understand the chemical processes related to chemical decomposition.

A more detailed description of the KEMS employed at JRC-Karlsruhe in given in Appendix A.2.4.

III-1.1.2 Experimental procedure

At the moment of KEMS experiments, the sample CU 2 B (UO 2 + Cs 2 U 2 O 7 + BaMoO 4 ) was not yet synthesised, then the analysis concerned only CU, CU 2 , CM, and CU 2 M. Table III-1 reports the initial mass of each sample, composed by one or more fragments. These were as-sintered fragments, randomly selected, and not polished. A metallic silver chip was also loaded into the Knudsen cell because normally used to determine the calibration factor for the vapour pressure calculation, but in this case it was employed only as temperature reference. The experiment was carried out at the heating rate of 500 K/h (8.33 °C/min) up to a maximal temperature of 2000 K (1727 °C). The pyrometer controlled the heating above 400 °C. The material selected for the cell was tungsten, as a chemically compatible material with the sample at high temperatures. The experiment was conducted under vacuum (10 -7 -10 -8 mbar). A certain number of ions, whose masses were previously calculated, were selected to be recorded by the mass spectrometer. For those elements with many isotopes only the most abundant ones were considered: for instance for uranium only 238 U and 235 U were counted (but not 234 U). The ions whose mass exceeded 512 amu could not be detected. In Table III-2 the list of ions possibly originating from the samples is reported. The two silver isotopes ( 107 Ag and 109 Ag) were also recorded, but not listed in the tables. As preliminary step before the data analysis, it was necessary to control the ratio between the isotopes of the same element/compound. As an example for uranium, the 235/238 ratio signal was plotted as function of temperature to verify that the relative theoretical concentration was respected (e.g. The data points below 600°C were not considered for the interpretation due to lack of pyrometer precision and as well as no relevant release was observed, as expected from pellets sintered at 660-750°C.

III-1.1.3 Results

In Fig. III-1-a all the four samples have a coherent release up ≈980°C, suggesting that the same mechanism occurs, independently on the Cs speciation. Above this temperature CU displays a second higher peak at ≈1200°C, while the other samples complete the release. The delayed release is confirmed also by the minor signals of the other Cs ions in Fig. III-1-b. Here the presence of other minor peaks can be noticed, as the ones indicated by the blue and red arrows. The Cs re-condensation and re-vaporization (not in Knudsen conditions) could be ascribed to these two latter peaks, but another reason could be the formation in the vapour of a second compound, formed in the pellet at higher temperatures. Probably this explanation applies for sample CU, whose second release is even higher than the first one.

Nevertheless, to identify precisely the precursors molecules, other experiments would be needed. In brief the experiment would consist in holding the system in isothermal conditions in order to vary the ionization energy and to determine the fragmentation correction factor for each ion [5] [6]. Thanks to this, it would be possible to determine the exact partition of Cs + .

Also the kinetics linked to the microstructure was considered as possible parameter for CU behaviour. Peesh et al. [7] explained the 2-steps release of Cs from irradiated fuels saying that the first release is direct from the grain boundaries while at higher temperatures diffusion in the grains must first occur to lead a second release from the grain boundaries. However, from a qualitative comparison, no relation could be identified. As it can be noticed, not all the ions from Table 1 and Table 2 are visible because most of them fall below the intensity background. Concerning sample CU 2 M, a similar range of temperatures can be observed. The difference of Mo concentration between the two samples is not so high (CU 2 M has ≈1.5 times more Mo than CM), but a quite large difference of intensity is shown. That is why the Mo speciation (molybdate or oxide) must play the fundamental role. For instance the peak of MoO 2 + is more than ten times higher than the one of sample CM. Also the peaks shape is different: for CU 2 M the release of MoO 2 + , MoO 3+ , MoO + and Mo + proceeds abruptly, while for CM it is smoother and with lower intensity. From literature the MoO 2 vapour pressure at the equilibrium at 1400°C is ≈1.5*10 -7 atm [8]. The vaporization would be prevented if the actual ion intensity was lower than this value. This could be attributed to the preliminary Cs 2 MoO 4 decomposition in CM, in contrast with the direct vaporization from MoO 2 in CU 2 M.

Another interesting difference between the two samples is that, for CU 2 M, besides the several Mo and MoO x ions, other two heavy molecules are present. The masses of 378 and 380 amu are recorded, to which the Cs 2 MoO + ion corresponds. This proves the probable existence of Cs 2 MoO 4 in the vapour, even though its formation could be either in the gaseous form or in the solid one.

Another heavy ion carries the mass of 464 amu. When the ratio 464/467 is plotted as function of temperature, the existence of CsUO 6 + must be excluded (Table 1) because of the too low intensity for 467 amu curve ( 238 U should be the more abundant isotope). In addition, the peak temperature is similar to the one of other Mo compounds. Therefore, the only possible combination of masses giving 464 amu is UCsMo + , but with the isotopes 235 U and 96 Mo. Since the mass spectrometer was not set for the detection of compounds with U, Mo, and Cs together, this is the only proof of such a compound (469 amu signal would be needed, corresponding to 238 U and 98 Mo). However, the formation of a quaternary compound with U-Cs-Mo-O was not proven because the signal of 483 amu ( 238 U + 133 Cs + 96 Mo + 16 O) resulted too low and the one at 485 ( 98 Mo) was no recorded.

These two compounds containing both Cs and Mo display their peak of release in correspondence of the other Mo ions, but also at the same position of the small peak marked by the red arrow in Fig. III-1-b. Hence their existence causes a second, even small, release of Cs at higher temperatures. As consequence, the interaction with Mo results beneficial for Cs stability.

The last observation on KEMS results, from Fig. III-1-b, concerns the vaporization of UO 2 + starting from 1400-1500°C. The other uranium ions, such U + , UO + , UO 3 + are not reported for the sake of clarity, but they follow the same behaviour, just with a lower signal. This temperature is a couple of hundreds degrees below the release reported in the results of Di Lemma on SIMFUELS [9]. This shift to lower temperatures can be attributed to the different type of UO 2 batch, much more sensitive to oxygen (and so oxidized) in the present case.

III-1.1.4 Comparison with literature

Bose et al. [10] and Huang et al. [11] performed KEMS of pure Cs 2 UO 4 under vacuum. As for the present results (Fig. III-1-a) the decomposition occurred from 950°C, temperature of the Cs + maximum intensity. The decomposition reaction proposed was Eq. III-1:

4 𝐶𝑠 2 𝑈𝑂 4 → 𝐶𝑠 2 𝑈 4 𝑂 12 + 6 𝐶𝑠 (𝑔) + 2 𝑂 2 (𝑔) Eq. III-1
where caesium monouranate is converted into polyuranate with release of gaseous caesium. Since Huang et al. [11] demonstrated that also uranium dioxide is a final product of the monouranate decomposition, this second reaction completes the first one:

𝐶𝑠 2 𝑈 4 𝑂 12 → 4𝑈𝑂 2 + 2 𝐶𝑠 (𝑔) + 2 𝑂 2(𝑔) Eq. III-2
The study of Mc Farlane and Le Blanc [12] confirms that, also above the Cs 2 U 2 O 7 compound, the vaporized ions are Cs + and Cs 2+ , between 880°C and 1330°C, but actually the diuranate first disproportionates to Cs 2 U 4 O 12 and to Cs 2 UO 4 and only after Cs + and Cs 2+ are released according to Eq. III-1 and III-2. Nevertheless the release temperature of Cs 2 U 2 O 7 is the same as the other two uranates, hence disproportionation occurs at lower temperatures.

As consequence, samples CU and CU 2 (Fig. III-1-a) should have the same release mechanism and indeed it is so up to ≈980°C, but the second higher release of CU cannot be explained according to the above literature results.

Other results of Mc Farlane and Le Blanc [13] showed that also for pure Cs 2 MoO 4 the dominant released ion is Cs + , between ≈430-1230 °C. In addition, they studied different powders mixtures of CsI, MoO 2 and UO 2.00/0.01 . They found that Cs 2 MoO 4 + was formed above these mixtures and the release quantity was decreasing according to the order: CsI + MoO 2 , UO 2.01 + CsI + MoO 2 , and UO 2.00 + CsI + MoO 2 . Even though the Cs compound is not same as the current study, the results of Mc Farlane and Le Blanc [13] support the formation of caesium molybdate, supposed in sample CU 2 M. In addition they determined also the CsI + release which occurred already at 430°C, whereas Cs resulted stabilized at higher temperatures when inside Cs 2 MoO 4 and the release started above 630°C [13].

Concerning other works on bulky pellets, the results of Di Lemma et al. [14] [9] must be reported, especially because coming from the same KEMS device of the present study. They run KEMS on both CsI + Mo or CsI + Ru powders mixtures and on SIMFUELS with similar compositions. From the former study [14] they confirmed the formation of Cs 2 MoO 4 in slightly oxidizing conditions (10 Pa of O 2 pressure). Caesium was released as form of Cs 2 I + , as expected from the initial mixture, but also the formation of Cs 2 MoO 4 was confirmed at higher temperatures. As in Mc Farlane and Le Blanc [13], the Cs interaction with Mo decreases the Cs volatility compared with its initial condition of CsI. On the other hand, single iodine release is increased once its bond with Cs is broken. In the study of pure powders compounds the results of Di Lemma et al. [14] show that Cs 2 I + ion presents a sharp release peak in the range ≈650-850 °C, and Cs 2 MoO 4 + signal is centred around 950 °C. Both these values are lower than the one here reported in Figs. III-1-a-b. The SIMFUELS used by Di Lemma et al. [9] were obtained by the addition in powder form of CsI (0.07 wt%) and Cs 2 ZrO 3 (0.53 wt%), followed by grinding and cold pressing. The results of the SIMFUELS experiments are aligned with the previous observations on the pure mixtures. The early release occurs for CsI + at about 600°C, but other Cs vaporization is detected at higher temperatures (≈800°C) and its origin is attributable either to the Cs 2 ZrO 3 decomposition or to the formation and decomposition of Cs 2 MoO 4 .

On the other hand, the results obtained by Hiernaut et al. [15] with the same KEMS as the present one, but on irradiated fuels, do not show a clear Cs 2 MoO 4 formation. Two irradiated fuels with burnup of 65 GWd/tU were analysed with different levels of oxidation. By comparing "as stored" and a pre-oxidized irradiated fuels (up to U 3 O 8 ), Hiernaut et al. [15] noticed that Cs and other volatiles and semi-volatiles FPs were released at much lower temperatures in the latter case. The onset of Cs release was at ≈ 330 °C and completed at ≈ 1580 °C, with the peak at 980 °C. Conversely, for the "as stored" sample, the temperature range was shifted towards ≈600-2430 °C, with the peak of release at around 1580 °C. The present range of Cs release in Figs. III-1(a-b) is more comparable with their result on the pre-oxidized sample [15] because of the similar peak of release, but the range of temperature is much narrower here than their larger range in irradiated fuels. Indeed, for SIMFUELS, the FP compounds lay at the grain boundaries, so in intergranular positions, whereas they are inside the grains or in solid solution in the case of irradiated fuels. This imply different mechanisms and kinetics of release.

To conclude, Hiernaut et al. [15] clearly stated that the absence of any correlation between Cs + and MoO 3 + release did not suggest the formation of Cs 2 MoO 4 . On the contrary, a correlation with I signal suggested the vaporization of CsI.

III-1.1.5 Conclusion

As conclusion of KEMS analyses the most important information is that the behaviour in temperature is similar among the samples. The Cs release is around 950°C, except for CU which shows a second higher stability and have higher release around 1200°C. Further experiments would be needed to clarify this behaviour. Another key point is the release of molybdenum, in agreement between the two samples CM and CU 2 M, although Mo is into two different initial compounds. The peak of release is at ≈1400°C for both. The interaction of Cs and Mo is suggested by the presence of heavy ions signals containing both the elements. The most simple type of analysis, as the one presented here, do not allow to determine whether the Cs 2 MoO 4 formation occurred in the gaseous phase or if it was already present in the solid form, nevertheless the previous characterization in Chapter II suggests the latter option.

The comparison with literature supports the present results, both in terms of global release of Cs and concerning the formation of Cs 2 MoO 4 in presence of different Cs and Mo compounds.

The experimental conditions in KEMS are substantially different from the ones in the following TGA, so a comparison between them cannot be so straight. Nevertheless the two phenomena can be related and that is why KEMS will be sometimes recalled in the next section.

III-1.2 TGA III-1.2.1 Description of the setup

The TGA device was employed as a furnace to treat the samples at different conditions of temperature and pO 2 . The aim was to mimic conditions like initial-intermediate steps of severe accidents to study the Cs speciation.

During the experiments the adjustment of the atmosphere was achieved thanks to oxygen probes at the entrance and the exit of the furnace (respectively Gen'Air and Jok'Air devices from Setnag). The oxygen probes are made of zirconia with an internal metallic reference (called MicroPoas), operating at 650°C following the Nernst law.

Jok'Air device is located at the outlet of the circuit (Figs. 3 a-b) and provides a passive pO 2 measurement at the exit of the line.

Gen'Air device is placed at the entrance of the TGA (Figs. 3 a-b) and it is made of two parts: the MicroPoas and an oxygen pump formed with a zirconia tube. Thanks to the ionic conductor character of zirconia, the application of an external current can adjust the oxygen content in the flux. More details about the TGA furnace and the Gen'Air/Jok'Air devices are given in Appendix A.2.5.

Each experiment was carried out with the same procedure. After purification of the circuit from water vapour by means of Ar injection, Gen'Air was set according to the desired value, in combination with the incoming flux of the Ar/5% H 2 line (named P 2 , cfr. Figs. 3 a-b). To reach more oxidative conditions, an additional Ar line (P 1 ) was employed, but it was directly connected to TGA (Fig. 3-b). In this case Gen'Air operated only as oxygen pump, since the measure of pO 2 was incorrect. Once the signals between Gen'Air and Jok'Air reached the equilibrium, the thermal cycle could start. The ΔG O2 value of the experiment was calculated from the average pO 2 value recorded by Jok'Air during the dwell time at the maximum temperature. 

III-1.2.

Principle of pO control

The regulation of pO 2 is set according to the equilibrium between H 2 and H 2 O, as in Eq. III-3:

𝐻 2 (𝑔) + 1 2 𝑂 2 (𝑔) ↔ 𝐻 2 𝑂 (𝑔) Eq. III-3
in practice, the minimum pO 2 obtained thanks to the Ar/5% H 2 mixture is ≈10 -28 atm and it can be increased by the introduction of oxygen with Gen'Air. Since H 2 is constant from the flux, an excessive introduction of oxygen increases the pH 2 O causing its condensation on the tubes, which is undesirable for the device because it makes the purification of the line harder. Practically, to avoid the liquid formation, the pO 2 cannot exceed 10 -24 atm. The technical solution to increase this limit is by decreasing the pH 2 with dilution of an additional Ar flux. Alternatively other mixtures like CO/CO 2 could be employed to face this issue, but they were not available.

Eq. III-3 can be rewritten as Eq. III-4:

𝑝 𝑂2 = ( 𝑝 𝐻2𝑂 𝑝 𝐻2 ) 2 • ( 1 𝐾 𝑒𝑞 ) 2
Eq. III-4

whEq. III-ere Keq is the reaction equilibrium constant, dependent on temperature.

Since Eq. III-3 gives the global reaction at the fixed temperature (650 °C, in Gen'Air), if the H 2 injected into the circuit is significantly higher than the residual quantity of O 2 inside the carrier gas (Ar), the total pressure is given approximately by the only sum of pH 2 and pH 2 O, which means that pO 2 is almost negligible compared with pH 2 O. In this case the Eq. III-4 assumes this form [16]:

𝑝 𝑂2 = 1 𝛼 2 𝑟 2 • ( 𝑝 𝐻2𝑂 𝑝 𝑡𝑜𝑡 -𝑝 𝐻2𝑂 ) 2 • ( 1 𝐾 𝑒𝑞 ) 2
Eq. III-5

where r is the ratio between the Ar/5%H 2 flux (d Ar/H2 ) and the total flux (d Ar + d Ar/H2 ):

𝑟 = 𝑑 𝐴𝑟/𝐻2
𝑑 𝐴𝑟 +𝑑 𝐴𝑟/𝐻2

Eq. III-6 and α is a numerical constant (α = 5 10 -2 ).

In general, to increase pO 2 , the flux of Ar/H 2 must be reduced (Eqs. 2 and 3), but in case of a very low H 2 content, the r term of Eq. 4 falls to 0, making the relation of Eq. 3 invalid. This limit corresponds to the maximum pO 2 value of 10 -19 atm. Above that, the pO 2 is determined by the residual O 2 content in the Ar flux, that is 10 -6 atm. In other words, the pO 2 curve has a titration-like behaviour with the decrease of pH 2 , with a sudden step between 10 -19 to 10 -6 .

Hence, with the regulation of pO 2 according to the equilibrium between H 2 and H 2 O, as in the present case, the practical pO 2 range is constrained between 10 -28 to 10 -19 atm.

III-1.2.3 Experimental procedure

Since the Gen'Air operates only at 650°C, the ΔG O2 between the latter and the TGA furnace is different if the temperature is different, according to Eq. III-7:

𝛥𝐺 𝑂2 = 𝑅𝑇 • 𝑙𝑛 𝑝 𝑂2 Eq. III-7
ere T and R are temperature (K) and the universal gas constant (8.314 J K -1 mol -1 ).

The equation proposed by Wheeler and Jones to study the equilibrium oxygen pressure for UO 2+x , can be used to determine pH 2 /pH 2 O for TGA [17]: ) Eq. III-8

∆𝐺 ̅ (𝑂 2 ) 𝑔 = -479070 + 4.
where the temperature is in Kelvin and the oxygen potential in J•mol -1 .

Knowing that this ratio is constant between the pump and the furnace, the corresponding ΔG O2 at 650°C can be determined.

The current intensity is set in the Gen'Air (used as oxygen pump) to obtain the needed pO 2 . If the atmosphere is enough reducing (i.e. pO 2 <10 -24 atm), the only Ar/5%H 2 line is sufficient for the experiment and the pO 2 measured at the pump exit is the same as at the furnace input. On the other hand, when less reducing conditions are requested, the addition of pure Ar (P 1 , Fig. 3) changes the effective pO 2 into the furnace, but not in Gen'Air. For this reason the Gen'Air signal is not taken into account for the pO 2 regulation (even if the current intensity can be adjusted only by Gen'Air), but the feedback is given by Jok'Air directly at the outlet. This method requires more time and efforts and gives less accurate results, as it will be shown later.

Concerning the mass measurement in TGA, the correction for the buoyancy was possible thanks a blank curve, i.e. a measurement without sample, for each of the different conditions of temperature and pO 2 . Fig.

III-4 shows an example where the raw mass, the blank, and the corrected mass curves are displayed for 1200°C annealing. The typical initial mass increase can be observed, but around 200 °C the curve shows a local minimum. This corresponds to the slight change of heating rate, as it can be noticed from the temperature profile. This feature was observed for all the experiments. Since the same condition was applied for more than one sample, the same blank curve was applied more than once, even if not always precisely. Indeed, the software of the TGA creates a specific correction for each specific experiment, which means that the correction application to another experiment can result less accurate, despite the same parametric conditions. As additional information the samples weight was measured in an external balance (Appendix A.2.5), before and after annealing, to be compared with the mass loss from TGA. 

Selection of experimental conditions

By using predictive predominance diagrams of the different systems, the TGA conditions (T, pO 2 ) were selected knowing the limitations in terms of pO 2 . Thermodynamic calculations were run with a double objective: i) to guide the choice of T and pO 2 , aiming at the observation of different Cs species, and ii) to help the interpretation of the following characterization post treatment.

The employed software was Thermo Calc [18] coupled with the TAF-ID database (version 11, year 2021) [19]. The predominance diagrams, in which the most stable chemical species in equilibrium are predicted as function of the oxygen potential and temperature, are obtained based on the CALPHAD method (CALculation of PHAse Diagram). This is a semi-empirical method for the calculation of phase diagrams. Its working principle consists in the minimisation of the thermodynamic functions (Gibbs energies) to calculate the equilibrium state .

For the following calculations, the theoretical concentrations of U, O, Mo, Cs, and Ba were employed as function of the system in analysis. The pressure is set as standard value at 10 5 Pa. Since the precise O/U ratio in the samples was not available, it was assumed equal to 2. Hence, the calculations give a qualitative indication for the analysis.

The available number of fragments and the limited range of pO 2 allowed to perform only 3 or 4 tests for each composition. Hence three values of temperatures were chosen as it follows.

By observing the KEMS results of Fig. III-1-b, it can be noticed that the Cs + peak is at ≈950°C, except for CU composition, which has the maximum at ≈1200°C. According to this, the highest temperature was fixed at 1200°C. From now on it will be called T 2 . The objective of the T 2 treatment is to have a full or quasi-full Cs release.

Since the majority of the pellets were sintered at 750 °C or close, this temperature was selected as reference and named T 0 . Indeed, the SPS atmosphere is unknown and there was the need to the set a common initial temperature and pO 2 for all the samples. No effect on the microstructure is expected at T 0 , because too close to the sintering temperature, but the same initial pO 2 is fixed for all the samples. As intermediate temperature, named T 1 , the value at 900 °C was selected. This temperature is slightly below the release point observed in KEMS and allows the system to have enough energy for the development of possible chemical reactions with only a partial decompositions. The characterization after T 1 had the objective to characterize this intermediate step of the release process. The heating rate and dwell time were arbitrarily set at 10°C/min and 90 minutes, respectively. The selection of the dwell time aimed at being sufficiently longer than the sintering dwell (2-5 mins) to establish a new equilibrium.

For the tests at T 2 the largest fragments were employed in TGA, in order to have the best possible accuracy for the mass loss analysis. The choice of pO 2 is directly presented in the results section. It was done based on the available limited range and on the predominance diagram of each composition. Since the ΔG O2 range was limited for the technical reasons mentioned above, the strategy was to keep it approximately constant and to vary only the temperature between 750 °C (T 0 ) and 1200 °C (T 2 ). When possible, a second pO 2 condition was applied for the same temperature. The small coloured dots identify the TGA conditions, as shown later in the results of Figs. III-6-7 and Table III-3. The blue dot indicates the condition at 1200°C (T 2 ), the red dot at 900°C (T 1 ), the black dot indicates the test at 750°C (T 0 ) in less reducing atmosphere and the green dot in more reducing conditions. This colour code will be similarly adopted also for the other compositions. As it can be seen in Fig. III-5, three conditions match the region of UO 2 + Cs 2 UO 4 , whereas at T 2 the UO 2 matrix is the only solid phase because Cs is in gaseous form. The three dots (black, green, red) at T 0 and T 1 belong only to sample CU, while the blue one identifies the conditions for both CU-T 2 and CU 2 -T 2 . Two pO 2 conditions were applied for T 0 (T 0 -R = reducing and T 0 -O= oxidizing) to verify an effect on the Cs speciation.

III-1.2.5 Results

III

Nevertheless, it is important to keep in mind that the fragment of CU-T 0 -R belongs to another original pellet (see CU(3)750 in Chapter II). Table III-3 summarizes the TGA treatments on samples CU and CU 2 . In the case of T 0 -O the mix of P 1 and P 2 fluxes was needed, that means the regulation of pO 2 was based only on Jok'Air and no signal of Gen'Air was recorded. For all the similar cases, requiring the mixture of the two fluxes, the stabilization of the conditions resulted more challenging and gave less accurate results. In other words, the real ΔG O2 (Jok'Air) differed more from the desired value than in the cases of the only Ar/5% H 2 line. In Table III-3 both the initial parameters and the obtained results of ΔG O2 and weight loss are provided. In general, the mass losses registered by TGA and in the external balance are in agreement, except for CU-T 0 -O, where the TGA curve showed a small mass increase, whereas in the balance a small mass loss was measured. In this case the mass loss or gain is then negligible (±0.11 mg). Nevertheless in all the samples the difference in absolute value is well below 1 mg, that is why the average value between the two measures can be considered.

It is interesting to notice that for T 1 and T 2 the mass loss is above 2.5 wt%, that exceeds the maximum theoretical concentration of Cs (2.3wt% and 1.6 wt% for CU and CU 2 , respectively). This is not surprising because KEMS showed that not only Cs + and Cs 2 + ions were released, but also CsO + and Cs 2 O + . In addition, it must be recalled that the possible inhomogeneity could cause a higher concentration for specific fragments and for this reason the % of mass loss is indicative. The Jok'Air signal shows the highest initial peak at ≈25 minutes (soon above 100°C) for all the samples. This initial pO 2 increase will be systematic also for all the others compositions, independently on the TGA conditions. This could be attributed to water desorption, that moves the equilibrium of Eq. III-3 towards the left side [20]. Another explanation could be the stabilization of the signal during the short heating rate change, shown and discussed also in Fig. III-4. Nevertheless, the repetition of this event was systematic in all the curves, so it can be ignored because independent on the samples and the conditions. No further discussion about this point is given for the following results.

CU-T 0 -O

For CU-T 0 -O (Fig. III-7) only Jok'Air signal is recorded and the actual pO 2 at the dwell is lower than the target value. The measured ΔG O2 is -386 kJ/mol instead of -350 kJ/mol. This is due to the difficult stabilization of the conditions with the mixture of P 1 and P 2 fluxes, as mentioned above. At ≈75 min a small peak marked by the black arrow can be noticed. The peak position corresponds to almost the end of the heating ramp (730°C). No other explanation can be given because of the lacking information from Gen'Air.

The mass curve shows a slight gain with a constant rate over time. This drift effect is evident also at very low temperatures, so oxidation can be excluded, but this is likely caused by the ineffective buoyancy correction. This limited mass change is not considered significant.

CU-T 0 -R

The Gen'Air signal for CU-T 0 -R (Fig. III-6) shows an irregular trend during the heating ramp because of a manual regulation at ≈50 min (dashed arrow). After that, the curve becomes linear and slightly descending.

The Jok'Air follows this trend, showing a good correlation with the pO 2 input from Gen'Air. During the dwell the pO 2 in Jok'Air decreases linearly from 3.6 10 -26 atm to 1.1 10 -26 atm. The average value corresponds to -442 kJ/mol, very close to the set value of -450 kJ/mol. Similarly to CU-T 0 -O, a small peak at ≈75 min can be noticed in correspondence of the transition to the temperature plateau (solid green arrow). In this point the mass signal displays a very minimal change of rate, also related to the change of ramp. However, the weight loss is globally different than CU-T 0 -O. Indeed, the mass starts decreasing already at low temperatures (200-300°C). The loss proceeds linear in time, without any temperature onset, suggesting that the process is related to desorption of labile atoms. Since the decrease is continuous and leads to a total mass loss of -1.3 %, it is reasonable that gaseous Cs, Cs 2 O and maybe CsOH are directly released from the surface or from cracks/pores. On the other hand, the desorption of other contaminant atoms like carbon, or dust/impurities, do not justify such a relevant mass loss. After the decomposition, pO 2 is stabilized and the mass loss continues, proceeding also during the dwell, but reducing the decrease rate with a relation in time of the type 1/x.

CU-T 2

The behaviour of CU-T 2 (Fig. III-7) is similar to CU-T 1 . The Jok'Air signal lays parallel, but higher than to the one of Gen'Air. Hence, the calculated ΔG O2 is -439 kJ/mol during the dwell, instead of -450 kJ/mol. Again, as for the previous sample, the blue arrow at ≈800 °C marks the pO 2 peak, whose intensity is even higher than in CU-T 1 , because of the higher initial mass. The exact calculation of the amount of produced oxygen was not possible because blank tests to calibrate the pO 2 background are missing [20]. The mass loss proceeds at higher temperature, but its rate decreases around 1100 °C and the loss almost stops during the dwell (Figs. .

The relation between the O 2 production and the mass loss results more evident, since also CU-T 2 displays a correspondence between the two events. It is worthy to underline that CU-T 2 follows the same kinetic of CU-T 1 , because both show a decomposition onset at ≈800 °C, as shown in Fig. III-7. This indicates that the two fragments are homogenous, as expected because belonging to the same pellet, but also that the experimental conditions are well reproducible.

CU 2 -T 2

The only treatment for CU 2 sample (UO 2 + Cs 2 U 2 O 7 ) was done at 1200 °C to maximize any possible difference with CU composition (Fig. III-7). The ΔG O2 was set as usual at -450 kJ/mol, but the actual value obtained during the dwell was -437 kJ/mol, so similar to CU-T 2 . However, during the heating segment the Jok'Air curve is more distant from the Gen'Air one and displays two peaks at different positions compared with the two previous samples. Their position is at ≈600°C and ≈1000 °C, marked by the two green arrows. The first one has an intensity comparable with the ones of samples CU-T 1 and CU-T 2 , while the second one is clearly lower.

The mass loss at low temperatures is similar to sample CU-T 0 -R, showing a constant decrease up to 550°C (Fig. III-7). This suggests that the first release is again related to desorption of labile molecules, such as gaseous Cs and Cs 2 O.

Approximately in correspondence of the two pO 2 peaks, two net mass drops can be noticed. The intensity of the mass decrease is inversely proportional to the intensity of pO 2 peaks: at lower temperatures (550-650 °C) the mass drop is lower and pO 2 peak is higher, while vice versa at higher temperatures (800-1100 °C). No clear explanation can be given to this behaviour, unless that the first low mass decrease implies a main O 2 release. Another explanation could be the different initial microstructure. Indeed, by recalling Chapter II, the The black dot at T 0 lays above this line to oxidize Mo. Indeed, since the SPS atmosphere is rather reducing because of the graphite environment, a more oxidizing condition could promote a new equilibrium and the relative formation of new phases, despite the low temperature. The CU composition is the only case with two pO 2 at T 0 , while for the rest of the samples, the more oxidizing conditions are selected for the reasons mentioned above.

The red point at T 1 was chosen below the Mo/MoO x line in order to reduce Mo and also the blue dot (T 2 ) falls into the Mo metallic domain, but with the presence of liquid. The vertical line which dividing the formation of liquid is around 950 °C according to the Cs 2 MoO 4 melting temperature reported in literature [22]. Table III-4 summarizes the set conditions in TGA and the numerical results on ΔG O2 and mass losses.

Concerning the mass loss, sample CM-T 0 shows a similar result than CU-T 0 , that is a mass gain according to TGA and a mass loss from the external balance. However these values are again small, so the mass change can be considered almost negligible (±0.13 mg).

A good agreement can be seen for the two values of mass loss for CM-T 1 , whereas a more important difference is reported for CM-T 2 . This could be due to the loss of small fragments during the handling of the sample. Indeed, the highest temperatures caused cracks and fragmentation of the initial sample. 

CM-T 0

For sample CM-T 0 (Fig. no Gen'Air measure is available, so the only information comes from Jok'Air.

Over the dwell the average ΔG O2 is -372 kJ/mol, compared to the set -350 kJ/mol. For the sake of readability the pO 2 scale is enlarged, with the consequent flattening of the curves. A closer look given in the black inset shows that the same peak, seen for CU-T 0 at ≈720 °C, is present also here. The global trend of the mass signal is similar to the one of sample CU-T 1 .

There is basically no mass change up to the maximum temperature and during the dwell a small mass increase is registered. As mentioned above, the total mass change can be neglected.

CM-T 1

The initial Jok'Air value follows well the input from Gen'Air (Fig. , but an abrupt drop of pO 2 occurs soon after the onset of the dwell, even though the Gen'Air signal stays constant. Hence, from Jok'Air measurement ΔG O2 decreases sharply from -450 kJ/mol to -530 kJ/mol. There is no physical explanation for such a behaviour, so an error in the device must have occurred. Nevertheless it is worthy to keep this episode in mind for possible incoherent results in the following characterization.

No particular consequences can be noticed for the mass signal.

The solid red curve shows that the weight loss begins already at low temperature and proceeds quite linearly. By comparing this slope with the ones of samples CU-T 0 -R and CU 2 -T 2 , it can be seen that the behaviour is similar, but the decrease rate is lower. However, with the increase of the temperature the mass loss rate remains constant. In particular during the dwell it results clear that the release is independent on the temperature but linear with time. This indicates that the process is not thermally activated, so chemical decompositions and diffusion can be excluded. On the contrary a constant desorption of labile atoms from the surface and/or pores could explain the kinetics.

CM-T 2

The average pO 2 recorded by Jok'Air during the dwell corresponds to ΔG O2 =-446 kJ/mol, so very close to the set value. In correspondence of the transition towards the dwell the presence of a pO 2 peak can be noticed, as highlighted into the blue inset of Fig. It is also interesting to underline that after the peak, the Jok'Air value decreases even lower than the Gen'Air reference.

The blue solid line of CM-T 2 is superimposed to the one of CM-T 1 , at least for the first 100 minutes confirming the reproducibility of the kinetics and the homogeneity between the two fragments. At 1080°C a quick mass decrease appears (Fig. . The chemical decomposition is predicted in the predominance diagram of Fig. III-9. From literature the decomposition is proposed as the release of Cs alone or together with O, in different ratios [13] [23], in agreement with pO 2 increase observed at 1100°C. It is interesting to notice that the mass loss rate is approximately the same as in samples CU-T 1 and CU-T 2 , showing that the presence of Mo in the compound delays the decomposition, but once it is started it proceeds with the same speed as in Cs uranate environment. In addition, similarly to CU-T 2 , the mass loss rate decreases gradually in the dwell zone. This suggests that the release has reached its limit. In conclusion: i)

The behaviour at T 0 the mass loss is negligible, as expected. This is in agreement with both the phases predicted by the thermodynamic calculations and with the KEMS results; ii)

for T 1 in reducing conditions the release proceeds steadily with time, independently on the temperature. Only Cs release can be supposed at this temperature and by means a desorptionlike process; iii)

The kinetics of release between CM-T 1 and CM-T 2 is similar at the beginning of the thermal cycle. iv) At T≈1080°C, a change of mechanism is observed for CM-T Fig. 12 presents the results of the thermodynamics calculations related to the CU 2 M samples.

Since the system is Cs -Mo -U -O, the predominance diagram of CU 2 M does not differ much from the previous CM composition (Fig. 9), especially in the zone at lower ΔG. The strategy for the TGA conditions choice is then the same: to represent both the sides of the Mo/MoO x line. The availability of a fourth fragment allowed the choice of a second pO 2 for T 1 . The objective was to initiate the Cs release but to verify if the two conditions could give a different Cs speciation and/or kinetics of release. Similarly to the previous case, the experiments are named T 1 -R and T 1 -O, respectively. For T 0 and T 2 the same conditions applied in CM samples were selected. The green dot of T 1 -O lays just above the Mo/MoO x line and is close to the border with other two domains containing both solid and liquid phases. Also T 0 dot lays above the Mo/MoO x line, but the actual ΔG O2 resulted considerably lower than the set one (Table III-5). Table III-5 reports the TGA parameters on the left and the results of mass loss and ΔG O2 , on the right. For the T 0 and T 1 -O the employment of the P 1 +P 2 mixture was needed, excluding the signal from Gen'Air. The inset of Fig. 13 shows the presence of one small pO 2 peak, for both CU 2 M-T 0 and CU 2 M-T 1 -O, at approximately 650°C. This temperature is still in the heating ramp, so no correlation with a variation of the heating rate can be suggested. It is instead clear that this feature appears only for the two experiments using the mixture of P 1 +P 2 fluxes, but no reasonable explanation can be found. As in the other samples at T0, this pO2 is not deeply analysed because of the low intensity and of the absence of any relation with the mass signal.

With the increase of time, the Jok'Air signal decreases slowly but constantly and the average pO 2 during the dwell corresponds to ΔG O2 =-395 kJ/mol, that is considerably lower than the set value of -350 kJ/mol. Concerning the mass loss, there is no change during the heating ramp, but the major decrease occurs at the dwell (Fig. 14). In total the average loss of is 0.40%, that is almost negligible (0.12 mg), but it could also be explained by desorption of labile atoms, as seen in some previous cases. A continuous decrease of slope, i.e. a deceleration of release, can be noticed starting from the beginning of the dwell. This suggests that the mechanism was thermally activated.

CU 2 M-T 2 CU 2 M-T 2 displays a similar behaviour of sample CU 2 M-T 1 -R during the dwell, but the Jok'Air curve lays higher compared with the Gen'Air input, resulting in a higher final ΔG O2 , equal to -436 kJ/mol. The presence of an increase of O 2 can be also noticed in correspondence to the mass loss (blue arrow). The pO 2 peak shape is higher and thinner, indicating a more sudden O 2 production.

The mass curve has the same behaviour as CU 2 M-T 1 -R, but lays initially above 100%, probably because of a less accurate correction for buoyancy effect. The onset of decomposition is extrapolated at 760 °C, so 80°C higher than the CU 2 M-T 1 (Fig. . The slope above this point is comparable with the previous sample. The mass loss proceeds quite linearly with the increase of temperature and once the temperature plateau at 1200°C is reached, the release stops abruptly. The results are reported in Table III-6, where the sample CU 2 B undergoes annealing in reducing conditions. T 1 was chosen as test temperature to verify any possible effect linked to pO 2 , since the pellet sintering temperature was 880°C. In Fig. 15 the predominance diagram for this sample is given. The red dot indicates the actual condition and lays in the region where Mo is mostly reduced in metallic form. Due to the presence of barium, also perovskite phases appear in many regions of the plot, both as simple BaUO 3 and as more complex mixed compounds. No TGA curves are shown for this sample because of low interest: the total mass decrease is very limited (-0.43% from TGA and -0.63% from the external balance) and it proceeds linearly up to the dwell and with a slight slope change. In addition, the only pO 2 curve is the one from Gen'Air, showing a constant straight line, whereas no Jok'Air signal was recorded. It can be assessed that the trend is similar for the four CU and CU 2 M samples. The onset of loss is between 700° and 800°C and the slope is comparable (four curves in black and red). This is an indication that the presence of MoO 2 might not play any fundamental role in the mass release kinetics.

III-1.2.5.5. Summary and comparison

The behaviour of samples CM is certainly the most different: the mass loss begins already at 500°C but proceeds slowly, possibly through a desorption-like process, while above 1080°C an important acceleration occurs. This increase of slope is attributable to the Cs 2 MoO 4 decomposition. It is interesting to underline that once the decomposition starts, the release rate is equa in the case of Cs uranate or molybdate.

III-2 RESULTS: CHARACTERIZATION POST THERMAL TREATMENTS

After thermal treatments the samples were retrieved for characterizations by SEM-EDX, XANES and XRD.

SEM-EDX were carried out in a Nova Nano SEM 450 (ThermoFisher) described in Appendix A.2.1.

The goal was the comparison between the raw fracture surface before (Chapter II) and after thermal treatment. Due to the low number of fragments, it was preferred to select the best conditions for the SEM/EDX analysis. Hence all the samples were analysed after polishing, and only some of them were also characterized before polishing. If not specified, all the images were collected with the BSE detector.

It must be underlined that large contamination was observed in some cases, especially for those samples treated at higher temperatures T 1 and T 2 . This is related to the porosity of the microstructure. In particular contamination of Si, Al and steel (Fe, Ni, Cr) was detected. The first two elements derive from the polishing process, whereas steel is related to the cutting of the sample, laying onto a steel sample holder.

HERFD-XANES analyses took place in FAME-UHD (BM16) beamline, ESRF Grenoble. The details of the setup are given in Appendix A.2.3. The measurement was carried out at Cs L 2 edge, i.e. at 5359 eV. Conventionally Cs L 3 edge (5012 eV) is preferred because the absorption intensity is double [24], but the setup configuration used in FAME-UHD beamline was optimized for Cs L 2 wavelength. However, the comparison with the previous results at Cs L 3 edge (INE-KARA and MARS-SOLEIL) will be possible, as shown in Appendix A.4.1.

The spectrometer of FAME-UHD is equipped with fourteen crystals, in comparison with MARS beamline, where only four crystals are installed. This provided a considerably higher resolution to discern very tiny details in the spectra, not visible in MARS beamline. For XANES characterization, the same polished surface of SEM was analysed, allowing a direct comparison. The samples were kept into small blocks obtained by cutting the larger resin matrix used for polishing. The data analysis, i.e. the normalization and the linear combination fitting, was performed in Larch, an evolved program of the more known Athena [25].

XRD analyses were carried out after re-dissolving the resin in acetone and crushing the pellets to powder form. The diffractograms were acquired by a benchtop Bruker D2 Phaser operating with a θ-θ Bragg-Brentano goniometer. The details of sample preparation and parameters for acquisition are in Appendix A.2.2 These analyses came as last because semi-destructive. The concentration of secondary phases was known to be very low for the resolution limit of device, but in some cases interesting results could be found. When the concentration was too low for a correct Rietveld refinement, the analysis was limited to the phase identification by comparison of the proposed patterns by the matching algorithm in HighScore Plus (Appendix A.2.2). The refinement was however carried out on the urania phases to compare the oxidation state. The samples treated at T 2 were not analysed because of the highest Cs release. On the other hand, comparing T s (Chapter II) and T 0 , the Cs/U ratio inside the precipitates is almost preserved for the treatment in oxidizing atmosphere (T 0 -O), whereas it becomes less than the half when it is reducing (T 0 -R). This is coherent with the mass loss seen in TGA (Fig. III-6-7). It must be reminded that CU-T 0 -R belongs to another original pellet, that is why a different behaviour could be observed. Since the Cs concentration in T 0 -R is different between extended (2.1 wt%) and localized analyses (7.6 wt%), it could be deduced that Cs 2 UO 4 decomposes, so the Cs/U ratio inside the precipitates decreases, but not all the Cs is released out of the pellet. However, the higher Cs release in reducing conditions is in contrast with literature, where Berton et al. [26] suggest an earlier Cs 2 UO 4 decomposition if the atmosphere is richer in H 2 O vapour. Indeed, the decomposition proceeds even from 600 °C with Cs release in form of CsOH, as in the case of Cordfunke et al. [21]. In addition, according to the predominance diagram of Fig. III-5, the two conditions T 0 -R and T 0 -O should lay into the same region, but the characterization seems to be in disagreement. As consequence, it is concluded that the behaviour of CU-T 0 -R must be considered independent.

III-2.1.2 XRD

XRD analyses were performed on samples CU T 0 -O, T 0 -R and T 1 , and T 2 . However only for sample CU T 0 -O the XRD pattern gave a clear presence of a second phase (Fig. . All secondary peaks are well fitted by the α-Cs 2 U 4 O 12 positions (fuchsia lines), except for one peak around 2θ= 26.35° (black line). The latter was between the calculated and the real spectrum of Cs 2 MoO 4 , the purest of the references, showed some differences (Appendix A.4.1).

The spectra of CU-T 0 -O and CU-T 1 are almost similar but present small differences in the range 5365-5375 eV (Fig. 23 b), whereas the spectrum of CU-T 2 is substantially different. The spectrum of CU-T 1 is closer to the Cs 2 UO 4 reference, while CU-T 0 -O shows a flatter after the white line. This must be considered as a real feature because the high Cs concentration guarantees an optimal signal/noise ratio, as shown in Table III Concerning CU-T 1 , the concentration of the second phase was so low that conventional XRD and EDX could not detect it. However, XANES technique allowed to confirm the presence of Cs and to conclude that Cs local structure did not change substantially from T 0 to T 1 .

On the other hand, sample CU-T 2 shows a very different spectrum. To understand this, one must first notice that this sample resulted extremely inhomogeneous. In Fig. III-24 the red line represents the fluorescence signal given by the whole sample, so by the uranium atoms, while the black curve is the crystal analyser spectrometer (CAS) signal associated to the Cs L 2 edge. The x-axis is the horizontal position in mm, along the longitudinal axis of the sample (so at 45° with respect to the beam). As SEM-EDX and TGA suggest, the Cs concentration is very low or almost zero; nevertheless it seems that with CAS signal, a highly concentrated spot could be found. SEM analysis was not able to distinguish such a feature. Therefore, this peak was chosen for XAS investigations. The detected number of counts was almost the double of the ones in CU-T 1 (Table III- 9), so this hints that a local segregation might have occurred. The Cs local structure is in this case different and not representative of the whole sample, but only of this specific point. Not only the horizontal scan, but also the vertical one (not shown) confirmed this high Cs concentration. It is interesting to notice that the peak was in correspondence of the pellet edge, so close to the original pellet bases.

The green spectrum for CU-T 2 in Fig. III-23-b shows a significant higher white line intensity and more oscillations after the edge. This is the indication of a significantly different Cs local environment: the increased intensity is symptom of a different number and type (heavy) of neighbours, whereas the frequency of the oscillation denotes a closer distance. Since the theoretical elements are only three, Cs can be either in a triple compound, i.e. Cs uranate, or bond only with O. That is why the Cs 2 O spectrum was calculated and added for the comparison. In addition, KEMS results demonstrated that CsO + and Cs 2 O + ions were detected, so the formation of the oxide could have occurred. The Cs/O can be very variable, but Cs 2 O is the most stable form of oxide. Nevertheless, the calculated spectrum seems to be very different from the experimental CU-T 2 spectrum. In conclusion the CU-T 2 spectrum cannot be recognized. Sample CU 2 -T s displays a better match with the reference, while CU 2 -T 2 result more noisy, due to the lower Cs concentration.

Calculated Cs 2 O spectrum was added as extra reference in case a peculiar behaviour appeared at T 2 , but it was not the case.

Fig. III-25. HERFD-XANES of CU 2 -T s and CU 2 -T 2

Table III-9 shows the summary of all the CU/CU 2 spectra, giving the details of the number of spectra/counts and a short comment to describe the sample. The main observations from SEM-EDX, XRD and XANES for CU/CU 2 samples can be summarized as:

• XRD analyses with standard laboratory equipment could identify the secondary phase (Cs 2 U 4 O 12 ) only in the case of CU-T 0 -O, for the others cases the Cs content was too low. The same phase was observed before thermal treatment (T s ), therefore no effect occurred during heating; • The Cs uranate starts decomposing already at ≈730 °C, but the original shape of precipitates is preserved on the fracture surface and on the final polished microstructure; • At 1200°C the majority of Cs is released but low concentration of Cs was detected by HERFD-XANES; • From XANES analyses the spatial Cs distribution results quite homogeneous within the samples and the Cs environment is stable, independently on the initial Cs uranate (Cs 2 UO 4 /Cs 2 U 2 O 7 ) or on the temperature. • An exception is given by sample CU-T 2 , whose XANES spectrum displays significant differences, which might suggest a substantial change of the Cs environment, it remained undefined.

III-2.2 CM samples (UO 2 + Cs 2 MoO 4 )

As for the previous composition, hereafter the characterization of the samples CM-T 0 , CM-T 1 and CM-T 2 is given by means SEM-EDX, XRD and HERFD-XANES.

III-2.2.1 SEM-EDX and XRD

CM-T 0

As for the sample CU-T 0 , the SEM observation of CM-T 0 is carried out both before and after polishing. Table III-10 gives the composition of the whole area, confirming the X-ray map images. 

III-27 (a-c). ). SEM micrographs of polished CM-T 0 sample

Table III-11 reports the EDX analyses on extended areas of 1200/1500 μm 2 randomly selected in the bulk and onto the precipitates marked for instance by the green crosses in Fig. III-27-c. The concentration of Cs is higher in the precipitates whereas the very low concentration of Mo (below 1 wt%) is higher in extended analyses. By comparing with Table 10, the interpretation could be that the Cs 2 MoO 4 is partially decomposed and Cs tends to react with U, giving a separate Cs uranate phase, but also that Mo tends to migrate towards the surface and so it is more sensitive to polishing. Complementary XRD analysis was carried out on the same pellet fragment, after grinding it to powder. In and some caesium, but negligible molybdenum, coherently with the previous observations in Fig. 27-c for sample CM-T 0 . The XRD diffractogram on sample CM-T 1 did not show any secondary peak. Even if the SEM-EDX demonstrate the presence of Cs and Mo, their global concentration must be so low that in a volumetric analysis like powder XRD the detection limit is not reached. Because of the reducing atmosphere no U 4 O 9 was identified and the UO 2+x lattice parameter is a = 5.466 Å (O/U≈2.05).

CM-T 2

Similar to other cases, CM-T 2 was analysed by SEM-EDX both before and after polishing. 

(a-d). SEM and X-ray mapping of sample CM-T 2

Figures III-33-a-b display the polished fracture surface and the polished base, respectively. In the middle of in the pellet bulk, the microstructure seems to be more porous than the top and bottom edges. 

III-2.2.2 HERFD-XANES

The The spectrum of FS-1 is the most different compared with the other two spectra. It has the "shoulder" just above 5365 eV and also an intense doubled peak at 5375 eV. Both these features remind the pure Cs 2 MoO 4 spectrum, but the white line intensity is much higher than in Cs 2 MoO 4 and even higher than the Cs 2 U 2 O 7 reference. The latter was preferred to Cs 2 UO 4 because of the small shoulder above the edge, more in agreement with the experimental spectra.

The other two spectra of FS2 and B match well between each other (Fig. To conclude the Cs signal resulted in general heterogeneous, much more than for CU/CU 2 compositions, that is why more than one position was analysed within the same surface. The LC fitting showed a tendency: with the increase of temperature the Cs 2 MoO 4 contribution decreases, indicating its decomposition in favour of the formation of a Cs uranate environment. Some spectra are not well described, like the cases of CM-T 1 -Pos3 or CM-T 2 -FS1.

In Table III-15 the XANES summary is given, including the number of counts/sec at 5.4 keV and the number of spectra. As rough indication, the spectra with very different number of counts show certain differences, whereas for comparable counts the spectra result often similar. • The EDX analyses of T 0 and T 1 samples show that Cs is mostly distributed into the pores, coupled with U. Mo is found only with Cs and located in large precipitates laying onto the UO 2 matrix. For this reason, the polishing process might have drastically reduced the original Mo content. • XRD analyses cannot conclude on the Cs speciation because of the low concentration. However secondary small peaks suggest the presence of Cs molybdate phases in CM-T 0 pattern. There is no proof of Mo in metallic form at T 1 , that was predicted by the calculations; • XANES analyses present an inhomogeneous Cs distribution, not always obvious from SEM-EDX observations; • The LC fitting confirms, in part, the SEM-EDX observations where Cs and Mo are still bound;

• Observations before and after polishing demonstrate that thermal treatments have an important effect on the surface microstructure, but lower on the bulk; • The Cs 2 MoO 4 shows an abrupt mass loss above 1000°C that is why an important difference between T 1 and T 2 samples can be noticed. In the former, the remaining Cs content is still relevant, whereas for the latter it decreases drastically; • The higher temperature and reducing conditions for sample CM-T 2 imply the Cs 2 MoO 4 decomposition and the formation of Mo as metallic form. Cs is mostly released, but XANES associated it to Cs uranate environment; • Similarly to the XANES of CU-T 2 , one spectrum of CM-T 2 shows a higher white line intensity and different features. This result, together with the SEM-EDX ones, suggests again the formation of an unknown Cs compound. III-16). The mass contents correspond to the U/Mo atomic ratio of 0.5 for the green cross, and of 1 for the blue cross. For both of them the Cs content is below 1 wt%. On the other hand, the second precipitate, marked with the red cross, demonstrates the presence of Cs, almost up to 10 wt%. The atomic ration among the elements is U/Mo/Cs ≈ 2/5/1. -40c-d. Close to the precipitate edges, Mo and Cs have their highest concentration, that is ≈30 wt% and ≈10 wt%, respectively, whereas U is at ≈35 wt%. This matches well with the red point of the previous precipitate. When the scan line enters the brighter zone of the precipitate, both Cs and Mo content drops, in favour of U. This darker zone is in agreement with the blue point of Table III-16. Also other precipitates (here not shown) demonstrate the same tendency: Cs is always found with Mo, whereas it is not true vice versa. The Cs/Mo weight ratio is slightly below 1/3, corresponding to 1/5 in atomic ratio. No specific caesium molybdate form presents this ratio, but it is possible that part of Mo has reacted with Cs and part has remained in the oxide form. However, also the high presence of U (32 wt%) does not allow to conclude on the exact composition. In this case the small thickness of the precipitates could cause a false concentration given by the UO 2 substrate. The bulk of the sample presents a porous microstructure, where only some of the pores host secondary phases as reported in Table III-18. The values are scattered, especially for uranium and the Cs/Mo atomic ratio is quite variable in the range between 1.5 to 1.8. The two X-ray maps for Cs and Mo suggest also the presence of both the elements inside certain intergranular pores (Fig. III-44-a). The maps of U and O are not reported because the signal is constant, meaning that also U is present in the secondary phase or that the precipitates are so thin that the X-ray beam analyses also the UO 2 substrate, in agreement with the large scattering on U amount values. Finally, even if the composition of the precipitates is not well defined, the combined presence of Cs and Mo can be confirmed. III-19). It can be noticed that Mo is located into the pores, even the small ones, and cracks, in agreement with the formation of a liquid (the melting point of MoO 2 is of 1100°C) that filled all the porosity. No Cs was found by EDX in any positions and Mo was detected always as metal. For CU 2 M-T 2 the white line intensity is clearly higher and the oscillations at higher energies are neither matching Cs 2 MoO 4 nor Cs 2 U 2 O 7 .

Fig. III-44. (a-b). SEM-EDX analyses on sample CU 2 M-T 1 -O and X-ray maps

Fig. III-48. (a-b). HERFD-XANES at Cs L2-edge of CU 2 M samples

Table III-20 reports the summary of the XANES results for all CU 2 M samples. The CU 2 M-T 2 and CU-T 2 spectra are very similar (blue and orange), even if the latter has higher oscillations. The sample CM-T 2 -FS has the same white line intensity than the previous two and matches the most of the shape, except for the first oscillation after the white line. In this case, the Cs environment might be partially the same of the other two samples. The net difference with the reference white line intensity suggests that the Cs uranate local structure has certainly changed. The presence of Mo cannot justify such a difference, because CU-T 2 does not contain any Mo. As consequence the only options are that Cs lays either into another uranate structure or into an oxide one. The theoretical calculations of FDMNES show however that the Cs 2 O XANES spectrum is not a good candidate to explain the higher white line intensity. A third, less probable, option could be the formation of a compound containing Cs and other pollutant elements (Fe, Si, Al…), but this imply a contamination for most of the samples and reactions at room temperature (polishing and cutting) which are improbable. In conclusion this spectrum type remains unknown. • The mass loss follows a trend similar to the one of samples CU, rather than CM, but it is not clear whether the oxidizing condition at T 1 limits the release or not; • In reducing conditions the final mass loss for T 1 and T 2 is comparable;

• SEM-EDX on CU 2 M-T 0 displays the presence of Mo alone or bound with Cs. The Cs/Mo ratio is ≈1/5.

The XRD analysis suggests the existence of Cs molybdate (Cs 2 Mo 7 O 22 ), but it cannot be confirmed in Rietveld refinement because of the too low concentration;

• SEM-EDX on CU 2 M-T 1 -R shows that Mo is reduced to metallic form and segregates towards the pellet edge. The additional XRD confirms this, but also the possible presence of CsMoUO 7 ; • SEM-EDX on CU 2 M-T 1 -O demonstrates the combined presence of Mo and Cs, but this cannot be confirmed in XRD phase identification; • The high resolution of XANES is able to detect low amounts of Cs also where EDX cannot do it (T 2 sample), but also demonstrates the existence of inhomogeneous Cs distribution within the pellets. The LC fitting cannot show any presence of Cs 2 MoO 4 and so any interaction between Cs and Mo;For • CU 2 M-T 2 the SEM/EDX could not detect any Cs, while Mo was found only as metal;

• For CU 2 M-T 2 the XANES spectrum has a higher white line intensity and similar features as CU-T 2 and CM-T 2 spectra. The Cs local environment is unknown. Another type of microstructure can be observed in Fig. III-52, from the bulk of the pellet. The precipitates have a platelets-like morphology and seem to lay onto the surface rather than embedded into the matrix. The X-ray map reveals that they contain Cs and Mo, while the small precipitates in the white ellipse is composed by Ba, Cs, and possibly Mo. No localized EDX was carried out onto these microstructures, but the different morphologies suggest a different composition. The global concentration of the analysed area is given in Table III-23. 

III

III-3 CONCLUSION

The current chapter presented the thermal treatments at different conditions of temperature and oxygen partial pressure, followed by the same characterization of the previous chapter, i.e. SEM-EDX, XRD, and XANES. In addition, preliminary tests with KEMS were carried out to determine the FP release behaviour.

The conclusions are here summarized both from a general point of view and specific for each composition.

Globally it was observed that:

• In KEMS analyses the FP vaporization inside the pellets was coherent among the different samples: according to literature, Cs + was the main ion detected above the samples vapour and its maximum release rate occurred at ≈950-980°C for three samples out of four, independently on the initial composition. • Surprisingly Cs 2 U 2 O 7 and Cs 2 MoO 4 doped samples displayed the same release behaviour, indicating that Cs release was not more stabilized by one specific phase, at least for this specific experiment. • Mo ions vaporization occurred within the same range of temperatures for both MoO 2 and Cs 2 MoO 4 dopant, but the different intensities suggested a different release mechanism, linked to the Cs 2 MoO 4 decomposition. • The TGA treatment at T 0 (750°C) did not cause real relevant mass changes, as it was planned. Hence this condition served to set an uniform initial state of pO 2 for all the samples. • Observations before and after polishing demonstrated that thermal treatments had an important effect on the surface microstructure, but a lower one on the bulk. • In TGA two types of release kinetics were noticed: the first independent on temperature and constant with time, while the second related to the activation of a certain process (chemical decomposition, diffusion, …). • Often XRD analyses with conventional laboratory sources could not detect the presence of the secondary phases, because of the low concentration. • HERFD-XANES were able to detect Cs even when not visible by SEM-EDX and XRD, therefore the analyses probed finely dispersed Cs, possibly in different state than the larger visible precipitates.

A short summary of the chapter is here proposed.

Thermal treatments were carried out on samples with different compositions. Preliminary KEMS analyses served to observe the FP behaviour in temperature, in particular the Cs release and the sequence of the released ions. The difference in composition between Cs 2 U 2 O 7 and Cs 2 MoO 4 seems to not influence the Cs temperature release. A different behaviour is observed for Cs 2 UO 4 , even though a clear explanation cannot be given, unless the formation of another intermediate compound which increases the release temperature. The formation of Cs 2 MoO 4 is proposed as result of the vaporization of mixed Cs and Mo ions from the mixture of caesium diuranate and molybdenum oxide.

The TGA analyses showed a quite coherent behaviour among the samples, that is the caesium uranates samples displayed a decomposition temperature between ≈730-760°C, whereas the caesium molybdate compounds had a onset of decomposition around 1080°C. The additional presence of molybdenum oxide to caesium uranate did not deeply modify the Cs release. However these results are in contrast with KEMS analyses, where a common decomposition temperature was identified between ≈950-980°C. This demonstrates the differences between the two types of thermal treatments. The samples were characterized after TGA only.

The characterization by SEM-EDX, XRD and HERFD-XANES seemed to be often coherent, even if sometimes one technique resulted dominant over the others. SEM-EDX and XRD could sometimes give more precise information on the samples speciation after treatment at lower temperatures, but failed the Cs detection for the highest temperatures. In this case the HERFD-XANES resulted the only valuable characterization. Samples with caesium uranates displayed a homogenous microstructure, but only after polishing of the fracture surface, which was not representative of the average composition. The caesium molybdate samples showed a partial decomposition and formation of caesium uranate, but also unknown species. Molybdenum resulted in metallic form. The mixture of caesium diuranate and molybdenum oxide demonstrated the reaction to Cs and Mo form a molybdate phase. When caesium diuranate and barium molybdate are coexisting, caesium is found in the barium uranate phase, which has formed after the decomposition of the barium molybdate.

The presented work falls within the context of the nuclear severe accidents and more specifically of the fission products release.

The main objectives were to develop a method to synthesize simulated fuel (SIMFUEL) samples containing highly volatile Cs, as well as Mo and Ba, and to use them to characterize the Cs speciation in different conditions of temperature and oxygen partial pressure, which are the main parameters responsible for fission products release.

This work was divided into two main phases: the synthesis part, which included the densification process, and the chemical characterization part, carried out both after sintering and after thermal treatments.

To produce SIMFUELS the use of conventional sintering is incompatible with the high volatility of Cs. Hence spark plasma sintering (SPS) was adopted as solution, thanks to the ability to reduce of densification temperature and time.

Two goals were set for the synthesis process: the first was deepening the understanding of the UO 2 densification in SPS, since this technique constituted the core of the synthesis method, while the second was the introduction into UO 2 pellets of fission products surrogates, as caesium uranate or caesium molybdate, coupled with molybdenum oxide or barium molybdate.

The UO 2 densification was studied in a formal analysis of two powders with different grain sizes, the former said "commercial" (purchased from Cogema, called now ORANO) and the latter nanocrystalline, synthesized via hydrothermal decomposition. The analysis was performed in the ideal conditions of stoichiometric or quasi-stochiometric powders, to rule out the effect of the O/U ratio on the diffusion mechanisms.

For the first time in literature, the SPS UO 2 densification parameters such as: the apparent sintering activation energy (Q act ), the stress exponent (n), and grain size exponent (m), were determined with different experimental methods. To comply with the methods assumptions the analysis was limited to the intermediate sintering stage, i.e. between 50% and 75-85% of the theoretical density.

The UO 2 -Cogema powder was studied with the constant heating rate (CHR) and the master sintering curve (MSC) methods, giving Q act ≈100 kJ/mol, much lower than typical values in conventional sintering, and n=1.4. Grain boundary diffusion with contribution of grain boundary sliding were suggested as possible densification mechanism. Alternatively, non-diffusive mechanism such as particle rearrangement could be considered.

The nanocrystalline UO 2 showed an even lower activation energy, i.e. Q act ≈75 kJ/mol, determined by CHR, MSC, and a numerical method, named GRG (generalized reduced gradient). In addition, the isothermal method determined Q act , but with a slightly higher value, between 85 to 105 kJ/mol. The stress exponent resulted n ≈ 0 (CHR and GRG methods), showing that the macroscopic pressure had low influence on the densification behaviour, at least below 64 MPa. The grain size exponent m, calculated only with the GRG method, resulted ≈2From these results, particle rearrangement is proposed as main densification mechanism, as also reported in literature for other nanocrystalline systems.

The combination of different calculation methods led to coherent values, reinforcing the robustness of the results. Nevertheless, the effect of current for both the powders and pressure for the nanocrystalline one needs still to be clarified. The direct comparison between SPS and hot pressing could help determining the net effect of current. Currently at JRC-Karlsruhe the installation of a single device able to run in both SPS and HP is ongoing: this could be the perfect setup to discern the effect of current, because of the same experimental setup.

In addition, the existence of a threshold pressure obtained for nanocrystalline UO 2 could be confirmed by additional experiments on a third powder with intermediate grain size and/or by the application of larger pressures, with the use of alternative dies (e.g. SiC) with higher fracture toughness than graphite.

Compared with the preliminary study conducted in Le Gall PhD thesis (2018), the use of nanocrystalline UO 2 allowed obtaining Cs-doped UO 2 pellets with a limited release of FP: the sintering temperature was decreased from 1200°C to maximum 880°C, but most of the time even to 750°C.

The introduction of different FP surrogates caused evident effects on the sintering behaviour, even if the maximum concentration was only 5 wt%. For instance, in comparison with the densification of pure nano-UO 2 , the introduction of caesium uranate led to an increase of the densification temperature, on the contrary of the addition of caesium molybdate.

For a complete analysis of the FP compounds effect on densification, a systematic study would be needed with a large variation of the FP amount. In addition, the stabilization of the stoichiometry is a stringent requirement for the clear distinction of the FP effect on sintering. The use of commercial powder would be more suitable for this scope because of the lower oxygen sensitivity, but with the disadvantage of possible Cs release. Alternatively, for a large systematic study, it would be recommended to produce several nanocrystalline UO 2 batches and blend them together to obtain homogenous properties. Besides that, additional care would be required to control the oxidation over time. One solution could be to carry out prereduction treatments just before the sintering experiments and/or work in extremely inert and sealed atmosphere.

Nevertheless, the reciprocal effect of sintering on the FP speciation could be investigated. To this scope, alternative tools materials, e.g. SiC or Mo, could be used to change the conventionally reducing atmosphere of the graphite matrix in order to discern the possible effect of oxygen potential on the process.

As general result on Cs-doped SIMFUELS, the pellets were naturally fractured along Cs-enriched planes, because of the lower density of the Cs compounds and the reduced cohesion with the UO 2 matrix. Finally, the analysis on the raw surface allowed the description of the morphology, whereas the polishing of the surface revealed the real pellets microstructure.

The TGA analyses exhibited the existence of two types of release, one directly at the beginning of heating, continuous and independent of the temperature, and one thermally activated and related to the decomposition/reaction of the FP compound in the matrix. The decomposition of Cs uranates appeared around 730-760 °C, while it was higher for Cs The study on different SIMFUELS obtained by spark plasma sintering allows describing the speciation of Cs and differentiating the behaviour of caesium uranate and caesium molybdate. An interaction between caesium uranate and molybdenum compounds is confirmed already around 700°C.

The characterization of Cs speciation by HERFD-XANES resulted fundamental because of the much higher detection limit. The combination of different HERFD-XANES analyses on the two elements, Cs and Mo, was crucial for the discerning of the chemical speciation. Ideally, also the analyses at the respective U and Ba energy edges could have given relevant information.

In addition, some specific samples zones detected by HERFD-XANES analyses could be correlated to the observed fracture surfaces by means SEM-EDX. Furthermore, thanks to the high resolution of the FAME-UHD beamline, the Cs 2 UO 4 and Cs 2 MoO 4 spectra were differentiated for the first time, giving a new benchmark for the research on caesium.

As consequence, the synchrotron techniques seem to be a promising method to complement standard characterization analyses. The first perspective would be a further investigation by means micro-XANES analyses, where the beam size is in the nanometric range, able to probe single precipitates (e.g. beamline ID21 at ESRF-Grenoble) and to spatially resolve the chemical speciation. Another perspective would be the enlargement of the database of the Cs experimental spectra to identify the remaining unknown Cs compounds observed in this study. Lastly, synchrotron high resolution XRD is certainly another promising technique to complement the analysis.

To finalize the description of Cs behaviour other conditions could be investigated, with a larger range of temperatures and pO 2 .

In particular, additional experiments on pure powder mixtures could be carried out, combining XRD and TGA, which could act as complementary analyses.

In addition, fission product concentrations more representative of real irradiated fuels should be investigated. Alternatively, a good strategy would be to keep the higher concentration as the present study, but tune the FP elements ratio to be closer to the real concentration. Another proposal would be the increase of the number of fission products reacting with caesium. For instance, Cs 2 O could be proposed as a simple compound to facilitate other reactions with the co-present fission products.

A.1 Spark plasma sintering 

SPS device

Correction of thermal expansion and creep effect

The thermal expansion was derived thanks to the cooling ramp (Fig. A.2): assuming that there is no residual sintering while cooling to room temperature from 1600°C, one can linearize the cooling curve and subtract it to the entire curve. As one can notice, the cooling segment becomes straight since the thermal expansion effect has been subtracted. From the corrected curve, the last point at 1600°C before cooling is set as the measured density for each sample; consequently, the densification curve is built from the top to the bottom, deriving the value of the green density. In this section the phases proposed by HighScore for the phase identification are given. Only the patterns of the secondary phases are reported in comparison with the experimental pattern. The UO 2 and U 4 O 9 peaks are marked by the arrows in the experimental pattern. The ICSD code is always reported for each compound.

In the text of the manuscript, it is always specified whether the secondary compounds are accounted for the Rietveld refinement, or not. The comparison between the experimental spectra and the calculated ones shows some differences, even though not coherent between each other. The calculated Cs 2 UO 4 spectrum displays more oscillations after the edge compared with Cs 2 MoO 4 . This is not the case in the experimental results, where Cs 2 UO 4 and Cs 2 MoO 4 present the same single oscillation after the edge, except at the L 2 edge, where Cs 2 MoO 4 has more oscillations at the higher energies. The calculations made in FDMNES code were based on the data available from literature. In particular, the used database was given by next-gen.materialsproject.org (access 01/2022). For all the compounds, Cs has O atoms as first neighbours, but their distance and the geometrical array determine the features of XANES spectra. . This is due to the longer average distance between Cs and its neighbours and to the higher scatter of the Cs-O distances. The number and type of neighbours determine the white line intensity (integral of the area), that is why a higher number of neighbours and a more distorted geometry are the cause of the lower white line intensity of Cs 2 MoO 4 . 

A.4.2 Cs local structures
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Fig. I- 1 .

 1 Fig. I-1. Scheme of spark plasma sintering. "P" staysfor the applied pressure (adapted from[11])

Fig. I- 3 .

 3 At low temperatures D S >D GB >D L and with the increase of temperature the relation is reversed to D L >D GB >D s [31].The latter relation is shown in a plot of the Arrhenius type in in Fig. I-3: the slope of the curve is the opposite of the activation energy, divided by R (Eq. I-12).

Fig. I- 3 .

 3 Fig. I-3. Arrhenius plot. The activation energy increases with temperature and it corresponds to a certain diffusion mechanism

Fig. I- 4 .

 4 Fig. I-4. Pores stability as function of the number of neighbours. a) Unstable pore: particles with concave surface (and pore "convex"). b) metastable pore for flat surface and dihedral angle of 120°. c) Stable pore: particles with convex surfaces. (Extracted from [33])

Fig. I- 5

 5 Fig. I-5. a) Initial condition: model of solid spheres in contact. B) Early stage: coalescence among particles starts. C) Intermediate stage: the surface interface changes from curved to flat and the open porosity is almost eliminated. D) Final stage: the particles close the porosity reaching at least 95% of theoretical density and they assume the shape of tetrakaidekahedron (from [36])

Fig. I- 6 .

 6 Fig. I-6. The six transport paths (extracted from[37])

Fig. I- 7 .

 7 Fig. I-7. The competition between external and intrinsic (curvature) pressure (extracted from [39])

  Fig. I-8 a)shows the effect of the applied pressure on densification, for two different dwell temperatures. It results clear that at 1180 °C the pressure does not influence significantly the densification, suggesting the dominant effect of diffusion. In addition, as the samples enter the final stage of sintering, pores shrink and the applied pressure is less effective in eliminating them. The process of pore elimination during this final stage of sintering usually depends on volume and grain boundary diffusion, which in turn strongly depend on temperature and time, rather than pressure. In Fig.I-8 b) it can be observed that the temperature has a higher influence on the grain size compared to the pressure. Analogous conclusions can be found in the work on YSZ of Anselmi-Tamburini et al.[41].

Fig. I- 8

 8 Fig. I-8. a) Existence of threshold temperature above which the applied pressure is almost ineffective and; b) effect of pressure for two different temperatures (extracted from [40])

  Fig. I-3 and the transport paths of Fig. I-6, it can be observed that surface diffusion, i.e. a non-densifying mechanism, is dominant at lower temperatures.

  𝜌 𝑖 = ℎ 𝑓 𝜌 𝑓 Eq. I-22 which leads to the general relation:

Fig. I- 10

 10 Fig. I-10 reports the U-O phase diagram extracted from Okamoto[71]. As it can be noticed the UO 2 T m is given at 2852 °C, but the value measured by Manara et al. it is considered more accurate because of the more accurate technique[70]. The O/U ratio can vary forming different phases. At high temperatures the existence of the UO 2 phase is possible also out of the exact stoichiometry.

Fig. I- 10

 10 Fig. I-10. U-O phase diagram (extracted from [71]) The crystalline structure of UO 2 belongs to the cubic fluorite (CaF 2 ) archetype with the U 4+ ions occupying the sites of a face centered cubic (fcc) sublattice and the O 2-ions forming a simple cubic sublattice. The graphical representation is given in Fig. I-11, with the cubic site occupied by the U 4+ atoms and the tetrahedral site from O 2-ions.The lattice constant of UO2 at room temperature (293.15 K) was calculated to be 547.07 ± 0.08 pm, with a resulting theoretical density of 10.9511 ± 0.0005 g / cm³[START_REF] Leinders | Accurate lattice parameter measurements of stoichiometric uranium dioxide[END_REF].

Fig. I- 11 .

 11 Fig. I-11. Crystalline structure of UO 2 (adapted from [73]) With the progressive positive deviation of stoichiometry, i.e. with the increase of the O/U ratio, the structure transforms, in sequence, into U 4 O 9 , U 3 O 7 , U 3 O 8 and UO 3 .In UO 2+x the excess of O 2-is located into octahedral interstitial sites and the electroneutrality is guaranteed by the oxidation of U 4+ to U 5+ and U 6+ . With the increase of oxygen there is the formation of large defect clusters, named 2:2:2 Willis clusters[START_REF] Willis | The defect structure of hyper-stoichiometric uranium dioxide[END_REF].

Fig. I- 12 .

 12 Fig. I-12. Flowchart of UO 2 sintering process

  1). A typical thermal cycle obtained in the SPS device is displayed in Fig. I-13.

Fig. I- 13 .

 13 Fig. I-13. Output data from the SPS device. Parameters: 100°C/min and 50 MPa

Fig. I- 15

 15 Fig. I-15. (a-d). Densification plots as function of temperature for Cogema: a) experiments at different heating rates, and b) experiments under different pressures. In c-d) the corresponding derivatives with respect to temperature as a function of temperature

Figs. I- 17

 17 Figs. I-17 (a-b) microstructures of two samples sintered in different conditions but quenched at approximately the same densities (Cogema).

  Figs. I-19 (a-b) show the densification curves and relative densities for the experiments at different heating rates. The curves are flat at the top because the 96% TD was assumed as final density for all the samples. Figs. I-20 (a-b) show the densification curves and relative densities for the experiments at different pressures.The densification curves of Q775-N and Q960-N are not reported for the sake of readability, but their trend follows the one of the respective dense samples (H25-N and H200-N, respectively).

Figs. I- 19

 19 Figs. I-19 (a-b). Densification plots of Nano-UO 2 for CHR schedule: a) density at different heating rates (dashed lines for BN experiments); b) derivative at different heating rates (dashed lines for BN)

5 )

 5 In Figs. I-22 (a-b) the densification curves of all the experiments, except for Q800-N are reported. The time scale is limited to only ten minutes. In fact, for samples sintered at lower temperatures, the density did not exceed ≈60-70 %TD even after 60 min of dwell.

Figs. I- 22

 22 Figs. I-22 (a-b). Densification plots for isothermal experiments: a) density as function of time, and b) the relative derivativesI-2.4.26 Microstructure observations and XRD analysesSEM observations were carried to determine the grain size and plot the sintering path (density vs grain size) needed for the method of the numerical solution presented in section I-1.3.1.4 . The grain size was measured with the line intercept method without correction factor, which was possible as the fracture was predominantly intergranular[START_REF] Liu | A Polishing-free Etching Method for Microstructure Observation of Fine-grained Ceramics[END_REF]. This method consists in plotting in the picture several straight lines with known length and counting the number of grains intercepting each line. In addition many single grains were isolated and their dimensions were estimated (example shown in Fig.I-23). For the samples with the lowest densities (up to 77% TD), because of the limited grain growth, the SEM resolution was not high enough to distinguish the single grains, therefore XRD measurements were performed as complementary analysis. The crystallite size was determined by XRD (Rigaku diffractometer) with the Scherrer method and the assumption that crystallites and grains have the same dimension in case of very limited grain growth was made. The results are presented in TableI-11. 

Fig. I- 23 .

 23 Fig. I-23. Example grain size determination by means line intercept method

  Fig. I-24-b, the n value was then calculated as the slope of the interpolating lines at a fixed density, by plotting the left-hand side of Eq. I-34 versus 𝑙𝑛 𝜎. Inside this equation the average value of Q act obtained from Fig. I-24-a was employed.

Figs. I- 24

 24 Figs. I-24. (a-b) CHR method: a) Arrhenius plot to calculate Q act and b) calculation of n (Cogema)

  Figs. I-25 (a-b) report the results of the CHR method for Nano-UO 2 powder. The derivation of the two parameters is analogous to the previous section[START_REF] Margueret | Spark Plasma Sintering of UO2 Nanopowders: Pressure, Heating Rate and Current Effects --submitted for revision[END_REF].In Fig. I-25-a the activation energy, Q act , was calculated from the CHR sintering curves of Figs.19-a-b. The activation energy is slightly increasing with the density, and the average in the 50-85% density range is 75 ± 4 kJ/mol (TableI-13). In Fig. I-25-b the stress exponent, n, was derived from the densification plots of Fig. I-20, using the average value of the activation energy found. Two distinct regimes can be seen: up to 64 MPa, the exponent n is close to 0, while above 64 MPa the stress exponent assumes positive values. An exponent of n = 0 indicates that the sintering is insensitive to the magnitude of the applied pressure, which is consistent with what can be observed in Figs. I-20 a-b.The applied pressure begins to have an influence only above 64 MPa. The data points are too few to allow a quantitative interpolation, but they suggest a value of n close to 1. For the sake of readability, only the curves at relative density of 60%, 70%, and 80% are displayed. In TableI-13 all the other values are reported.

Fig. I- 25

 25 Fig. I-25 (a-b). CHR method for Nano-UO 2 : a) Arrhenius plot to calculate Q act and b) calculation of n (the red dashed line is only a guide for the eyes)

  Fig. I-26-a the construction of MSC curves for different Q act values is shown, but the fitting curve cannot fit well the experimental data. The sum of square residuals in Fig. I-26-b demonstrated that the absolute minimum is obtained for 100 kJ/mol. This value in agreement with 96 kJ/mol, found with the CHR method.

Figs. I- 26

 26 Figs. I-26 (a-b) MSC method for Cogema: a) fitting curves for all heating rates; b) sum of square residuals as function of Q act

Fig. I- 27

 27 Fig. I-27 (a-b). MSC method for Nano-UO 2 : a) fitting curves for all heating rates; b) sum of square residuals as function of Q act

  Fig. I-22 were used. Fig. I-28-a presents the determination of the stress exponent n, for a given temperature, according to Eq. I-41.

  5 between 50-65 %TD and n = 1 for 70-85 % TD, as shown in Fig. I-28-b. The average values in the two regimes are 82 kJ/mol and 105 kJ/mol, respectively. All the values are reported in TableI-14. It is to be noted that the choice of the exponent has in this case only a limited impact on the calculation of Q act . For example by choosing an exponent of n = 0 instead of 0.5, the activation energy for the low density and high density regime, become 78 ± 8 kJ/mol and 104 ± 6 kJ/mol, respectively.

Figs. I- 28

 28 Figs. I-28 (a-b). Isothermal method: a) determination of n; and b) calculation of Q act
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 1144 Fig. I-29. Density versus grain size and determination of the sintering trajectory

Finally, the

 the Solver function of MS Excel was used to solve Eq. I-43, using the experimental data of the CHR curves (Fig. I-19) in the 50%-85% TD range. This function solves the input equation by finding the lowest mean absolute error. Since the GRG algorithm works on the local minima of the function, different initial conditions were tested to ensure that the convergence was towards the global minimum. As a first iteration, different couples of n and m were imposed, and the algorithm found the values of Q act and K' which minimise the error between the left hand side and right hand side of Eq. I-43 (first seven couples of Fig. I-30-a). As second iteration also m and n were optimised, using (m, n) = (1, 1) as starting point. The result was n = 0.00 and m = 1.98 (mean error 0.0922), which were simply rounded to the couple (m, n) = (0, 2), resulting in Q act = 72.9 kJ/mol and a mean error of 0.0924 (last point of Fig. I-30-a). These optimised parameters were used to plot the graph Fig. I-30-b), where it can be seen that all data points converge to a single line. The value of the activation energy is also consistent with what found with the CHR and MSC methods and, more interestingly, the value of n is 0, without any variation of the external pressure.

Fig. I- 30 .

 30 Fig. I-30. In a) optimization of the fitting values (n, m, Q act , and K') and in b: plot of Eq. I-43 for the four experiments and the choice of the optimized parameters.

  From a qualitative comparison between (a-d). Densification plots as function of temperature for Cogema: a) experiments at different heating rates, and b) experiments under different pressures. In c-d) the corresponding derivatives with respect to temperature as a function of temperature Fig. I-15, and Fig. I-19, and Fig. I-20

For a comparison among

  the methods it is worth recalling their limitations. The CHR and MSC analyses are based on the same experimental data (Fig. I-15 and Fig. I-19) and assumptions. Nevertheless, the MSC gives a global point of view of the activation energy overlooking possible changes in the densification mechanism with density.

  Solomon et al.[START_REF] Solomon | Isostatic Hot-Pressing of UO2[END_REF] investigated hot isostatic pressing (HIP) of UO 2 , where the samples are pre-sintered up to 94% TD and then hot pressed up to 99% TD. They determine Q act = 480 kJ/mol and the final O/U ratio equal to 2.004, which is quite in agreement with the range of data shown for stoichiometric UO 2 in conventional sintering and creep. Chen et al. calculated Q act =140 kJ/mol for UO 2 in SPS by the MSC method [61]. Ingraci Neto et al. estimated for the first time the Q act of UO 2 flash sintering [101], finding a value of 108 kJ/mol, by means the MSC approach. They also performed conventional sintering on the same powder, finding an activation energy of 380 kJ/mol. In Fig. I-31 the graphical representation of some literature values is given. The black squares are the present results.

Fig. I- 31 .

 31 Fig. I-31. Comparison with literature: conventional sintering (CS), hot isostatic pressure (HIP), SPS, and Flash Sintering (FS)The present results indicate a remarkably lower values of the apparent activation energy for densification of UO 2 in SPS (≈100 kJ/mol and ≈75 kJ/mol) and are in the comparable with the other result from Chen et al.[61]. The low value for flash sintering (108 kJ/mol) found from Ingraci Neto et al.[START_REF] Ingraci Neto | Controlled current-rate AC flash sintering of uranium dioxide[END_REF] is also consistent with the SPS results. The electrical fields in SPS are however much lower than what is typically applied in flash sintering[13] [15].In the sintering of polycrystalline ceramics, the apparent activation energy should represent the one for diffusion of the rate-limiting specie (D U for UO 2 ), along the fastest diffusion path giving densification (lattice or grain boundary). However, the low values measured in SPS are not consistent with any of the cation
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Fig. II- 2 .

 2 Fig. II-2. Typical thermal sequence in the VERCORS/VERDON tests, used to simulate the severe accidents scenarios

  Fig. II-4-a reports the XRD pattern, collected in Rigaku diffractometer, while Fig. II-4-b the SEM-EDX analysis, from Tescan Vega microscope (cf. Appendix A.2.1). In Fig. II-4-a, the two small bumps between 2θ = 25° and 2θ = 35° are due to the residual background of the liquid paraffin (cf. Appendix A.2.2). The Rietveld refinement [50] calculated a lattice parameter of a = 5.471 Å, which corresponds to stoichiometric (or slightly hypostoichiometric) UO 2 , according to the equation of Teske [51], Eq. II-12: 𝑎 = 5.4705 -0.132 𝑥 Eq. II-12 Nevertheless, no other peaks than the ones of UO 2 fluorite structure are visible. The low Cs concentration, combined with the limited resolution of the instrument (detection limit ≈ 5 wt%), make this characterization not suitable for the purpose. In addition, the initial Cs concentration could have been further reduced during the two thermal treatments. Also with SEM-EDX analyses no trace of Cs could be found (Fig. II-4-b).

Fig

  Fig. II-4 (a-b). XRD (a) and SEM-EDX (b) of powder obtained by liquid process

  The three stars in the curves of Fig.II-5-a indicate the piston position at the moment just before the beginning of the cooling ramp. During cooling, the applied pressure is kept constant (it is released at room temperature) and the whole system: pellet + matrix + punches undergoes thermal contraction.Despite the different thermal cycles (Fig.II-5-a), it is interesting to notice that the densification range is not too different (Fig.II-5-b) among the three tests. In particular all the densification curves display an initial constant piston position (up 500 °C), followed by a decreasing trend which indicates thermal expansion. Above 700°C the densification can really start in L7 and L9 test. The higher heating rate of test L8 causes a delay of sintering (from 850°C). Therefore the heating rate results to be the most important parameter for the densification.

Fig

  Fig. II-5 (a-b). Tests L7 -L8 -L9: as function of time (a), and as function of temperature, (b)

Figs. II- 5

 5 Figs. II-5 (a-i) show SEM-EDX analyses of the pellets fracture surfaces of Test L7 (a-c), L8 (d-f), and L9 (g-i). In general, it can be observed that the pellets microstructure is very different among each other and also quite inhomogeneous. In Fig. II-5-a, EDX analysis on a rectangle area on the left shows that no Cs is present (atomic ratio O/U is ≈ 2), whereas the dark precipitate (pink cross) on the right contains Cs. The atomic ratio Cs/U is 2/3. Fig. II-3-b shows very tiny lamellas containing Cs, as shown at high magnification in Fig. II-6-c. On the other hand, in Fig. II-5-e and Fig. II-5-h the Cs precipitates are in form of parallelepiped, although Fig. II-5-e displays also extremely large agglomerates and some larger lamellas, as Fig. II-5-c. In case of Fig. II-5-e the EDX analyses show that the Cs agglomerates do not contain any U and the atomic Cs/O ratio is approximately ½, which is one of the forms of caesium oxide [52]. Differently from the smaller isotropic microstructures of Fig. II-5-f) and Fig. II-5-i), the ones of Fig. II-5-e seems to be a spread phase, indicating the previous existence of a liquid phase. This is consistent with the highest sintering temperature (1300°C) and the presence of CsO 2 , which melts at ≈ 450 °C [53]. A liquid phase could explain why the pellets resulted sometimes stuck to the pistons.

Fig

  Fig. II-6 (a-i). SEM-EDX of liquid route sintered pellets. Test L7 (a-c), Test L8 (d-f), and Test L9 (g-i)

  Fig.II-7shows the XRD results on Test L8, where all the visible peaks are of UO 2 phase. By the Rietveld refinement the lattice parameter was calculated to be a =5.473 Å, so O/U ratio is even below 2[51]. This is not surprising because the starting powder was already stoichiometric (Fig.II-4-a) and the SPS graphitic environment contributed for further reduction.

Fig. II- 7 .

 7 Fig. II-7. XRD pattern of Test 8: stoichiometric UO 2 is reached, but no Cs phases can be identified

Fig. II- 8 .

 8 Fig. II-8. XRD pattern of nano-UO 2 with CsOH(l) infiltration, Test I2. Post the infiltration (black) and post reduction (red) at 650 °C,5h, Ar + 4% H 2 . In blue lines the reference peak positions for stoichiometric UO 2.00

  The sintering temperature was fixed at 1100°C as compromise to guarantee densification, as shown in L7 (Figs. 5 a-b), and limit Cs release. As it can be seen in Figs.II-9 (a-b), the densification of sample Nano-1 (N-1) occurs at low temperatures (onset at ≈500°C and end at ≈800 °C). It is interesting to notice that between 90 °C and 200 °C an initial piston displacement (or piston speed peak) occurs, which is probably due to the release of gaseous water or particle rearrangement. Based on this, Test I1 was carried out with two isothermal steps at 100 °C and 200 °C (5 min each). Two very small steps can be noticed in the piston position corresponding to the two dwell temperatures (Fig.II-9-b).

  Figs. II-10 (a-l) show the SEM-EDX analyses on the fracture surfaces of Nano-1 (a-c), I1 (d-f), I2 (g-i), and I3 (jl). For pure UO 2 (N-1) the microstructure appears dense, confirming a high geometrical density. Nevertheless, certain regions show to have smaller grains and slightly more pores, as middle of Fig.II-10-c. No specific reason can be provided for such a behaviour, unless the hypothesis of an inhomogeneous pre-compaction, which caused anisotropic pressure distribution. Independently on the reason, the important information is the global dense appearance, in comparison with the other Cs doped pellets. The dark spots in Fig.10-b(BSE) are recognized as impurities (e.g. from the sticky carbon foil used to fix the sample, or the tweezers, etc…).

Fig. II- 10 :

 10 Fig. II-10: SEM-EDX of pellets obtained by the liquid infiltration route. Test Nano-1 (a-c) for pure UO 2 . Test I1 (d-f) for UO 2 + 4.4 wt% Cs (infiltration only). Test I2 (g-i) for UO 2 + 4.4 wt% Cs (infiltration and reduction). Test I3 (j-l) for UO 2 + 1.8 wt% Cs (infiltration and reduction).

Fig. II- 10

 10 Fig. II-10-d shows a fragment that was collected from the pellet of Test I1. The latter was so fragile that even the handling with tweezers caused its rupture. From Fig. II-10-e the existence of two microstructures appears clear: a dense UO 2 matrix with attached a fragile Cs-enriched layer. Comparing Fig. II-10-c and Fig. II-10-f, the grain size and the level of densification are clearly different. This is another confirmation that the Cs presence causes a delay in densification. Sample I2 appears fractured along the horizontal plane, but it is still an entire piece (Fig. II-10-g).The microstructure appears to be inhomogeneous with zones at high Cs concentration, like the central part of the pellet, where the Cs content is much higher than the nominal 4.4 Cs wt%. In this case the figure at high magnification (Fig. shows that a good adhesion between UO 2 grains (smaller and white) and the Cs microstructure exists. The latter seems to be rather irregular, if compared for instance with samples of Fig.II-3. The difference of synthesis route can be the reason for such different microstructures. The sample of test I3 is shown in Figs. II-10-j. Again a central zone with a higher Cs concentration is present, in correspondence of a large crack. In this case the Cs precipitates are less visible, a part from some small ones (Fig.II-10-l). Also these matrix grains are very small, indicating an incomplete densification (geometrical density of 87 %TD). XRD analyses (not shown) could not highlight the presence of any Cs compounds. The final stoichiometry resulted in the range of UO 2.00-2.05 for the four tests, but no trend could be identified. To conclude on this synthesis route: the incorporation of Cs was possible, but the minimum requirements were not met because the samples were very fragile and with an inhomogeneous microstructure. This behaviour is surprising because the shrinkage curves would suggest a successful densification. This synthesis route was thus not further optimised.

  Fig. II-11-a). As consequence, a decrease of temperature is always an advantage. Based on the G2 and G4 curves, 750 °C was set as target temperature because high enough to reach the maximum of the sintering peak (so half of densification). Hence, densification was completed in the isothermal step (last vertical part of G5 curve in Fig. II-11-b).

Fig. II- 11

 11 Fig. II-11 (a-b): sintering curves for powder obtained by nano-UO 2 + Cs 2 UO 4 hand mixing. Tests N1 and G1-G2-G3 (a). Tests N1, G2, N2, G4, and G5 (b)

  Figs. II-12 (a-i) show the SEM-EDX analyses on pellets fracture surfaces of Tests G1 (a-c), G2 (d-f), and G5 (gi). By observing the low magnification BSE images of Figs. II-12 a), d), g), the presence of darker zones on brighter background is evident. These dark zones indicate the presence of Cs, because of the lighter atomic mass than U (133 amu versus 238). As it can be noticed at higher magnification in Figs.II-12 b) and e), Cs lays in bands parallel to the top/base (and lateral) pellets surfaces. For Fig. II-12-h, Cs appears to be uniformly spread all over the surface, except close to the bottom edge, where the EDX analysis indicates a net lower Cs/U atomic ratio (1/7 instead of 1/2). In general Cs lays parallel to the surfaces (observed also in other samples, as I2 and I3 of Figs. II-10) and this is not entirely surprising because it follows the direction perpendicular to the pressure application. Besides this common feature, the microstructure of each sample presents some

Fig. II- 12 .

 12 Fig. II-12. SEM-EDX of pellets obtained by powder hand mixing. Test G1 (a-c), Test G2 (d-f), Test G5 (g-i)

Four different batches of

  nanocrystalline UO 2 (N-1, N-2, N-3, N-4) were produced along the entire duration of the present thesis, hence the comparison among the different samples has to be carried out really carefully. Indeed, it is important to remember that each of this batch underwent a deep change in stoichiometry during time, as already shown in Chapter I-2.3.2 (Fig. I-15), so even a comparison between two samples of the same batch requires a certain attention. In Chapter I the oxidation increase as function of time was presented in the worst conditions, i.e. under air, showing that in approximately 4 -6 days the powder reached the maximum oxidation to U 4 O 9 (Fig. I-15)

Fig. II- 13

 13 Fig. II-13 presents the results of the 4h measurement for each nano-UO 2 . The vertical dashed lines are given to help the visual comparison.

Fig. II- 13 .

 13 Fig. II-13. XRD analyses of the four nanocrystalline UO 2 powders
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 22 applied to the first eight peaks and it ranges between 6 nm to 12 nm, but no specific relation between oxidation and crystallite size can be deduced. Therefore, before the employment of a new batch, a standard sintering test was performed on pure UO 2 to have a direct comparison with the other batches (Fig..

Fig. II- 14 .

 14 Fig. II-14. High magnification SEM (SE mode) of nanocrystalline powder

Fig

  Fig. II-15 (a-b). XRD pattern of synthesized Cs uranates. a) synthesized Cs 2 UO 4 (green) and Cs 4 (UO 2 (CO 3 ) 3 ). In b): synthesized Cs 2 U 2 O 7 (green) and Cs 4 U 5 O 17 (black)

Fig

  Fig. II-16 (a-b). SEM-EDX for Cs 2 U 2 O 7 : a) BSE image; and b) results in % atomic. I-4.2.3 Cs 2 MoO 4 , MoO 2 and BaMoO 4 The analyses on Cs 2 MoO 4 , MoO 2 and BaMoO 4 are presented in Figs. II-17 (a-c) -II-18 (a-c) -II-19 (a-c), where both SEM-EDX and XRD are reported. In Figs. II-17-a, II-18-a, II-19-a the macroscopic morphology of each batch is shown. The agglomerates have descending dimensions from the top to the bottom, so from the largest Cs 2 MoO 4 (approximately 0.5-1 mm) to the smallest BaMoO 4 (range of tens of μm). In the Figs. II-17-b, II-18-b, II-19-b, the results from the SEM-EDX are given: the atomic ratios between Cs/Mo, Mo/O and Ba/Mo are approximately respecting the theoretical ones. A single or a double spectra are not enough to have any statistic, but they give the qualitative results that no significant contamination from other elements is present in the powder. In the case of MoO 2 the O/Mo is between 2 and 3, so a possible oxidation could have taken place. As complementary analysis, the Figs. II-17-c, II-18-c, II-19-c present the XRD patterns (Rigaku device).The results are shown with the calculated considered background, but in the case of Cs 2 MoO 4 and MoO 2 a "bump" between 30 ° and 40° can be noticed, which can be related to some residual background from the paraffin. In conclusion, the characterization confirms the purity of the starting powders and gives an idea of the initial morphology.

Fig. II- 17 .

 17 Fig. II-17. Cs 2 MoO 4 powder characterization is SEM-EDX (a-b) and XRD (c)

  plots are shown in Fig. II-20.

Fig. II- 20

 20 Fig. II-20 Densification of pure Nano-UO 2 batches

Fig. II- 21 .

 21 Fig. II-21. Densification curves of CU samples (a) and CU 2 (b)

Fig. II- 22 .

 22 Fig. II-22. Densification curves for samples UO 2 + Cs 2 MoO 4 and of pure UO 2 (Nano-1 and Nano-2) II-4.3.4 UO 2 + BaMoO 4 densification (samples B)

Fig. II- 23

 23 Fig. II-23 shows the densification curves of samples B(1)1150 and B(3)800, together with the relative pure UO 2 curves.

  4 which shifts the densification to higher temperatures. The arrows in Fig. II-23 help to visualize this interpretation. Nevertheless, from only two experiments no clear conclusion is possible.

Fig. II- 23 .

 23 Fig. II-23. Densification curves for B(1)1150 and B(3)800 and Nano-1, Nano-3 references II-4.3.5 UO 2 + MoO 2 densification The densification of UO 2 + MoO 2 is preparatory for the sintering of both Cs 2 U 2 O 7 and MoO 2 (sample CU 2 M), shown later. Table II-14 reports the two experiments carried out with two Nano-UO 2 batches.

Fig. II- 24

 24 Fig. II-24 displays the relative densification plots of M(3)750 and M(4)750, together with the respective pure UO 2 samples. For the first sample, the addition of MoO 2 seems to have a clear effect on the densification, with a shift of the curve to higher temperature (around 100 °C). On the other hand, in the second test, almost no effect is noticed because the sintering peak of the sample overlaps with the pure UO 2 (N-4) reference. Only the onset is slightly earlier, but the two curves (black and green) have the general same trend.

Fig. II- 24 .

 24 Fig. II-24. Densification curves for UO 2 + MoO 2 and Nano-3 and Nano-4 II-4.3.6 UO 2 + Cs 2 U 2 O 7 + MoO 2 (sample CU 2 M), and UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (sample CU 2 B)

In

  Figs. II-25 a-b the results relative to CU 2 M samples are reported. A comparison between the two samples and the N-4 reference shows that the addition of the two FP compounds causes a slight decrease of the sintering peak (from 560°C to 500-520°C), but an evident increase of the densification speed (Fig. II-25-a). The different heating schedule in CU 2 M-HR causes a delay in densification, that is why it is completed only at the end of the dwell time. In Fig. II-25-b only the piston speeds are reported for an easier readability: the CU 2 M samples are compared with CU 2 (3) and M(3) samples, because containing the single FP compound combined in CU 2 M. Nano-3 and Nano-4 are similar UO 2 references, therefore the comparison is coherent. When Cs 2 U 2 O 7 and MoO 2 are added singularly to Nano-UO 2 , they cause an increase of the densification temperature, whereas their combination seems to have a beneficial effect. This was the same behaviour observed in the samples CM, where Cs 2 MoO 4 caused a decrease of the sintering temperature.

Fig. II- 25

 25 Fig. II-25 (a-b). Densification of CU 2 M samples (a), and comparison with the previous simpler systems (b) Figs. II-26 a-b show the results of sample CU 2 B. In Fig. II-26-a the comparison with N-4 and CU 2 M is proposed: the effect of the presence of the three elements together, i.e. Cs, Mo and Ba, is to split the densification into two phases. The first sintering peak is coherent with the densification onset of N-4, therefore it could be attributed to the only matrix, whereas at higher temperatures the interaction among the FP compounds and matrix may occur. The comparison with the sintering of the single FP compounds forming the composition of CU 2 B is given in Fig. II-26-b. As in the previous sample, when added alone, Cs 2 U 2 O 7 and BaMoO 4 determine an increase of the sintering temperature, whereas their combination can reduce it.

Fig. II- 26

 26 Fig. II-26 (a-b). Densification of CU 2 B sample (a), and comparison with the previous simpler systems (b)

Fig. II- 27

 27 Fig. II-27 presents the result of the XRD analysis (Rigaku device). The characterization was performed less than one week after the sintering moment, and the pellet was stored in the SPS glovebox. After sintering in SPS, the initial lattice parameter of Nano-4 powder increased from a = 5.465 Å (Table.II-8) to a = 5.471 Å, indicating a reduction to stoichiometric UO 2 .

  3) µm as the average of 26725 grains. The relatively large scatter is due to an absolute range between 0.1 to 4.1 µm. Fig II-28-a shows the chart with the ECD distribution and Fig II-28-b reports the EBSD map. The colour code refers to the IPF (inverse pole figure colouring) related to the grains orientation, not relevant in the present case. A qualitative observation of the more central zone, marked for instance by the white rectangle, does not underline a clear grain size trend moving from the bulk towards the surface.

Fig. II- 28 (

 28 Fig. II-28 (EBSD) analysis on Nano-4 pellet. Equivalent circle diameter distribution (a), EBDS map (b)

  The SEM-EDX analyses on the polished sample CU 2 (3R) are presented in Fig. II-30 (a-e). As it can be noticed from the Fig. II-30-a, the polished surface reveals the presence of a central layer, marked by the red rectangle, corresponding to the previous Cs layer in Fig. II-29-k. The polishing process makes clear that the microstructure observed on the fracture surface is not representative of the bulk. The two rectangles in black display a more visible presence of precipitates, compared with the central red layer. The EDX analyses carried out in this zone, performed on Fig. II-30-b, reveal a poor concentration of Cs. The extended area marked by the black rectangle contains 1 wt% of Cs. The punctual EDX analyses on the black crosses show that the Cs/U ratio is ≈1/35, that is also close to 1 wt% of Cs. The complete composition is given in Table II-18. The local and the extended analyses provide the same value, meaning that Cs is not concentrated. This is confirmed in Fig. II-30-c (SE detector) where the precipitates are actually recognized as empty holes of the microstructure. It can be supposed that Cs was present and left the precipitate but the microstructure was preserved. This is confirmed by the EDX analyses carried out on the central red layer, in Figs. II-30-d-e, where the large area contains a total of 3 wt% of Cs, that is three times higher than the case of Fig. II-30-b. In addition the Fig. II-30-e displays that the precipitates are not empty, but effectively Cs is present. The local EDX on the red crosses shows that the Cs/U ratio is ≈1/5. In Table

  -19 reports the EDX analyses on both the types of surface. The whole area of Fig. II-31-a shows that the Cs concentration is about 26 wt%, that is around ten times higher than the theoretical one of 2.3 wt%, considering the 5 wt% of Cs 2 UO 4 in the whole sample. The corresponding Cs/U ratio is close to the unit and is higher than in the first analysis shown in Fig. II-29-n. On the other hand, the Cs content of the polished surface of Fig. II-31-d is about 2.9 wt%, that is much closer to the theoretical value.

  At the top right of the figure the calculated composition is presented: 59 wt% of UO 2+x (a = 5.463 Å), 33 wt% of U 4 O 9 (a = 5.443 Å), 7.8 wt% of Cs 2 U 4 O 12 (5.8 wt% α-phase and 2 wt% of γ-phase). The total amount of Cs 2 U 4 O 12 corresponds to a Cs concentration of 1.5 wt% which is the range of the initial theoretical one (2.3 wt%).

Fig. II- 33 .

 33 Fig. II-33. XRD analysis on sample CU(2)750

Fig. II- 34

 34 Fig. II-34 presents the raw XANES spectra of the two analysed samples. The first significant result is that Cs could be detected also on the base/top surface. The second observation concerns the different intensity between the spectra.The CU 2 -800 polished fracture in Fig.II-30-a shows that no Cs precipitates are visible close to the top surface, hence it is not surprising to notice a lower signal also in XANES. To compensate for this difference of the signal/noise ratio, more spectra on CU 2 were collected.

Fig. II- 34 .

 34 Fig. II-34. Raw XANES spectra on samples CU-750 and CU 2 -800

Fig

  Fig. II-35 (a-b) HERFD-XANES spectra at Cs L 3 edge of samples CU-750 and CU 2 -800

Figs. II- 36

 36 Figs. II-36 (a-f) present the SEM-EDX analyses of the two samples. The apparent microstructure of the fracture surfaces is considerably different. Sample CM-950 in Fig.II-36-a displays the presence of some uniform layers, recalling some of the microstructures observed for the previous CU/CU 2 compositions. On the other hand the microstructure of CM-750 is more complex, but the secondary phase is uniformly distributed in the whole fracture surface.The SEM-EDX analyses on CM-950, in Fig.II-36-a-b, show that the Cs/U ratio varies between 1/10 and 9 and that Mo is found only in small amount at the top edge of the pellet. Knowing that the fracture surface is not representative of the real bulk composition, there is no surprise in finding so scattered and sometimes senseless (Cs/U=9) values. It is interesting to underline the difference between the two microstructures of in Fig.II-36-c. The UO 2 matrix is constituted by small grains, while the second phase, made of platelets, seems to be laying onto the matrix.The sintering temperature of 950°C is very close to the melting point (956°C) of Cs 2 MoO 4 reported by Konings and Cordfunke[69]. Hence the partial formation of a liquid phase could explain both the morphology and the absence of molybdenum from the second phase.

Fig. II- 36

 36 Fig. II-36 (a-f). SEM-EDX analyses of UO 2 + Cs 2 MoO 4 . Sample CM-950 (a-c), sample CM-750 (d-f) The fracture surface of sample CM-750 (Figs. II-36 d-f) shows the presence of large squared grains spread on the whole surface. The SEM image of Fig. II-17 on the raw powder showed the large dimensions of the grains, but not this typical squared shape. This might be related to the phase change from orthorhombic α-Cs 2 MoO 4 to hexagonal β-Cs 2 MoO 4 . This polymorphic transition is occurring at 568°C [69][70] and is important for the fast neutrons reactors, especially in the JOG (Joint Oxyde-Gaine), i.e. the oxide layer formed between the pellets periphery and the cladding. The important volume increase (+ 1.3 vol%) of Cs 2 MoO 4 and the anisotropy of thermal expansion could generate cracks and detachment from the UO 2 matrix, critical in both normal and off-normal reactors operation [34]. However, in the present case, this change of phase could have occurred during sintering without large effects, since at 568°C the samples was not yet dense (cf. Fig. II-22).

  Fig. II-36-f the Mo/Cs ratio is 1/2, corresponding to Cs 2 MoO 4 .

  Fig. II-37 reports the diffraction pattern where the main peaks are identified as UO 2+x and U 4 O 9 . The secondary peaks correspond to α-Cs 2 U 4 O 12 pattern. Even though similar, Cs 2 MoO 4 pattern presents the second highest peak for the (211) reflection at 2θ≈26.1°, that is missing in the experimental pattern. This difference and the better match with the rest of the pattern lead to the conclusion that α-Cs 2 U 4 O 12 gives the best match. The phase quantification is reported at the top right of Fig. II-37. From Rietveld refinement the phases are: 51 wt% of UO 2+x (a = 5.468 Å), 40 wt% of U 4 O 9 (a = 5.446 Å), and 9 wt% of α-Cs 2 U 4 O 12 .

Fig. II- 37 .

 37 Fig. II-37. XRD analysis of CM-750 sampleFrom SEM-EDX the presence of Mo and the existence of Cs 2 MoO 4 were confirmed, but in lower content compared with the Cs uranate phase. The XRD result is not in contrast and provides an additional information. The high Cs/U ratio of 4, noticed in SEM-EDX, is not representative because too high and the real composition

Fig. II- 38

 38 Fig. II-38. HERFD-XANES spectrum at Cs L 3 -edge of sample CM-750, compared with the references

Fig. II- 39

 39 Fig. II-39 (a-c). XANES at Mo K edge of sample CM-750. Overview in a), HERFD mode in b), standard mode in c)

II- 5 . 4 UO 2 +

 542 Figs. II-40 (a-c) and II-40 (d-f) display the samples doped with 5 wt%, B(1)1150 and B(3)800, respectively. Differently from the other previous cases, Fig. II-40-a shows the top (or base) surface of the sample, but Fig. II-40-b presents the usual fracture surface.As it can be noticed the FP distribution is homogeneous on both the types of surfaces. In addition, from the high magnification images on the right, it seems that the precipitates are really embedded into the UO 2 matrix.

Fig. II- 40

 40 Fig. II-40 (a-f). SEM-EDX analyses of UO 2 + BaMoO 4 . Sample B(1)1150 (a-c) and sample B(3)800 (d-f)

Fig. II- 41 .

 41 Fig. II-41. XRD analysis on sample B(3)800

Fig. II- 42

 42 Fig. II-42 (a-c). XANES at Mo K edge of sample B(3)800. Overview in a), HERFD mode in b), standard mode in c)

Fig. II- 44 .

 44 Fig. II-44. XRD analysis of M(3)750 sample

Fig. II- 45

 45 Fig. II-45 (a-c). XANES at Mo K edge of sample M(3)750. Overview in a), HERFD mode in b), standard mode in c)

Fig

  Fig. II-46. SEM-EDX analyses of UO 2 + Cs 2 U 2 O 7 + MoO 2. Sample CU 2 M-660

  Figs. II-48 a-b show the results at Cs L 3 -edge, where the sample CU 2 M-660 is compared with the Cs 2 U 2 O 7 and Cs 2 MoO 4 references and sample CU 2 -800. The spectrum of CM-750 is not reported because very close to the Cs 2 MoO 4 reference. As already noticed for the other Cs spectra, the curves shape after the white line does not show any relevant differences, whereas the white line intensity is the key factor.Since the intensity of CU 2 M-660 white line is comparable with the one of sample CU 2 -800, the Cs local environment results to be Cs 2 U 2 O 7 and not Cs 2 MoO 4 . This result is in agreement with both extended and localized EDX analyses that show the Cs/Mo is below 1. As consequence no specific features of the Cs 2 MoO 4 spectrum can be expected, except if only small localized points are in the Cs 2 MoO 4 phase, which were unrecognizable in EDX. With the uncertainties of SEM-EDX and XANES at Cs L 3 -edge, it is not possible to really conclude on the Cs speciation. That is why the analyses at Mo K-edge become fundamental to make this point more clear.

Fig. II- 48

 48 Fig. II-48 (a-b). HERFD-XANES of the sample UO 2 + Cs 2 U 2 O 7 + MoO 2

  3 reference was included, but the algorithm in Larch program gave a better fit with the combination of only MoO 2 and Cs 2 MoO 4 . The results are shown in Figs. II-50 a-b.

Fig II- 50

 50 Fig II-50 (a-b). LC fitting of sample CU 2 M-660, HERFD mode in a), standard mode in b)

  (a-c) report the general overview (a), the magnification of the bottom edge (b), and one area of the bulk (c), respectively.In the first overview image the microstructure appears to be quite porous, presenting large cavities, for instance visible in Fig. II-50-b. In addition the fracture surface in Fig. II-50-a shows that the central zone is more dense compared with the top and bottom parts. This is the same type of microstructure already observed in Fig. II-30 for sample CU 2 -800. In Fig. II-50-c the higher magnification displays the presence of the secondary phase dispersed inside the small porosity. EDX analyses were carried on both Figs. II-50-b-c and the details are given in Table II-22. The measure on the area of the red rectangle displays the presence of Ba and Cs, but not Mo. In the lower part, marked by the blue rectangle, the microstructure appears less porous than the rest of the area. This feature is also observed in the following Fig. II-52. The small precipitates marked by the red crosses in Fig. II-50-c contain mainly U, Ba, and in part Cs, but not relevant amounts of Mo. The composition of the two yellow crosses is directly given in figure because different from the other precipitates.

Fig. II- 50

 50 Fig. II-50 (a-c). SEM-EDX analysis on UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (CU 2 B). Overview (a); bottom edge (b); detail of the bulk (c) Table II-22. Details of EDX analyses on Figs. II-50-b-c

  Figure & PositionSpectra Ba (wt%)

  Fig. II-26, suggests the BaMoO 4 reaction with Cs uranate. Further analyses are needed to confirm this hypothesis.

139 III- 1

 1391 OBJECTIVE ................................................................................................................................................. THERMAL TREATMENTS ...................................................................................................................... 139 III-1.1 KEMS ................................................................................................................................................ III-1.1.1 Working principle ..................................................................................................................... III-1.1.2 Experimental procedure ........................................................................................................... III-1.1.3 Results ...................................................................................................................................... III-1.1.4 Comparison with literature ...................................................................................................... III-1.1.5 Conclusion ................................................................................................................................ III-1.2 TGA .................................................................................................................................................. III-1.2.1 Description of the setup ........................................................................................................... III-1.2.2 Principle of pO 2 control ............................................................................................................ III-1.2.3 Experimental procedure ........................................................................................................... III-1.2.4 Selection of experimental conditions....................................................................................... III-1.2.5 Results ...................................................................................................................................... III-1.2.6 Conclusion ................................................................................................................................ III-2 RESULTS: CHARACTERIZATION POST THERMAL TREATMENTS .............................................................. 162 III-2.1. CU and CU 2 samples (UO 2 + Cs 2 UO 4 /Cs 2 U 2 O 7 ) ................................................................................ 2.1.1 SEM-EDX ....................................................................................................................................... 2.1.2 XRD ............................................................................................................................................... III-2.1.3 HERFD-XANES ........................................................................................................................... III-2.1.3 Conclusion on thermal treatments on UO 2 + Cs 2 UO 4 /Cs 2 U 2 O 7 ................................................ III-2.2 CM samples (UO 2 + Cs 2 MoO 4 ) ......................................................................................................... III-2.2.1 SEM-EDX and XRD .................................................................................................................... III-2.2.2 HERFD-XANES ........................................................................................................................... III-2.2.3 Conclusion on characterization on UO 2 + Cs 2 MoO 4 ................................................................. III-2.3 UO 2 + Cs 2 U 2 O 7 + MoO 2 (CU 2 M) ........................................................................................................ III-2.3.1 SEM-EDX and XRD .................................................................................................................... III-2.3.2 HERFD-XANES ........................................................................................................................... III-2.3.3 XANES comparison at T 2 ........................................................................................................... III-2.3.4 Conclusion on thermal treatments on UO 2 + Cs 2 U 2 O 7 + MoO 2 ................................................ III-2.4 UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (CU 2 B) ..................................................................................................... III-2.4.1 SEM-EDX and XRD .................................................................................................................... III-2.4.2 HERFD-XANES ........................................................................................................................... III-3 CONCLUSION ...................................................................................................................................... 196 III-4 REFERENCES ....................................................................................................................................... 198

Figures III- 1

 1 Figures III-1 and III-2 present the KEMS results for the four analysed samples. In Fig. III-1-a the Cs + signal is given because its intensity is several order of magnitudes higher than the other ions. In addition also the Ag + calibrant is shown. The good overlap of Ag+ signals among the different experiments indicates a well reproducible temperature ramp. Fig. III-1-b displays the same result, but in logarithmic scale, where minor Cs signals are appreciable, like CsO + , Cs 2 O + , Cs 2 + . In addition also the uranium dioxide ion is reported.

  Indeed, by comparing the polished surfaces of samples CU and CU 2 (Figs. II-30 and 31), no important differences in the microstructure are found. On the other hand, sample CM displays a very different microstructure (Fig. II-36-d), but has a similar release behaviour as CU 2 .

Fig

  Fig. III-1 (a-b).KEMS analyses. Cs + and Ag + ions (a). Additional minor Cs ions and UO 2 + , in logarithmic scale (b)

Fig. III- 2 .

 2 Fig. III-2. KEMS analyses: analysis of Cs/Mo ions for CM and CU 2 M

Fig. III- 3 .

 3 Fig. III-3. Circuit of Gen'Air and Jok'Air oxygen probes. Operation in only Ar/5%H 2 (a), and with additional Ar (b)

Fig. III- 4 .

 4 Fig. III-4. Subtraction of blank curve to obtain the corrected mass loss III-1.2.4 Selection of experimental conditions

Fig. III- 5 .

 5 Fig. III-5. Predominance diagram of Cs -U -O system (samples CU and CU 2 )

Figs. III- 6 - 7

 67 Figs. III-6-7 show the TGA results (temperature, mass loss, Gen'Air and Jok'Air signals) as function of time for samples CU-T 0 -O and CU-T 0 -R , and for CU-T 1 , CU-T 2 and CU 2 -T 2 , respectively. Fig. III-8 reports the mass loss for all the samples, as function of temperature (value of TGA curve).

Fig. III- 6 .

 6 Fig. III-6. TGA of CU-T 0 -O and CU-T 0 -R samples as function of time

  CU 2 microstructure observed on polished surface results different than the one of CU. From the SEM-EDX Fig. II-30 it can be seen that Cs is present with two different concentrations in CU 2 , which could explain the two steps of release. The first release occurs from the precipitates already partially decomposed, as form of Cs 2 O, and the second release is associated to the central zone richer in Cs.

Fig. III- 7 .

 7 Fig. III-7. TGA of CU-T 1 , CU-T 2 and CU 2 -T 2 samples as function of time

Fig. III- 9 .

 9 Fig. III-9. Predominance diagram of Cs -Mo -U -O system (samples CM)

Fig. III- 10 .

 10 Fig. III-10. TGA of CM samples as function of time

Fig. III- 12 .

 12 Fig. III-12. Predominance diagram of Cs -Mo -U -O system (samples CU 2 M)

CU 2 M

 2 -T 1 -O The pO 2 peak at ≈ 650°C has just been mentioned above and, apart from that, no other peculiar features are present in the Jok'Air of CU 2 M-T 1 -O. Along the dwell the signal is constant and the average pO 2 corresponds to ΔG O2 = -373 kJ/mol. The mass loss curve is not shown because considered not valid. The value obtained in the external balance indicates a mass loss of 2.30 wt%. This value is close to the typical one obtained for the other samples at 900°C. CU 2 M-T 1 -R During the thermal dwell the pO 2 recorded in Jok'Air is constant and in agreement with the Gen'Air input. As consequence, the calculated ΔG O2 of -442 kJ/mol results close to the set value. However, Jok'Air reaches the equilibrium with Gen'Air after a large bump between 500°C and 900°C. In this range there is an excess of O 2 at the output of the circuit. The red arrow in Fig.III-13 points the maximum of the peak, corresponding to the maximum production of O 2 . A net mass loss is associated with the latter because the decomposition of Cs uranate (Cs 2 U 2 O 7 ) release both caesium and oxygen. The decomposition onset is at ≈680°C (Fig..

Fig. III- 13 .

 13 Fig. III-13. TGA of CU 2 M samples as function of time

Fig. III- 15 .

 15 Fig. III-15. Predominance diagram of Cs -Mo -Ba -U -O system (sample CU 2 B-T 1 )

Fig. III- 16

 16 reports the mass loss curves at 900 °C and 1200 °C for a direct comparison of all the compositions.

  Figs. III-17 (a-b) report the resin block in light green, containing the polished sample, in black. Fig. III-17-c shows the sample holder used for XANES (in this case the block-sample is wrapped into a 8 μm Kapton foil).

Fig. III- 18

 18 Fig. III-18 (a-d). Sample CU before (a-b). After thermal treatment in TGA, CU-T 0 -O (c-d) Figs. III-19 (a-c) display the polished surfaces of the sample CU-T 0 -O,. The global view in Fig. III-19-a suggests an homogeneous distribution of the precipitates, which are marked for instance with the small yellow crosses in Fig. III-19-b. In addition, the shape of the Cs precipitates can be deduced by the complementary top view of Fig. 19-c. The precipitate dimensions are roughly estimated between 4-5 to 7-8 μm.

Fig

  Fig. III-19 (a-c). Sample CU-T 0 -O. Global overview of the fracture surface (a), a detailed vertical zoom (b), and the base (or top) pellet surface (c).

Figs. III- 20

 20 Figs. III-20 (a-f) compare the final microstructure of three samples annealed at different conditions (Figs. a-b for T 0 -O, c-d for T 1 , and e-f for T 2 ). The precipitates distribution is very similar, independently on the annealing temperature. This demonstrates a good homogeneity among the different fragments, all part of the same initial pellet. The microstructures of CU-T 0 -R and CU 2 -T 2 are not shown because similar to the ones of Figs. III-21-a and III-21-e, respectively, but they are included later in the quantitative analyses.However, a closer look to the fracture surfaces of Figs.20 b-d-fdenotes an important difference between T 0 and the other two temperatures. Indeed for T 1 and T 2 the precipitates result to be porous. A similar microstructure was already met in Chapter II for sample CU 2 , which showed in Figs.IV 28 (a-f) that the original precipitate microstructure can preserved, but Cs can be released. Fig.21presents the typical precipitate microstructure after annealing at T 1 or T 2 , characterized by high porosity and dendrites. Inside the shape only UO 2 is left, but it has a different microstructure because of the different origin, i.e. the decomposition of Cs 2 U x O y . For this reason the precipitate "footprint" results visible.

Fig. III- 20

 20 Fig. III-20. (BSE). Sample CU-T 0 -O (a-b), CU-T 1 (c-d), and CU-T 2 (e-f)

Fig. III- 23

 23 Fig. III-23. (a-b). HERFD-XANES CU at Cs L 2 edge. Overview (a). Focus (b)

  Figs. III-26 (a-d) show the SEM and X-ray map analyses on the fracture surface of approximately 5000 μm 2 . As it can be noticed in Fig. III-26-a, the microstructure is heterogeneous with different types of secondary phases, suggesting decomposition or reaction processes. From the mapping of Figs. III-26 b-d, the superimposition of Cs and Mo signals corresponds to the more rounded microstructures, for instance shown inside the green rectangle. The U signal is absent in these regions. The other secondary phase in grey and marked by the orange circle displays a more fragmented microstructure, likes needles or platelets, and does not contain Cs.

Fig

  Fig. III-26. SEM-EDX mapping of sample CM-T 0 before polishing: effect of thermal treatment on the fracture surface

Figs. III- 27

 27 Figs. III-27 (a-c) show the CM-T 0 sample after polishing. The white horizontal stripes corresponding to the black spots are due to electric charging and so are an experimental artefact. The yellow zone is zoomed in Fig. III-27-b, showing the whole sample thickness. In the central part a higher density of small grey stripes (=precipitates) is present. They are represented with a higher magnification in Fig. III-27-c and marked with green crosses. As it can be noticed the precipitates are often sitting in correspondence of pores.

Fig.

  Fig. III-27 (a-c). ). SEM micrographs of polished CM-T 0 sample

Fig. III- 28

 28 Fig. III-28. (a-d). SEM-and X-ray map of polished CM-T 0

  Fig. III-29, besides the fluorite positions, which actually are split into two phases of UO 2 and U 4 O 9 , some small secondary peaks can be noticed. All the unresolved peaks, probably belonging to the Cs molybdate phase, are pointed by the black arrows in the top-right inset. The most important ones are at 2θ≈26.5° and 27.5°. However, the low number and the low intensity of secondary peaks, compared with the high number of peaks of typical Cs molybdate patterns, did not allow any clear phase identification. Also other compounds as Cs uranates or Mo oxides could not be identified. The identification software from ICSD database proposed Cs 2 Mo 5 O 16 and Cs 2 Mo 7 O 22 as possible matches (Appendix 3.3), but not enough elements were available to confirm that. Additional peaks at higher angles can be noticed. These are identified as possible impurities (Fe 2 O 3 ) or remain unresolved. Hence the Rietveld refinement was run without the presence of any secondary phase. The weight ratio found between the two urania phases is UO 2+x / U 4 O 9 ≈6. The respective lattice parameters are a = 5.464 Å (i.e. O/U≈2.05) and a = 5.441 Å, respectively.

Fig. III- 29 .

 29 Fig. III-29. XRD analysis on CM-T 0

  Figs. III-31 (a-b) and Figs. III-32 (a-d) show the results on the fracture surface directly after annealing at 1200 °C, while Figs. III-33 (a-b) report the polished surface micrography. By comparing Fig. III-31 (a-b) with Fig. III-26-a, at T 0 , the effect of temperature can be clearly noticed. At 1200°C the microstructure becomes extremely heterogeneous. From Fig. 31-a the UO 2 substrate can be barely seen at the right side of the image, below the small dark dots. Fig. III-31-b displays a region similar to the green rectangle in Fig. III-31-a. Four types of microstructures can be noticed. The dark polyhedrons circled in red are identified by local EDX analyses (not shown) as metallic Mo with the a net geometrical shape. The blue circle indicates the UO 2 substrate, the yellow circle identifies probable Cs oxide, as shown in X-ray maps of Figs. III-32 (a-d). However, no localized analyses were performed to determine the exact Cs/O ratio. The fourth type of microstructure is the porous layer onto the surface in Figs. III-31-32. The X-ray map cannot differentiate it from UO 2 , possibly because of the too high porosity.

Fig. III- 31

 31 Fig. III-31. (a-b). SEM micrographs of sample CM-T 2

Fig. III- 33

 33 Fig. III-33. (a-b). SEM micrographs of polished CM-T 2 . Fracture surface (FS) in a) and base surface (B) in b) In Figs. III-34 (a-d) a more detailed analysis is carried out. The dark precipitates marked by orange crosses in Fig. III-34-a are identified as pollution of steel from polishing and cutting steps. Probably the steel particles were accumulated into the pores and sometimes fixed together with Mo. The four points analysed in Fig. III-34-b support this hypothesis. Another type of large precipitates can be seen in Figs. III-34 c-d (white crosses), where a high caesium and oxygen concentrations are present, together with many pollutants too. The

Fig. III- 34

 34 Fig. III-34. (a-d). SEM-EDX analyses on sample CM-T 2. Fracture surface (a-c) and base surface (d)

  linear scans on the CM samples displayed an inhomogeneous Cs signal, similar to what observed in Fig. III-24 for sample CU-T 2 . For this reason, if possible, more than one position was analysed within the same sample. A clear example of the different Cs concentration is given in Fig. III-35 on sample CM-T 1 .The red curve refers to the fluorescence given by uranium, while the black one is the Cs signal related to the CAS. By adjusting the horizontal scan for the sample orientation at 45° and aligning it with the SEM image, the two peaks on the left can be well aligned to the two circles in the micrograph, which delimit two zones rich of large "needles" precipitates (cf. Fig.III-30-a). The vertical scan in correspondence of the second circle shows accordingly a higher Cs peak corresponding to the lower edge.

Fig. III- 35 .

 35 Fig. III-35. Spatial scan of the CM-T 1. In red the fluorescence (uranium) signal and in black the caesium one

Fig. III- 36

 36 Fig. III-36. (a-b). Comparison of CM-T 0 -P 1 and CM-T 0 -P 2 . The two different positions have slightly different spectra

Fig. III- 37

 37 Fig. III-37. (a-b). (a-b). Comparison among three different positions of CM-T 1 . For P3 the spectrum is significantly different

Fig. III- 38

 38 Fig. III-38. (a-b). Comparison of CM-T 2 spectra for different positions. Pos1 on fracture surface displays a different spectrum

III- 2 . 3 UO 2 +

 232 Cs 2 U 2 O 7 + MoO 2 (CU 2 M) III-2.3.1 SEM-EDX and XRD The four fracture surfaces of the samples with the mixture of 2wt% Cs 2 U 2 O 7 and 2 wt% MoO 2 (CU 2 M) are shown in Figs. III-39 a-d. The macroscopic structure results quite similar for all the treatments. The visible dark dots are identified as pores with MoO 2 at the edges. Concerning the dark halo on the top of CU 2 M-T 1 -O (Fig. III-39-c), this is due to the residual ethanol on the surface. The same applies for the left edge of CU 2 M-T 2 (Fig. III-39-d). For the latter, at the bottom-right corner, the surface was not polished.

Fig

  Fig. III-39. (a-b) SEM micrographs of CU 2 M-T 0 (a), CU 2 M-T 1 -R (b), CU 2 M-T 1 -O (c), and CU 2 M-T 2 (d)

Fig

  Fig. III-40. (a-d). SEM-EDX analyses of CU 2 M-T 0

Fig. III- 45

 45 Fig. III-45 (a-b). XRD analysis of CU 2 M-T 1 -O sample

Fig

  Fig. III-46. (a-b). SEM micrograph and Mo X-ray map of CU 2 M-T 2

  3.2 HERFD-XANESWith the X-ray linear scan, Cs signal resulted inhomogeneous for the two samples at 900 °C, where Cs is detected mostly at the edges. An example is given in Fig.III-47, showing the vertical scan of sample CU 2 M-T 1 -R. The black curve represents the Cs signal from CAS, obtained by the beam energy set just above Cs L 2 edge, whereas the red profile corresponds to the fluorescence signal, caused by U from the UO 2 matrix. As consequence, more than one position was analysed within each of the two samples at T 1 .

Fig. III- 47 .

 47 Fig. III-47. XAS linear scan of CU 2 M-T 1 -R Figs. III-48 (a-b) show the XANES curves of all the CU 2 M samples. No great differences can be noticed among the spectra, except for CU 2 M-T 2 , displaying an evident higher white line intensity and different shape of the oscillations after the edge (bump around 5365 in Fig. III-48-b). The results on sample CU 2 M-T 0 are in disagreement with the ones obtained by SEM/EDX and XRD: instead of the large precipitates containing Cs and Mo, the linear scan of Cs signal and HERFD-XANES analysis displays an homogeneous distribution of Cs and a good match the Cs 2 U 2 O 7 reference (LC fitting in Appendix A.4.3). These results could indicate that the Cs uranate environment is a "diffused" state of Cs and the majority, whereas Cs molybdate is localized as visible precipitates in SEM/EDX. Two positions were selected for CU 2 M-T 1 -O and CU 2 M-T 1 -R, but no important differences are noticed between them, so only Pos1 is shown in Fig. III-48-b. The LC fitting cannot determine any Cs 2 MoO 4 contribution, except for position 1 of CU 2 M-T 1 -O, but the fraction is very low (5.5 %).For CU 2 M-T 2 the white line intensity is clearly higher and the oscillations at higher energies are neither matching Cs 2 MoO 4 nor Cs 2 U 2 O 7 .

Fig. III- 49 Fig. 1 (

 491 Fig. III-49Fig.1 (a-c). Comparison of HERFD-XANES at Cs L2-edge of all samples at T 2 (1200 °C)

- 2 . 4 UO 2 +

 242 Cs 2 U 2 O 7 + BaMoO 4 (CU 2 B) III-2.4.1 SEM-EDX and XRD Only one annealing temperature was employed for CU 2 B, that is 900 °C (T 1 ). This choice is due to the initial sintering temperature at 880°C, making the thermal treatment at T 0 not interesting because of the lower temperature. Figs. III-50 a-c show the SEM-EDX of the polished sample. In the first picture the global overview presents an usual appearance, not very different from the sample before annealing, seen in Chapter II (Fig. II-50-a). Hence the thermal treatment seems to have a low effect, as already supposed from TGA analysis. Figs. III-50-b-c display the precipitates laying both in the pores or into the cracks. The inset of Fig. III-50-b presents the X-ray maps confirming the reaction between Ba and Cs. The same type of precipitate was observed in the previous chapter (Figs. II-51-a-c). Table III-21 reports the EDX analyses carried out onto the precipitates, for instance marked by the yellow crosses in Figs. III-50-b-c. The results are similar to the ones of Chapter II. The BaMoO 4 partial decomposition is observed. Since the U/Ba atomic ratio is a bit higher than 1 (1.27) and that the O/U and O/Ba ratios are 4 and 5, respectively, the formation of BaUO 3 can be supposed. The Cs/Ba ratio results 1/6 and the low amount could indicate a mixed uranate like (Ba, Cs 2 )UO 4 .

Figs. III- 50

 50 Figs. III-50 (a-c). Overview and SEM-EDX mapping of sample CU 2 B

  The X-ray map in Fig. III-51 shows the pellet edge, where Mo assumes the metallic form, as already noticed for other samples. The distribution of Ba, Mo, and Cs is similar to what observed in the previous chapter (cf. Fig. II-52). Barium is concentrated into a defined band between the edge and the middle of the pellet, whereas the Cs is more homogeneously distributed, although with a lower concentration.Table III-22 reports the global concentrations of the white selected area.

Fig. III- 51 .

 51 Fig. III-51. SEM and X-ray map on the edge of CU 2 B sample

Fig. III- 52 .Fig

 52 Fig. III-52. SEM and X-ray map on the bulk of CU 2 B-T 1 sample

Fig. III- 53 .

 53 Fig. III-53. XRD analysis of sample CU 2 BT 1

Fig. A. 1

 1 Fig. A.1 presents the photos of the SPS device (FCT GmbH Systeme), the graphite assembly (pistons, matrix, felt), and the glovebox.

Fig. A- 1

 1 Fig. A-1. a) SPS chamber b) pistons, matrix and felt made of graphite, c) assembly mounted on the punches, d) glovebox

Fig. A- 2 .

 2 Fig. A-2. Correction of the thermal expansion

Fig. A- 5 .

 5 Fig. A-5. HERFD-XANES setup of MARS beamline

Fig. A- 10 .

 10 Fig. A-10. XRD CU-T 0 : patterns proposed (except UO 2 /U 4 O 9 ) for the secondary peaks

Figs. A- 19

 19 Figs. A-19 display the comparison among the three experimental references for each beamline case. As already mentioned above, for FAME-UHD the resolution is much higher than the other two experiments, so even smaller differences are visible after the white line. A common feature among the three sets of experiments is that the Cs 2 MoO 4 white line results always lower than in the two Cs uranates. This is less visible with the decrease of resolution (FAME-UHD, MARS, INE). In addition, it appears that Cs 2 U 2 O 7 white line results slightly higher than in Cs 2 UO 4 .

Fig. A- 19 .

 19 Fig. A-19. Comparison of XAS experimental spectra of Cs 2 UO 4 , Cs 2 U 2 O 7 and Cs 2 MoO 4 at Cs L2-edge (FAME-UHD) a), and L3-edge (MARS, INE) b, c)

  Figure A-20 presents the structure of different compounds.

Fig. A- 21 .

 21 Fig. A-21. CM-T0-Pos1

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I -

 I 1. The six transport paths

	Mechanism Transport Path	Source of Matter	Sink of Matter
	1	Surface diffusion	Surface	Neck
	2	Lattice diffusion from surface	Surface	Neck
	3	Vapour transport	Surface	Neck
	4	Grain boundary diffusion	Grain boundary	Neck
	5	Lattice diffusion from grain boundary	Grain boundary	Neck
	6	Plastic flow	Dislocations	Neck

Table I -

 I 

2. Hot pressing equations obtained by modification of creep equations. Extracted from

[33] 

Table I -

 I 

3. Hot pressing and SPS densification mechanisms. Adapted from Table

8
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[33] 

  Different methods have been proposed in literature for the calculation of n, m and Q act for HP and SPS experiments. Such methods rely either on the use of an explicit form of the stress intensification factor 𝜑 (Type 1)[55] [56] [57][58] [59][60], or on the separation of all variables that depend on density from the ones that depend on

temperature (Type 2)

[52] 

[61]

[62] 

[63]

. Type 1 methods have the disadvantage to require the choice of an explicit and possibly arbitrary form for the stress intensification factor as seen in Eq. I-26 and Eq. I-27 (and effective shear stress, μ eff , presented later) which can introduce significant uncertainties

[64] 

[65]

. Antou et al.

[START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF] 

have solved the issue of the estimation of 𝜑 by selecting data at fixed densities, keeping the design of the experiments at isothermal and isobar conditions. This type of approach was already proposed for classical sintering, to determine Q act , by Wang and Raj, but for experiments with different heating rates

[52]

. Type 2 methods appear more robust since:

(i) do not require any stringent hypothesis on the form of 𝜑; (ii) the sintering mechanism is not changing with the density within the experimental limits;

Table I -

 I 4. Protocol steps of powder preparation with resulting crystallite size determined by XRD

	Treatment	Temperature /	Atmosphere	O/U	Crystallite	Mass
		time			size	change
	Hydrothermal (full batch)	220 °C/ 4h H 2 O and CO 2	≈2.05	16(±4) nm 27g → 14 g
	1 st calcination (full batch)	550 °C/ 5 h	Ar + 4% H 2	≈2.01	17(±6) nm 9.6 g (dried)
						No mass
	2 nd calcination (2 g at the time)	600°C/ 2h	Ar + 4% H 2	≈2.04	17(±6) nm	change
	Oxalate precipitation					
	A 0.5 mol/L aqueous solution of U(IV)-oxalate was obtained by electrochemical reduction of a U(VI) solution
	(UO 2 (NO 3 ) 2 •6H 2 O) in nitric acid in the presence of an equimolar solution of hydrazinium hydroxide (N 2 H 4 •H 2 O).

Table I -6. Density measurements for Cogema samples Sample ID Heating Rate (°C/min) Temperature (°C) / time (min) Pressure (MPa) Geometrical density (% TD) Archimedes' density (% TD) H25 25

 I 

			1600 /2	50	97.5 (±0.5)	97.0(±0.6)
	H50	50	1600 /2	50	95.4(±0.3)	98.3(±0.4)
	H100	100	1600 /2	50	96.4(±0.3)	98.1(±0.5)
	H200	200	1600 /2	50	97.7(±0.2)	97.2(±0.7)
	P21	100	1600 /2	21	89.2(±0.8)	92.3(±0.9)
	P35	100	1600 /2	35	96.1(±0.5)	95.4(±0.7)
	P50	100	1600 /2	50	96.4(±0.3)	98.1(±0.5)
	P64	100	1600 /2	64	96.4(±0.4)	98.4(±0.4)
	P78	100	1600 /2	78	96.5(±0.4)	97.7(±0.4)
	Q673	25	673 / 0	50	83(±0.5)	-
	Q973	200	973 / 0	50	78(±0.5)	-

Table I -

 I 8. Density measurements for Nano-UO 2 samples sintered at different heating rates and pressures

Sample ID Heating Rate (°C/min) Temperature (°C) /time (min) Pressure (MPa) Density by micrometer (% TD) Density by SEM (% TD) H25-N 25

  

			1600 / 2	50	-	-
	H50-N	50	1600 / 2	50	-	-
	H100-N	100	1600 / 2	50	97.6(±0.2)	98.4(±0.5)
	H200-N	200	1600 / 2	50	94.3	-
	P21-N	100	1600 / 2	21	96.5(±1.0)	96.8(±0.9)
	P35-N	100	1600 / 2	35	96.0(±0.5)	-
	P50-N	100	1600 / 2	50	-	-
	P64-N	100	1600 / 2	64	96.5(±1.8)	-
	P78-N	100	1600 / 2	78	99	99(±0.5)
	Q775-N	25	775 / 0	50	76.5(±0.4)	76.9(±0.6)
	Q960-N	200	960 / 0	50	78.	

Table I -10. Density measurements for experiments in isothermal conditions Sample ID Heating Rate (°C/min) Temperature (°C) /time (min) Pressure (MPa) Density by SEM (% TD) I960(15)-N

 I 

		200	960 / 15	50	97.0(±2.5)
	I920-N	200	920 / 60	50	97.4(±1.5)
	I880-N	200	880 / 60	50	97.2(±1.5)
	I800-N	200	800 / 60	50	97.1(±1.6)
	Q800-N	200	800 / 0	50	49.7(±0.6)
	I740-N	200	740 /60	50	96.8(±1.0)
	I680-N	200	680 / 60	50	96.2(±2.3)
	I620-N	200	620 / 60	50	66.1(±1.5)
	I560-N	200	560 / 60	50	54.1(±0.

Table I -11. Data points used to construct the sintering path SAMPLE ID Density (% TD) Grain Size (nm) Q800

 I 

		49.7(±0.6)	17(±5)
	I560	54.1(±0.5)	22(±6)
	I620	66.1(±1.5)	35(±8)
	Q775	76.9(±0.6)	42(±8)
	I680	96.2(±2.3)	305(±80)
	I740	96.8(±1.0)	710(±240)
	I800	97.1(±1.6)	944(±400)
	I960(15)	97.0(±2.5)	974(±250)
	I920	97.4(±1.5)	1080(±300)
	P78	99.0(±0.5)	1402(±450)
	I880	97.2(±1.5)	1424(±480)
	P21	96.8(±0.9)	1575(±370)

Table I -

 I 12. The average of the five values is given as final result. Therefore, Q act is 96(±3) kJ/mol and the average value of n results 1.4 (±0.2). The calculations were repeated with the Archimedes' density values of Table I-6, leading to a Q act = 98(±7) kJ/mol and n =1.3 (±0.2). Hence, no substantial difference was evidenced between the two sets of results. In the text only the result of Table I-12 is further discussed.
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 I 12. Q act and n at different densities and their average value(Cogema) 

	ρ (% TD )	50	55	60	65	70	75	Average
	Q act (kJ/mol)	92.7	92.6	94.4	94.7	97.6	101.0	96(±3)
	n	1.3	1.3	1.4	1.4	1.5	1.6	1.4 (±0.2)
	I-3.1.3 Nano-UO 2 (CHR method)					

Table I -

 I 13. Q act and n at different densities and their average value(Nano-UO 2 )

	ρ (% TD )	50	55	60	65	70	75	80	85	Average
	Q act									
	(kJ/mol)	70.6	71.3	71.2	73.4	75.6	79.3	79.4	80.6	75.2(±4)
	n	-0.01	0.02	0.01	0.07	0.09	0.09	0.12	0.28	0

.08(±0.08)

  

	I-3.2 CALCULATION OF Q act AND n WITH MSC METHOD
	I-3.2.1 Description of the model					
	The MSC equation is derived from Eq. I-21 by separation of the temperature related terms to the others and
	by integration over time:							
	𝑘 𝐻𝐷 0 𝜎 𝑛 ∫ 𝜌 𝜌 0	𝐺 𝑚 𝜌𝜑 𝑛	𝑑𝜌 = ∫ 𝑡 0	1 𝑇	𝑒𝑥𝑝 (-	𝑄 𝑎𝑐𝑡 𝑅𝑇	) 𝑑𝑡	Eq. I-35
	∫ 𝑡 0	1 𝑇	𝑒𝑥𝑝 (-	𝑄 𝑎𝑐𝑡 𝑅𝑇	) 𝑑𝑡 ≡ 𝛩(𝑡, 𝑇)
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 I 14. Isothermal method. At the top: n calculation and the bottom: Q act calculation

	T (°C)	740	800	880	920	960	Average	
	n	°C	°C	°C	°C	°C	n		
	n in 50-65 %TD	0,54 (±0,05)	0,52 (±0,05)	0,48 (±0,05)	0,41 (±0,05)	-	0.5	
	n in 70-85 %TD	1,04 (±0,02)	1,00 (±0,02)	1,08 (±0,11)	1,14 (±0,13)	0,88 (±0,09)	1.0	
	ρ ( % TD)	50 % 55 % 60 % 65 % 70 % 75 % 80 % 85 % Average
										Q act
	Q act (kJ/mol)									(kJ/mol)
	n =0.5 (50-65 %TD )	83	75	85	95					82
	n =1 (70-85 %TD )					101	110	112	106	105
	w. n = 0	83	67	79	83	96	107	110	103
	w. n = 1	83	68	80	95	101	110	112	106

Table I -

 I Due to the possible contribution of different diffusion mechanisms the sintering activation energy is better referred to as "apparent" activation energy.The Q act reported for conventional sintering of stoichiometric UO 2 are mostly in the range of 250 -450 kJ/mol [113][START_REF] Une | Effect of oxygen potential on the initial sintering of UO2 and UO2-Gd2O3 compacts[END_REF] [115][START_REF] Lahiri | Study on sintering kinetics and activation energy of UO2 pellets using three different methods[END_REF] [117][START_REF] Horlait | Dilatometric Study of U 1-x Am x O 2±δ Sintering: Determination of Activation Energy[END_REF]. Dehaudt et al. state that just above the stoichiometry, in the range of 0.01<x<0.16, Q act is almost constant at ≈ 240 kJ/mol and increases to ≈ 300 kJ/mol at x>0.17. A further increase above x>0.25 occurs due to the formation of a fraction of U 4 O 9[113].

	Batch	O/U	Crystallite	Density	Method	CHR	MSC	Solver	Isothermal *
			size (nm)	range (% TD)	Parameter				
	Cogema	2.01	200	50 -75	Q act (kJ/mol) n	96 1.4	100 /	/ /	/ /
	Nano-UO 2	≈2.04	17	50 -85	Q act (kJ/mol) n	75 -0	75 85 ** /	73 0	82 (n = 0.5) 105 (n = 1) 0.5 (50-65 %TD) 1 (70-85 %TD)
					m	/	/	1.5	/
	Test-nano *** ≈2.25	7	50 -85	Q act (kJ/mol) n	73 0	68 /	/ /	/ /

15. Summary of the densification parameters for the different UO 2 powders and calculation methods *Isothermal method is the least reliable because of its strongest assumption **Result obtained from the test with BN layer ***These results are in doubt because the large deviation from stoichiometry is deeply reduced during sintering inside the graphite assembly. Hence, U diffusion (and so Q act ) can be highly affected I-4.2 Activation energy -Comparison with literature
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  a) Volatile FP: they include Kr and Xe, as fission gases, as well as I, Cs, Te, Cd, Rb, Ag and Sb. They are characterized by an early release from 1200°C which is almost totally completed at temperatures around 2350°C. Their release kinetics is only partially affected by the oxygen potential conditions; b) Semi-volatile FP: constituted mainly by Mo, Ba, Rh, Pd and Tc, which show a high dependence of volatility on the reducing-oxidizing conditions and have a release fraction between 50% to 100%;

	c) Low-volatile FP: including Ru, Ce, Nb, La, Y, Sr and Eu, with low but significant released fractions. On
	average the release is around 3-10%, but it can reach 20-40% under certain conditions of oxygen
	potential;
	d) Non-volatile FP: composed by Zr, Nd and Pr. Their fraction release is below 1%, even after fuel
	melting.

  who demonstrated the feasibility of CsI incorporation into UO 2 by means SPS. Based on this result, Le Gall[1] studied the Cs introduction into UO 2 matrix thanks to the lower sintering temperature of SPS. Different initial compositions were used to produce the samples in order to study the behavior of different phases containing Cs, Ba and Mo during the sintering : Cs 2 MoO 4 (0.9 -4 wt%), Cs 2 U x O y (1.2 -4 wt%), BaCO 3 (4 wt%), BaMoO 4 (4 wt%) and MoO 2 (0.34 wt%). Sintering performed at 1200°C, with a dwell time of 5 minutes, allowed to obtain dense pellets (density > 90 % TD) containing the three FP. However the distribution of the additives in the UO 2 matrix after sintering was not uniform and a large release of Cs and Mo during the sintering thermal sequence was highlighted. Despite the very short holding time at 1200°C, some interactions between the different additives and the UO

2 matrix took place during sintering. Ba is mainly found alone in the samples, probably as uranate. Mo is most of the time observed in precipitates probably as a metal. Cs can be found in association with Mo or alone which is explained by the decomposition of Cs 2 MoO 4 into Cs uranate or gaseous Cs condensed on the surface of the samples. Characterization by HERFD-XANES at Cs L 2 edge demonstrated the difficult distinction of the Cs speciation between Cs uranate and Cs molybdate.

  1.6-3.1 wt% for Cs, 1.5-3.8 wt% for Mo, and 2.3 wt% for Ba. These elements were introduced as FP compounds like Cs 2 UO 4 /Cs 2 U 2 O 7 , Cs 2 MoO 4 , MoO 2 , and BaMoO 4 .
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 II 1. Sintering tests of the liquid routeFor the sake of shortness and clarity only the last three experiments are chosen as example and are analysed more in details. Figs.II-5 (a-b) show the SPS curves for the Tests L7-L8-L9, as function of time and temperature, respectively.

	Test	Mass	Temperature	Pressure	Heating rate	Dwell	Objective
	ID	(mg)	(°C)	(MPa)	(°C/min)	time	(analyzed parameter)
						(min)	
	L1	250	1200	50	100	2	Reference
	L2	250	1100	70	100	2	Pressure
	L3	430	1000	80	100	2	Pressure
	L4	430	1000	80	50	2	Heating rate
	L5	250	1300	80	100	2	Mass/reproducibility
	L6	250	1300	50	200 to 750°C; 100 to the end	4	Heating rate
	L7	250	1100	80	as L6	1.5	Heating rate/pressure
	L8	250	1300	80	200	0	Heating rate
	L9	250	1200	80	50	2	Mass/reproducibility
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 II 2. Infiltration route: synthesis of the three powder batches

	Batch	Cs wt%	Treatment	Objective
	I1	4.4	Infiltration	Limit of the grain growth
	I2	4.4	Infiltration + reduction	-
	I3	1.8	Infiltration + reduction	Amount of Cs

Table II -

 II 3 presents the sintering tests for the infiltration route. Besides the Cs doped samples, also the pure UO 2 powder, named Nano-1, is reported as reference.

Table II -

 II 3. Sintering tests for the infiltration route powder

	Test ID Mass	Steps	Pressure	Heating rate	Temp.	Dwell	CsOH	Treatment
		(mg)		(MPa)	(°C/min)	(°C)	(min)	wt %	
	Nano-1 265	no	70	100	1100	2	0	Pure UO 2
	I1	170	100-200 °C (5 min)	70	100	1100	2	5	Infiltration
	I2	170	100° C (1 min)	70	100	1100	2	5	Infil. + reduc.
	I3	300	no	70	100	1100	0	2	Infil. + reduc.

  . Indeed Cs 2 UO 4 and Cs 2 U 2 O 7 are the two most stable forms of Cs compounds in UO 2 environment and, besides CsI, constitute the most interesting Cs species formed in the reactor fuels[49] [55][56] [57][58]. The synthesis and characterization of Cs 2 UO 4 and Cs 2 U 2 O 7 powders are presented later in details in next Section II-4.In these initial tests the starting powder was obtained by blending nanocrystalline UO 2 with 2-5wt% of Cs 2 UO 4 .

  -4 and Figs. II-11 (a-b) the different tests are presented for Nano-UO 2 doped with Cs 2 UO 4 . The experiments are named as "Test G", where "G" stays for hand "grinding". The last column of the table summarizes the objective of each test, that is the variation of one parameter between Cs content and sintering temperature, time, and pressure. As it can be noticed, Tests G1, G2, G3 are done with Nano-1 matrix, whereas Tests G4 and G5 belong to Nano-2 batch. For the latter, the pressure was applied at 100°C, instead of room temperature.
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 II 4. Sintering program for powders obtained by nano-UO 2 + Cs 2 UO 4 hand mixing

	TEST	Mass	Pressure	Temp.	Dwell	Cs 2 UO 4	Objective
		(mg)	(MPa)	(°C)	(min)	wt %	(varied parameter)
	Nano-1	265	70	1100 °C	2	0	UO 2 Reference
	G1	260	70	1100 °C	2	5	-
	G2	260	70	950 °C	2	5	↓Temperature
	G3	250	70	950 °C	2	2	↓ Cs %
	Nano-2	170	70	1000 °C	2	0	Compare new UO 2
	G4	245	70	950 °C	2	5	Compare G2
	G5	245	80	750 °C	5	5	↓Temp. ↑ Time ↑ Pres.
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 II 5. Density measurements relative to samples G1 to G5

Table II -

 II 6. Advantages and disadvantages of the three synthesis routes

	Route	Advantages	Disadvantages
	Liquid	-Homogeneous liquid mixture	-Pellet often stuck to piston
			-Highest sintering temperature Cs release
			-Inhomogeneous Cs distribution
			-Required development for other elements
	CsOH	-Easy preparation	-Very fragile pellets (no densification)
	infiltration	-Acceptable mixture homogeneity	-Inhomogeneous Cs distribution
		-Lower sintering temperature than	-Limited quantity for each nano-UO 2 batch
		liquid route	-Nano-UO 2 oxidation
	Solid hand	-Easy preparation	-Reproducibility of hand mixing
	mixing	-Flexible for other elements	-Limited quantity for each nano-UO 2 batch
		-Acceptable mixture homogeneity	-Nano-UO 2 oxidation
		-Lowest sintering temperature	
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 II 7 reports all the compounds in analysis. Nanocrystalline UO 2 and the two Cs uranates (Cs 2 UO 4 and Cs 2 U 2 O 7 ) were synthesised, whereas Cs 2 MoO 4 , MoO 2 and BaMoO 4 were purchased from commercial suppliers. For the handling of Cs 2 UO 4 , Cs 2 U 2 O 7 , and Cs 2 MoO 4 particular attention was paid due to the hygroscopic feature (when possible inside glove box).
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 II 7. Details about the starting powdersThe nanocrystalline UO 2 was synthesised by hydrothermal decomposition, as reported in Chapter I-2.3.2. The only difference is that, after the initial hydrothermal treatment at 220 °C to convert the oxalate into oxide, no other thermal conditions were applied to stabilize the stoichiometry. As consequence, stoichiometry variation was not controlled because incompatible with the large number of samples in the densification schedule. Different methods for Cs uranates preparation are reported in literature, but due to the direct availability of Cs 2 CO 3 the one proposed by Takano et al. was adopted[60]. UO 2+x (x ≈0.16) Cogema powder was ground with Cs 2 CO 3 (MERCK) in stoichiometric amounts in an agate mortar for at least 10 minutes. Two mixtures were prepared to obtain 500 mg respectively for Cs 2 UO 4 and for Cs 2 U 2 O 7 , according to: Then the powders were placed into alumina containers and the calcination furnace (quartz tube) was made to run under air. The reaction occurred at 650 °C for 30 hours (heating and cooling rate 200 °C/h). The resulting products were intense orange and light orange for Cs 2 UO 4 and Cs 2 U 2 O 7 , respectively. Once prepared they were moved to the SPS glove box, under Ar, to avoid any contact with air.

		𝐶𝑠 2 𝐶𝑂 3 + 𝑈𝑂 2+x → 𝐶𝑠 2 𝑈𝑂 4 + 𝐶𝑂 2 (↑)	Eq. II-13
		2𝐶𝑠 2 𝐶𝑂 3 + 2 𝑈𝑂 2+x → 𝐶𝑠 2 𝑈 2 𝑂 7 + 𝐶𝑠 2 𝑂 (↑) + 2𝐶𝑂 2 (↑)	Eq. II-14
	Powder	Synthesis	Comments
	Nano UO 2	Chapter I-2.3.2: U(C 2 O 4 ) 2	-Batch of maximum 5 g
		hydrothermal conversion	-High and fast oxidation
	Cs 2 UO 4	Cs 2 CO 3 + UO 2	-500 mg batch
		650°C, 30 h, air	-Powder very fluffy
			-Avoided H 2 O (g) contact
	Cs 2 U 2 O 7	Cs 2 CO 3 + 2 UO 2	-500 mg batch
		650°C, 30 h, air	-Powder very fluffy
			-Avoided H 2 O (g) contact
	Cs 2 MoO 4	Purchased,	-Avoided H 2 O (g) contact
		(GoodFellow)	
	MoO 2	Purchased,	
		(MERCK)	
	BaMoO 4	Purchased,	
		(ALFA AESAR)	

II-4.2 Powders characterization

II-4.2.1 Nanocrystalline UO 2

Table II -

 II 8. Lattice parameters of Nano-UO 2 batches obtained from XRD

	Batch	Lattice param. a	O/U	Crystallite size
		(Å)	ratio	(nm)
	Nano-1	5.461	2.07	6.5 (±0.3)
	Nano-2	5.454	2.12	6.0 (±0.2)
	Nano-3	5.459	2.09	11.4 (±0.2)
	Nano-4	5.465	2.04	8.6 (±0.2)

  II-4.2.2 Cs 2 UO 4 and Cs 2 U 2 O 7Characterization of Cs 2 UO 4 and Cs 2 U 2 O 7 was carried out by means XRD, SEM-EDX, and TGA. The high hygroscopic character of Cs 2 UO 4 was managed as best as possible during characterization, but contact with atmospheric vapour could not be avoided. The powder was quickly moved from a nitrogen-operated glove box onto the XRD sample holder and covered by liquid paraffin, that worked both as confinement for radioactive particles and as barrier for atmospheric oxygen. The XRD measurement took place in Rigaku device (under air). Fig. II-15-a and Fig. II-15-b show the diffraction patterns of Cs 2 UO 4 and Cs 2 U 2 O 7 , respectively.Not all the peaks were exactly fitted by the Cs 2 UO 4[61] and Cs 2 U 2 O 7[62] references, showing that the obtained compounds were not pure. The residual black peaks in Fig.II-15-a were identified, after Rietveld refinement, as 61 wt% of Cs 4 (UO 2 (CO 3 ) 3 ) (tetracaesium tricarbonatodioxouranate[63]), showing that the thermal treatment did not complete the carbonate decomposition. In Fig. II-15-b the residual peaks other than Cs 2 U 2 O 7 were identified as the Cs 4 U 5 O 17[64]. Nevertheless during the phase determination two peaks could not be well identified (2θ ≈ 47° and 2θ ≈ 55.7°) and the Rietveld refinement could not fit well the peak at 2θ ≈ 28.5°. Considering these inaccuracy, the Cs 4 U 5 O 17 was estimated at 25 %. Although Cs 2 U 2 O 7 is not 100 % pure, the Cs/U atomic ratio is almost equal to 1.
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 II 9. List of all composition for SPS and summary of the main parameters

Table II -

 II 10. Sintering parameters for the four Nano-UO 2 samples

	Doping FP	Abbreviation	FP	Pressure	Dwell	Temperature
			(wt%)	(MPa)	(min)	(°C)
	Nano UO 2	N	0	70	2	1100 → 950
	Cs 2 UO 4	CU	2 -5 %	70 →80	2 → 5 1100 → 750
	Cs 2 U 2 O 7	CU 2	2 -5 %	70 →80	2 → 5 1100 → 750
	Cs 2 MoO 4	CM	5 %	70 →80	2 → 5 1000 → 750
	BaMoO 4	B	5 %	70 →80	2 → 5	1150 →750
	MoO 2	M	5 %	80	5	750
	Cs 2 U 2 O 7 + MoO 2	CU 2 M	4 %	80	2	700 → 660
	Cs 2 U 2 O 7 + BaMoO 4	CU 2 B	4%	80	5	880

-10. The same conditions were applied for all the experiments: vacuum atmosphere, pressure of 70 MPa applied at room temperature, heating rate of 100 °C/min, dwell time of 2 minutes and maximal temperature of 950-1100°C. The Nano-1 and Nano-2 batches have been presented already in Fig. II-11-b.

  -4.3.2 UO 2 + Cs 2 UO 4 / UO 2 + Cs 2 U 2 O 7 densification (samples CU and CU 2 ) The densification of UO 2 containing Cs 2 UO 4 was already proposed in the screening study (Section II-3.3, Table II-4 and Figs. II-11 a-b), but here it is discussed more in details and also the addition of Cs 2 U 2 O 7 is considered. The new experiments here presented aimed at the reproduction of the previous results (Table II-4), but with a different Nano-UO 2 batch. The sintering experiments for CU and CU 2 samples are given in Table II-11 and represented in Figs. II-21 (ab). The sintering temperature was gradually reduced from one test to the other and the pressure and dwell time were consequently increased. The last sample in Table II-11 was obtained with Nano-3 that was pre-reduced at 600 °C under Ar/4 % H 2 for 4 hours, before the mixture of the Cs 2 U 2 O 7 powder. Letter "R" in the sample name indicates the prereduction.
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 II 11. Sintering tests for UO 2 + Cs 2 UO 4 and UO 2 + Cs 2 U 2 O 7 samples

	Sample	Composition	Mass	Temperature	Pressure	Dwell	Density
		(wt%)	(mg)	(°C)	(MPa)	(min)	(% TD)
	CU(2)750 (ex G5, Table II-4)	N-2 + 5% Cs 2 UO 4	245	750	80	5	94.2
	CU(3)750	N-3 + 5% Cs 2 UO 4	250	750	80	5	90.2
	CU 2 (1)950	N-1 + 5% Cs 2 U 2 O 7	250	950	70	2	93.4
	CU 2 (3)750	N-3 + 2% Cs 2 U 2 O 7	255	750	80	5	90.3
	CU 2 (3R)800	N-3 (reduced) + 5% Cs 2 U 2 O 7	250	800	80	5	89.0
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 II 12. Sintering tests for UO 2 + Cs 2 MoO 4Fig. II-22 shows the densification plots for the three samples of Table II-12, and the pure Nano-UO 2 samples.

	Sample	Composition	Mass	Temperature	Pressure	Dwell	Density
		(wt%)	(mg)	(°C)	(MPa)	(min)	(% TD)
	CM(1)950 N-1 + 5% Cs 2 MoO 4	192	950	70	2	90.4
	CM(2)950 N-2 + 5% Cs 2 MoO 4	250	950	70	2	90.5
	CM(2)750 N-2 + 5% Cs 2 MoO 4	250	750	80	5	94.1
	CM(2)750A N-2 + 5% Cs 2 MoO 4	250	750-Argon	80	5	93.6
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 II 13. Sintering tests for UO 2 + BaMoO 4

	Sample	Composition	Mass	Temperature	Pressure	Dwell	Density
		(wt%)	(mg)	(°C)	(MPa)	(min)	(TD%)
	B(1)1150 N-1 + 5% BaMoO 4	250	1150	70	2	91.1
	B(3)800	N-3 + 5% BaMoO 4	250	800	80	5	87.1
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 II 14. Sintering tests for UO 2 + MoO 2

	Sample	Composition	Mass	Temperature	Pressure	Dwell	Density
		(wt%)	(mg)	(°C)	(MPa)	(min)	(TD%)
	M(3)750 N-3 + 5% MoO 2	200	750	80	5	94.2
	M(4)750 N-4 + 5% MoO 2	300	750	80	2	96.5
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 II 15. Sintering parameters for UO 2 + Cs 2 U 2 O 7 + MoO 2 (sample CU 2 M), and UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (sample CU 2 B)

	Sample	Composition	Mass	Temperature	Heating	Pressure	Dwell	Density
		(wt%)	(mg)	(°C)	rate	(MPa)	(min)	(% TD)
					(°C/min)			
		N-4 +						
	CU 2 M-660	2% Cs 2 U 2 O 7 +	309	660	100	80	2	91.5
		2% MoO 2						
					200 to			
	CU 2 M-660 hr as CU 2 M-660	360	660	350°C -100 to	80	2	91.0
					660°C			
		N-4 +						
	CU 2 B-880	2% Cs 2 U 2 O 7 +						
		2% BaMoO 4						
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 II 16. Summary of the effects on densification with the addition of FP compounds

	FP dopant	Shift of the sintering	Reproducibility	Comments
		temperature		
	Cs 2 UO 4 /Cs 2 U 2 O 7	Weak/medium increase	Acceptable	Nano-UO 2 strongly influences the effect
	Cs 2 MoO 4	Strong decrease	Good	Peak broadening (large T range)
	BaMoO 4	Weak/medium increase	-	Nano-UO 2 strongly influences the effect
		Two densification peaks		
	MoO 2	Weak increase or none	-	Nano-UO 2 strongly influences the effect
	Cs 2 U 2 O 7 + MoO 2	Medium decrease	Good	Peak sharpening (smaller T range)
	Cs 2 U 2 O 7 + BaMoO 2 Split into two peaks	-	2 nd peak > 1 st peak

Table II -

 II 17. Results of ICPMS/IDMS chemical analyses with calculation of the retained fraction

		% Analysed		Theor.	ICPMS/IDMS	Retained Mass	
	Sample ID	mass (wt%) Elem.	wt%	(wt%)	(wt%)	Comments
			U	86.53	84.8 (0.5)	98%	
	CU 2 (1)950	82%	Cs	1.6	2.20 (0.02)	141%	
			U	85.84	84.66 (0.28)	99%	
	CU(3)750	95%	Cs	2.34	2.33 (0.02)	99%	
			U	87.5	86.87 (0.30)	99%	Tiny black particles
	CU 2 (3)750	100%	Cs	0.62	0.72 (0.01)	116%	remain in suspension
			U	83.8	83.8 (1.1)	100%	
			Cs	3.12	2.20 (0.02)	71%	
	CM(2)750A	97%	Mo	1.13	0.64 (0.03)	57%	
			U	83.74	81.6 (1.9)	97%	
			Ba	2.31	0.15 (0.01)	6%	White residue
	B(1)1150	93%	Mo	1.62	0.54 (0.02)	34%	left after dissolution
			U	86.34	83.2 (2.7)	96%	
			Cs	0.47	0.34 (0.01)	73%	Single black
	CU 2 M-660 hr	100%	Mo	1.13	0.69 (0.03)	61%	particle not dissolved

  The data analysis was carried out in HighScore plus program, coupled with the ICSD database (year 2011). The details of the procedure are given in Appendix 2.2.2. The results from INE beamline were also less noisy because of a higher acquisition time. The details of the experimental setups and sample preparation are given in Appendix A.2.3.

	The XANES experiments were performed at INE beamline, in KARA synchrotron (Germany) and at MARS
	beamline, in SOLEIL synchrotron (France). At INE beamline the main analysis was carried out at Mo K-edge
	(≈20000 eV). Nevertheless, it was possible to collect XANES spectra also at Cs L 3 -edge (≈5012 eV), but only
	for the references, i.e. disks made of pure FP compounds (Cs 2 UO 4 , Cs 2 U 2 O 7 , and Cs 2 MoO 4 ) diluted into a boron
	nitride matrix.
	At MARS beamline the same characterization was repeated, i.e. at Cs L 3 and Mo K-edges, for both samples

and references. The difference between the two beamlines consisted in the setup: a standard fluorescence detector was used in INE, and a crystal analyser spectrometer (CAS) in MARS. In addition, in MARS beamline the measurement of the references was done in fluorescence mode, while in INE in transmission.

  II-5.2 UO 2 + Cs 2 UO 4 / UO 2 + Cs 2 U 2 O 7 characterization (CU/CU 2 ) II-5.2.1 SEM-EDX Microstructure characterization of samples containing caesium uranates was partially presented above during the investigation of the synthesis route (Section II-3.3, Figs. II-11 and II-12) and it is here repeated. Figs. II-29 (a-u) present the results related to almost all the samples containing Cs 2 UO 4 /Cs 2 U 2 O 7 reported previously in the Table II-4 and Table II-11.

Table II -

 II 

	Position	N° EDX	Cs	U (wt%)	O (wt%)	Atomic
		spectra	(wt%)			Cs/U
	Black crosses	6	1.3(0.2)	84.3(3.6)	14.2(3.4)	1/35
	Red crosses	6	8.4(0.8)	76.8(0.7)	14.9(0.9)	1/5

18. EDX local analyses on the precipitates marked by the black and red crosses in

Fig. II-30

  The Cs uranate with Cs/U=1/2 is Cs 2 U 4 O 12 , which is considered the final step of Cs 2 UO 4 decomposition in the sequence Cs 2 UO 4 → Cs 2 U 2 O 7 → Cs 2 U 4 O 12 with the progressive release of Cs 2 O [49] [55].

Table II -

 II 19. EDX analyses on Fig. II-31 (a-d))

	Position	U (wt%)	Cs (wt%)	O (wt%)	Atomic
					Cs/U
	Area of Fig. II-31-a	55.3(0.3)	26.2(0.2)	18.5(0.1)	≈1
	Area of Fig. II-31-d	81.0(0.1)	2.9(0.1)	16.1(0.1)	≈1/15
	8 precipitates in Fig. II-31-d	66.48(1.0)	17.4(0.8)	16.1(0.4)	≈1/2

  phase identification run in the HighScore Plus program found that Cs 2 U 4 O 12 is the best match for the secondary peaks of the diffractogram. Besides the highest peak at 2θ≈27°, the additional one at 2θ ≈ 43° is indicative of Cs 2 U 4 O 12 phase. Two polymorphic forms of Cs 2 U 4 O 12 are recognized, that are the α and γ phases. The intermediate phase, i.e. β-Cs 2 U 4 O 12 , is the least stable because exists only between 625 °C and 695°C, respective temperatures of the α → β and β→ γ transitions. Also the main peaks are split into two phases, with UO 2+x and U 4 O 9 , respectively.

  • XRD analysis confirms the SEM-EDX observation, that is Cs 2 UO 4 is decomposed into Cs 2 U 4 O 12 , in the case of SPS at 750°C; • HERFD-XANES spectra confirm the presence of Cs also on the top/base surface and highlight a difference in the white line intensity between Cs 2 UO 4 and Cs 2 U 2 O 7 , as the only relevant feature to differentiate them. II-5.3 UO 2 + Cs 2 MoO 4 characterization (samples CM) II-5.3.1 SEM-EDX Among the samples of Table II-12, only sample CM(2)950 and CM(2)750 are analysed. Since both are originated from the same nano-UO 2 batch, let us simplify the names in CM-950 and CM-750.

  -20 the detailed composition is given. Another composition can be found at the edges of the precipitate, at the interface with the UO 2 matrix. The green cross is representative of this zone. The localized EDX measurements show a higher Mo concentration compared with the rest of the precipitate. The atomic Mo/Cs/U ratio results 9/5/2. The low number of analyses and the morphology of the precipitates do not allow to conclude on the composition, nevertheless a certain interaction between Cs and Mo is certainly occurring.The third precipitate type is reported in Figs. II-47 (g-i) and its microstructure resembles the one of MoO 2 precipitate. However, at the periphery of the microstructure, the content of molybdenum decreases in favour of the one of uranium. The red cross in Fig.II-47-g represents this zone. Caesium content is very low (around 1 wt%) and limited only to the inner part of the precipitate. Its interaction with molybdenum seems less certain than in the previous precipitate type. The complete composition is given in Table 
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 II 20. EDX analyses from Figs. II-47 Cs ratio is variable and the number of analysed points cannot allow strong conclusion. Nevertheless the existence of many hexavalent molybdates such as Cs 2 MoO 4 , Cs 2 Mo 2 O 7 , Cs 2 Mo 3 O 10 , Cs 2 Mo 4 O 13 , Cs 2 Mo 5 O 16 and Cs 2 Mo 7 O 22 , and Cs 6 Mo 2 O 9 , was reported[71] 

	Figure & Position Spectra	Mo	Cs (wt%)	U (wt%) O (wt%)	Mo/Cs/U
			(wt%)				atomic ratio
	II-47-d, red ellipse 1 area	17.7	14.4	37.3	26.6	3/2/3
	II-47-d red crosses (octahedrons)	4 points	3.7(2.3)	3.5(2.5)	68.9(3.2) 19.3(5.8)	3/2/20
	II-47-d green cross (periphery)	2 areas 29(4.2)	23.7(3.2) 16.6(5.3) 26.0(3.1)	9/5/2
	II-47-g red ellipse	1 area	64.3	5.8	11.4	18.5	15/1/0
	II-47-g red cross (periphery)	1 area	32.3	0	47.2	20.5	2/0/1
	To conclude on SEM-EDX analyses, the FP distribution results homogeneous, but three types of precipitates
	can be observed:						
	-The initial MoO 2 can remain unreacted or can interact with both Cs and/or U;	
	-Interaction between Mo and Cs is principally observed in the precipitates belonging to the large
	cavities;						
	-The Mo/						
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 II 21. Results of the LC fitting on the Mo K-edge spectrum of CU 2 M-660 sampleThe XANES analyses allow to conclude on the FP speciation as complementary characterization of SEM-EDX: -MoO 2 is in part oxidized, but not to MoO 3 , which means that a Cs-Mo interaction has occurred, as demonstrated in the LC fitting; -the result at the Cs-L 3 edge does not allow to conclude that Cs 2 MoO 4 has formed.; -another type of molybdate might have been formed, as also suggested from the Cs/Mo ratio in the EDX analyses.II-5.7 UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (samples CU 2 B)

	Reference	Weight (%)	Weight (%)
		Standard Mode	HERFD Mode
	Cs 2 MoO 4	50.5 (1.9)	47.6 (0.9)
	MoO 2	49.1 (1.8)	53.0 (0.9)
	Sum	99.6	100.6
	R Factor	0.00273	0.00029

II-5.7.1 SEM-EDX

The sample CU 2 B-880, doped with both Cs 2 U 2 O 7 and BaMoO 4 , was analysed by SEM-EDX only and its fracture surface had to be polished because of the high level of pollution (steel and carbon). This led to the loss of the morphology information, but it maximized the EDX results. Figures II-50
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 II 23-Detail of EDX analysis from Fig. II-51. Sample UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (CU 2 B)

Table II -

 II 

24-Detail of EDX analysis from Fig. II-52. Sample UO 2 + Cs 2 U 2 O 7 + BaMoO 4 (CU 2 B)

Figure & Position Spectra Ba (wt%) Cs (wt%) Mo (wt%) U (wt%) O (wt%) Atomic ratio

  

	II-52	2 points	0.5(0.2) 0.6(0.2) 96.6(0.7)	0.6	2.0(.5)	Ba/Cs
	red cross							3/1
	II-52	1 point	12.8	0	8.3	66.3	12.6	Ba/Mo ≈
	yellow cross							1
	These analyses allow concluding on a reaction between Cs 2 U 2 O 7 and BaMoO 4 :		
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 II 25. Summary of samples selected for thermal treatments

	FP compound	Complete name/	Shortened name
	concentration	original Table	for Chapter III
	5 wt% Cs 2 UO 4 CU(2)750 -Table II-11	CU *
	5 wt% Cs 2 U 2 O 7 CU 2 (3R)800 -Table II-11 CU 2
	5 wt%	CM(2)750-Table II-12	CM
	Cs 2 MoO 4		
	2wt% Cs 2 U 2 O 7	CU 2 M-660 -Table II-15	CU 2 M
	+ 2 wt% MoO 2		
	2wt% Cs 2 U 2 O 7	CU 2 B-880 -Table II-15	CU 2 B
	+ 2 wt%		
	BaMoO 4		

*one fragment of CU(
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 III 2. Ions masses possibly formed from the samples. The first two lines are specific for CU and CU 2 , while the full table is needed for CM and CU 2 M

	Ion	CsUO +	CsUO 2 +	CsUO 3 +	CsUO 4 +	CsUO 5 +	CsUO 6 +	CsUO 7 +
	Mass (amu)	384 387	400	403	416	419 432 435 448 451 464 467 480 483
	Ion	Cs + Cs 2 + CsO + Cs 2 O + Cs 2 O 2 +	U +	UO +	UO 2 +	UO 3 +
	Mass (amu)	133 266	149	282	298	235 238 251 254 267 270 283 286

  [START_REF] Li | Ti3SiC2/UO2 composite pellets with superior high-temperature thermal conductivity[END_REF].27 % of 238 U and % of 235 U). If this was not the case, another source of the extra isotope could have been supposed. All the ratios were then verified for all the ions given in TableIII-2. The current intensity generated by each ion (or sum of isotopes of the same ion) could then be plotted as function of temperature.

	0.71						
	Ion	Mo +		MoO +	MoO 2 +	MoO 3 +	CsMoO +	CsMoO 2 +
	Mass (amu)	96	98	112 114 128 130 144 146 245 247 261 263
	Ion	CsMoO 3 +	CsMoO 4 +	Cs 2 MoO +	Cs 2 MoO 2 +	Cs 2 MoO 3 +	Cs 2 MoO 4 +
	Mass (amu)	277 279 293 295 378 380 394 396 410 412 426 428

  18 • 𝑇 (8.96 • 𝑙𝑜𝑔 10 𝑇 -4.42 -9.152 • 𝑙𝑜𝑔 10

	𝑝 𝐻2
	𝑝 𝐻2𝑂

  -1.2.5.1 Samples CU (UO 2 + 5wt% Cs 2 UO 4 ) and CU 2 (UO 2 + 5wt% Cs 2 U 2 O 7 ) Fig. III-5 reports the predominance diagram for samples CU and CU 2 , which have only Cs as doping element.Although the Cs concentration is slightly different, the resulting diagram is the same for both the compositions. At the bottom right of the plot, the wt% of the metallic elements is given (2.3 wt% Cs for CU, 1.6 wt% Cs for CU 2 ), together with pressure. The oxygen concentration is the remainder amount to reach 100%.
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 III 3. TGA conditions and results on samples CU (5 wt% Cs 2 UO 4 ) and CU 2 (5 wt% Cs 2 U 2 O 7 )

Initial parameters in TGA Results Test ID TGA T(°C) Target ΔG( O2 ) in TGA (kJ/mol) Set pO 2 in Gen'Air at 650°C (atm) Flow P 1 = Ar P 2 = Ar + 5% H 2 (ml/min) Initial mass (mg) ΔG( O2 ) from Jok'Air (kJ/mol)

  

								Mass	Mass
								loss in	loss in
								TGA	balance
								(%)	(%)
	CU-T 0 -O	750	-350	2.47 10 -21 (Jok'Air)	P 1 : 90 + P 2 : 5	24.54	-386	+0.43	-0.45
	CU -T 0 -R 750	-450	2.0 10 -26	P 2 : 70	19.03	-442	-1.43	-1.20
	CU -T 1	900	-450	1.50 10 -26	P 2 : 70	48.88	-443	-2.55	-2.47
	CU -T 2	1200	-450	3.42 10 -27	P 2 : 70	74.57	-439	-3.50	-3.5
	CU 2 -T 2 1200	-450	3.42 10 -27	P 2 : 70	52.97	-437	-3.93	-3.62

Table III -

 III 4. TGA conditions and results of CM samples (with 5 wt% Cs 2 MoO 4 )

			Initial parameters in TGA			Results	
	Test	TGA	Target	Set pO 2 in	Flow	Initial	ΔG( O2 )	Mass	Mass
	ID	T(°C)	ΔG( O2 )	Gen'Air	P 1 = Ar	mass	from	loss in	loss in
			in TGA	at 650°C	P 2 = Ar + 5% H 2	(mg)	Jok'Air	TGA	balance
			(kJ/mol)	(atm)	(ml/min)		(kJ/mol)	(%)	(%)
	CM-T 0 750	-350	2.47 10 -21 (Jok'Air)	P 1 : 115 + P 2 : 2	29.47	-372	+0.30	-0.44
	CM-T 1 900	-450	1.50 10 -26	P 2 : 70	49.09	-450	-2.05	-2.30
							(-530)		
	CM-T 2 1200	-450	3.42 10 -27	P 2 : 70	93.51	-446	-3.88	-4.68
	Figs. III-10 and III-11 report the TGA results as function of time and temperature, respectively.	

  2 . Compared with CU decomposition at T≈730°C, Cs results more stable in the Cs 2 MoO4 environment. III-1.2.5.3. Samples CU 2 M (UO 2 + 2 wt% Cs 2 U 2 O 7 + 2 wt% MoO 2 )

Table III -

 III 5. CU 2 M samples with 2 wt% Cs 2 U 2 O 7 + 2 wt% MoO 2

			Initial parameters in TGA	Results
	Test ID	TGA	Target
		T(°C)	ΔG( O2 )
			in TGA
			(kJ/

mol) Set pO 2 in Gen'Air at 650°C (atm) Flow P 1 = Ar P 2 = Ar + 5% H 2 (ml/min) Initial mass (mg) ΔG( O2 ) from Jok'Air (kJ/mol)

  As discussed later, the mass loss measurement of sample CU 2 M-T 1 -O was not valid, so the value is not reported in table. Figs. III-13 and III-14 present the TGA curves as function of time and temperature, respectively.

	CU 2 M-T 0								
								Mass	Mass
								loss in	loss in
								TGA	balance
								(%)	(%)
	CU 2 M-T 0	750	-350	2.47 10 -21 (Jok'Air)	P 1 : 115 + P 2 : 2 30.92	-395	-0.30	-0.50
	CU 2 M-T 1 -R 900	-450	1.5 10 -26	P 2 : 70	32.39	-442	-2.12	-2.38
	CU 2 M-T 1 -O 900	-350	2.20 10 -22	P 1 : 115 + P 2 : 2 33.51	-373	/	-2.30
				(Jok'Air)					
	CU 2 M-T 2	1200	-450	3.42 10 -27	P 2 : 70	70.69	-436	-2.28	-2.48

  III-1.2.5.4. Sample CU 2 B (UO 2 + 2 wt% Cs 2 U 2 O 7 + 2 wt% BaMoO 4 )

Table III - 6 .

 III6 Test CU 2 B: 2 wt% Cs 2 U 2 O 7 + 2 wt% BaMoO 4

	ID	TGA	Target ΔG O2	pO 2	Flow	Initial	Mass	Mass
		T(°C)	in TGA	Gen'Air	(ml/min)	mass	loss in	loss in
			(kJ/mol)	(atm)	P 2 = Ar + H 2	(mg)	TGA	balance
							(%)	(%)
	CU 2 B-T 1	900	-450	1.6 10 -26	P 2 : 70	43.23	-0.43	-0.63

Table III -

 III 8. Details of the EDX analyses on polished samples containing Cs 2 UO 4 or Cs 2 U 2 O 7

	Sample	Number of	Cs wt%	U wt%	Cs/U at. ratio
		points			
	CU-T s	13	20 (3.1)	65.9 (2.8)	0.54
	CU-T 0 -O	8	17.4 (0.8) 66.5 (0.9)	0.46
	CU-T 0 -R *	8	7.6 (2.6)	77.2 (3.4)	0.18
	CU-T 1 **	6	<0.5	84.4 (1.3)	≈0
	CU-T 2 **	6	<0.5	85.5 (2.2)	≈0
	CU 2 -T 2	4	<0.5	86.5 (0.4)	≈0
	* fragment of a different pellet, but at T s it shows same Cs/U of main pellet
	** relevant Si and Fe contaminations			

  -9, where the counts after the white line are nine times higher in CU-T 0 -O than in CU-T 1 . The XRD results demonstrate that the uranate inside CU-T 0 -O is in Cs 2 U 4 O 12 form. As consequence, the found XANES spectrum must be representative of this compound. No pure reference of Cs 2 U 4 O 12 was available to experimentally confirm that and also no theoretical calculation in FDMNES code was performed. In CU-T 1 Cs 2 U 4 O 12 is expected to be in its gamma-form, because of the transition at 695 °C[21]. In Appendix A.4.2 the complete analysis of the different Cs local structures is given. The characteristic of Cs 2 U 4 O 12 is the presence of only six and well symmetric O neighbours, compared with Cs 2 UO 4 and Cs 2 U 2 O 7 , with nine and seven O neighbours, respectively.

Table III -

 III 

9. Details of HERFD-XANES for samples CU and CU

2 Sample N° spectra N° counts/sec at 5.4 keV

  Conclusion on thermal treatments on UO 2 + Cs 2 UO 4 /Cs 2 U 2 O 7

	III-2.1.4			
				Comments
	CU-T 0 -O	7	500	-Good match with Cs 2 UO 4 , but white line intensity closer to
				Cs 2 U 2 O 7
				-Cs signal homogeneous
	CU-T 1	8	60	-Intensity as CU-T 0 . Little shoulder after edge, at ≈5366 eIII-
				-Cs signal homogeneous
	CU-T 2	6	114	-White line intensity higher than references and other samples
				-More oscillations after the edge
				-Cs signal very inhomogeneous: high concentration in only 1
				point, not representative of general state (114 counts, Fig. 24).
	CU 2 -T s	5	411	-Good match with Cs 2 UO 4 , but intensity closer to Cs 2 U 2 O 7
				-High Cs concentration on the base of the pellet (not polished)
				-Homogeneous Cs signal
	CU 2 -T 2	31	5	-Homogeneous Cs signal, but low counts

Table III -

 III 10. EDX analysis of the whole area of Fig.26-a

	EDX	Wt%	Std.
	Fig. III-26		dev
	U	45.6	0.3
	Cs	30.1	0.2
	O	14.8	0.2
	Mo	8.8	0.2

Table III -

 III 11. Extended and punctual EDX analyses on polished CM-T 0 sampleA more relevant presence of Mo can be found into larger precipitates, as the one shown in Fig. III-28-a identified by the red rectangle in Fig. III-27 a. It appears that this microstructure lays above the surface, that is why the majority of Mo could have been removed with polishing. The X-ray mapping given in Figs. III-28 bd and Table III-12 demonstrates the existence of the previous Cs 2 MoO 4 , coherently with the results of Table III-10 and Fig. III-26.

		Extended EDX	Punctual
		(average of 8 areas)	EDX (average of 13
				points)
	Element	Wt%	Std. dev.	Wt%	Std. dev.
	U	73.3	3.2	73.3	4.1
	Cs	4.8	1.4	8.0	2.6
	O	20.2	1.6	16.2	1.7
	Mo	0.8	0.4	0.4	0.6

Table III -

 III 13. EDX analyses on different colored points of Figs. III-30-a-e

	Element	6 points (green)	6 points (orange)	5 points (yellow)
		Wt%	Std. Dev.	Wt%	Std. Dev.	Wt%	Std. Dev.
	U	32.8	11.2	30.3	18.9	78.1	2.5
	Cs	32.0	10.3	33.8	12.3	4.2	0.5
	Mo	17.1	3.6	15.1	6.3	0.3	0.2
	O	17.9	1.7	20.5	2.0	15.0	1.9

Table III -

 III In conclusion, Cs and Mo are still present after a thermal treatment at 1200°C but they are always found divided, coherently with the predictions of the thermodynamic calculations of Fig. III-9 confirming the melting of Cs 2 MoO 4 and the partial decomposition.

	Element Wt%	Sigma
	U	4.6	4.2
	Cs	37.6	3.6
	Mo	0.9	0.8
	O	29.5	2.7

14. Localized EDX analyses onto four precipitates (like white crosses in

Figs.

35-c-d

) on sample CM-T 2 (the difference to 100% is given by Si, Al, Fe pollution)

  III-38-b) and also with the Cs 2 U 2 O 7 reference. This result confirms the presence of Cs not linked with Mo, in agreement with the EDX of Figs. III-34 c-d and Table III-15. The results of LC fitting (Appendix A.4.3) using the Cs 2 U 2 O 7 and Cs 2 MoO 4 as references show that CM-T 2 -FS1 spectrum is composed by 81% of Cs 2 U 2 O 7 and 19% of Cs 2 MoO 4 (R factor=0.007395). Sample CM-T 2 -B is represented for the 88% by Cs 2 U 2 O 7 and for 12% by Cs 2 MoO 4 (R factor=0.003792), and CM-T 2 -FS2 matches only with Cs 2 U 2 O 7 (100%).

Table III -

 III 15. Overview of the HERFD-XANES on CM samples III-2.2.3 Conclusion on characterization on UO 2 + Cs 2 MoO 4

	Sample	N° spectra	N°	Comments	LC fitting (%
			counts/sec		Cs 2 UO 4 -%
			at 5.4 keV		Cs 2 MoO 4 )
	CM-T 0	Pos1: 5	Pos1: 150	-Inhomogeneous Cs distribution	Pos1: 51 -49 %
		Pos2: 4	Pos2: 250	-Pos1 and Pos2 different spectra	Pos2: 84 -16 %
	CM-T 1	Pos1: 12	Pos1: 600	-Inhomogeneous Cs distribution	Pos1: 79 -21 %
		Pos2: 6	Pos2: 400	-On average higher counts than CM-T 0	Pos2: 60 -40 %
		Pos3: 7	Pos3: 150	-Pos1+Pos2 match Cs 2 U x O y ref.	Pos3: /
				spectrum	
				-Pos3 lower counts, really different	
				spectrum	
	CM-T 2	FS1: 7	FS1: 33	-FS1: different from others, more	FS1: 81 -19%
				aligned to Cs 2 MoO 4 reference	
		FS2: 6	FS2: 50	-FS2: match Cs 2 U x O y ref. spectrum	FS2: 100 %
		B: 7	B: 45	-B: match Cs 2 U x O y ref. spectrum	B: 88 -12 %

Table III -

 III 16. EDX analyses on the three coloured crosses in Fig. III-40-b Similar results are shown for the line scan of Figs. III

	EDX point U (wt%) Mo (wt%) O (wt%) Cs (wt%)	Ratio
	Green	41.9	32.1	25.1	0.9	U/Mo≈0.5
	Blue	55.6	21.8	21.7	0.9	U/Mo≈1
	Red	32.4	34.9	23.2	9.5	U/Mo/Cs≈2/5/1

Table III -

 III 18. Local EDX analyses on the 7 white crosses in Fig. III-44 a-b.In Figs. III-45 the XRD analysis is reported. The main peaks belong to U 4 O 9 (80.5%) and UO 2 (19.5%) and the relative lattice parameters are respectively a = 5.442 Å and a = 5.467 Å (O/U≈2.03). The small secondary peaks are identified as Cs 2 O and impurities of Fe/Si (patterns in Appendix 3.3). No Mo containing phase was identified, in disagreement with SEM/EDX analyses. The low concentration did not permit a Rietveld, except for the Urania phases determination.

	Element	Wt%	Sigma
	U	73.1	8.7
	Cs	4.6	3.3
	Mo	2.8	1.5
	O	17.8	4.2

Table III -

 III 19. Localized EDX analyses on 13 points (as yellow crosses, Fig. 

	Element Wt%	Sigma
	U	4.9	4.2
	Cs	<0.1	0.0
	Mo	90.2	8.2
	O	4.8	1.8
	III-2.		

Table III -

 III 

	Sample N°	N°	Comments	LC fitting
	spectra	counts/s		(%
		at 5.4		
		keV		

20. Overview of the HERFD-XANES on CU 2 M samples

The sample at T 2 , as in other compositions, is the one presenting a higher white line intensity and different type of features. For this reason a direct comparison of all the samples at T 2 is now proposed.

Cs 2 U 2 O 7 - % Cs 2 MoO 4 )

  Figs.49 III-(a-c) report the spectra of all the samples at T 2 , together with the three references. Figure III-49b displays the spectra whose intensity and shape are comparable with the Cs 2 U 2 O 7 reference (CU 2 -T 2 has slightly lower intensity). In Fig. III-49-c the spectra with higher white line intensities are grouped together and compared with Cs 2 U 2 O 7 reference.

	III-2.3.3 XANES comparison at T 2		
	CU 2 M-	20	77	-Homogeneous, perfect match with Cs 2 U 2 O 7	100 % -0%
	T 0			reference	
	CU 2 M-	P1: 6	P1: 80	-Inhomogeneous distribution, Cs at the	P1: 100 % -0%
	T 1 -R	P2: 5	P2: 25	edges.	P2: 100 % -0%
				-Positions 1 and 2: different counts, but	
				similar spectra	
	CU 2 M-	P1 : 10	P1 : 30	-Inhomogeneous distribution, Cs at the	P1: 95.5 % -5.5%
	T 1 -O	P2 : 10	P2 : 30	edges.	P2: 98.8 % -1.2%
				-Positions 1 and 2: same counts and similar	
				spectra	
	CU 2 M-	28	5	-Homogeneous Cs, but low concentration (28	100 % -0%
	T 2			spectra needed)	
				-White line higher intensity than references	

Table III -

 III 21. Localized EDX: 12 points (yellow crosses Fig. III-50-b-c)

	Element	Wt%	Sigma
	U	55.2	2.8
	Mo	0.1	0.1
	Ba	25.3	3.4
	Cs	4.0	1.6
	O	15.4	2.2

Table III -

 III 22. EDX analysis of the white rectangle area of Fig. III-51

	Element Wt%
	U	66.2
	Mo	16.2
	Ba	2.8
	Cs	0.9
	O	13.8

  2 MoO 4 , at ≈1080°C. The mixed composition UO 2 + Cs 2 U 2 O 7 + MoO 2 displayed the same release of UO 2 + Cs 2 U 2 O 7 , suggesting the absence of any effect due to MoO 2 presence during sintering. This was in partial contradiction with the release of Cs 2 MoO + ion, observed by KEMS analysis.The combination of the different characterization techniques, namely KEMS, TGA, SEM-EDX, XRD, and HERFD-XANES, leads to the following conclusions. Some chemical reactions are proposed to describe the mechanisms concerning the dopant behaviour during sintering and during thermal treatments. The main findings on caesium behaviour are reported, for SIMFUELS doped with: caesium uranates, caesium molybdate, or with a mixture of caesium uranate and molybdenum compounds.For the caesium uranates compounds (UO 2 + 5 wt% Cs 2 UO 4 /Cs 2 U 2 O 7 ): during sintering at 750°C, the initial Cs 2 UO 4 decomposes to Cs 2 U 4 O 12 , which is found homogeneously distributed in precipitates. For sintering at 800°C, Cs 2 U 2 O 7 displays a higher release highlighted by a Cs/U ratio ≈1/5 and the total absence of caesium at the pellet edges. The thermal treatment at 750°C, for much longer time than sintering, confirms the Cs 2 U 4 O 12 formation in the initial UO 2 + Cs 2 UO 4 composition, but further release is not observed. At 900°C, a large Cs release occurs also for the latter system, therefore the release is confirmed above 750°C and probably around 800°C. At 1200°C, despite the quasi-total release, a residual Cs compound is observed, whose speciation cannot be identified. The findings can be summarized in following reactions, where the one at 1200°C is the same as the one at 900°C (except for the unknown residual Cs compound):𝐶𝑠 2 𝑈𝑂 4 + 3 𝑈𝑂 2 + 𝑂 2 →𝐶𝑠 2 𝑈 4 𝑂 12 750°C-900°C 𝐶𝑠 2 𝑈 4 𝑂 12 → 2 𝑈𝑂 2 + 2 𝐶𝑠 (↑) + 4 𝑂 2 (↑) 900°C-1200°C For the caesium molybdate compound (UO 2 + 5 wt% Cs 2 MoO 4 ): The sintering at 750°C leads to a partial reaction with the UO 2 matrix and to a partial migration or release of Mo, suggested by the formation of caesium uranate and the absence of Mo precipitates, respectively. In agreement with TGA result, the global composition does not change at 900°C, whereas at 1200°C, an almost complete release of Cs is confirmed. At this temperature, the sample contains both caesium uranate, depleted of Cs which is released as e.g. oxide, and the same residual compound observed for UO 2 + Cs 2 UO 4 (undefined). The remaining Mo is reduced to metallic form. 𝐶𝑠 2 𝑀𝑜𝑂 4 + 4 𝑈𝑂 2 + 𝑂 2 → 𝐶𝑠 2 𝑈 4 𝑂 12 + 𝑀𝑜𝑂 2 750°C-900°C 𝐶𝑠 2 𝑈 4 𝑂 12 + 𝑀𝑜𝑂 2 → 𝐶𝑠 (2-𝑥) 𝑈 4 𝑂 (12-𝑦) + 𝑀𝑜 + 𝑥 𝐶𝑠 (↑) + the mixed caesium diuranate and molybdenum oxide compounds (UO 2 + 2 wt% Cs 2 U 2 O 7 + 2 wt% MoO 2): An interaction between the compounds occurs during sintering at 660°C, leading to the formation of a third compound as Cs 2 MoO 4 , according to the release of the Cs 2 MoO + ion observed by KEMS. At 900°C, under more oxidative conditions (-373 kJ/mol), caesium is partially released from caesium uranate, in agreement with TGA result. At the same temperature, but under reducing conditions (-442 kJ/mol), a higher Cs release occurs and MoO 2 is reduced to metallic Mo. At 1200°C caesium is found in low quantity and again in form of the Cs residual compound observed for UO 2 + Cs 2 UO 4 . 2𝐶𝑠 2 𝑈 2 𝑂 7 + 2𝑀𝑜𝑂 2 → 𝐶𝑠 2 𝑀𝑜𝑂 4 + 𝐶𝑠 2 𝑈 4 𝑂 12 + 𝑀𝑜𝑂 2 at 660°C 𝐶𝑠 2 𝑈 4 𝑂 12 → 4 𝑈𝑂 2 + 𝐶𝑠 2 𝑂 (↑) + 𝐶𝑠 2 𝑈 4 𝑂 12 → 2 𝑈𝑂 2 + 2 𝐶𝑠 (↑) + 4 𝑂 2 (↑) at 900°C-red. The unknown compound at 1200°C observed for the three compositions above could be either another form of caesium uranate or caesium oxide, since it occurs regardless of the molybdenum presence. For instance Cordfunke, Van Egmond, and Van Voorst (J. inorg. Nucl. Chem. 1975) propose the formation of different compounds with the Cs/U ratio below 0.5, as Cs 2 U 5 O 16 , Cs 2 U 7 O 22 , Cs 2 U 9 O 27 and others. In the case of caesium uranate mixed with barium molybdate (UO 2 + 2 wt% Cs 2 U 2 O 7 + 2 wt% BaMoO 4 ): A partial reaction of these two compounds occurs during sintering at 880°C, leading to barium uranate containing low caesium amounts and to caesium molybdate. Molybdenum is also found in metallic form at the pellet edges thanks to the reducing effect of graphite. The thermal treatment at 900°C does not show any release and change in speciation. 𝐶𝑠 2 𝑈 2 𝑂 7 + 2 𝐵𝑎𝑀𝑜𝑂 4 → (𝐶𝑠)𝐵𝑎 2 𝑈 2 𝑂 7 + 𝐶𝑠 2 𝑀𝑜𝑂 4 + 2 𝑀𝑜 at 900°C

		𝑦 2	𝑂 2 (↑)	900°C-1200°C
	3 2	𝑂 2	at 900°C-ox.

For

Table number FP Compound FP Density (g/cm 3 )

 number A.3.3 XRD superimposition of the patternsResults: phase identification of samples post thermal treatments

				Sample ID	Density
					(%TD)
		5 wt% Cs 2 UO 4		CU(2)750	94.2
	Table II-11		6.28	CU(3)750	90.2
		5 wt% Cs 2 U 2 O 7		CU 2 (1)950	93.4
		5 wt% Cs 2 U 2 O 7		CU 2 (3R)800	80
		2 wt% Cs 2 U 2 O 7		CU 2 (3)750	90.3
				CM(1)950	90.4
	Table II-12	5 wt% Cs 2 MoO 4	4.36	CM(2)950 CM(2)750	90.5 94.1
				CM(2)750A	93.6
	Table II-13	5 wt% BaMoO 4	4.64	B(1)1150 B(3)800	91.1 87.0
	Table II-14	5 wt% MoO 2	5.11	M(3)750 M(4)750	94.2 96.5
	Table II-15	2wt% Cs 2 U 2 O 7 + 2 wt% MoO 2 2wt% Cs 2 U 2 O 7 + 2 wt% BaMoO 4	6.28 / 5.11 6.28 / 4.64	CU 2 M-660 CU 2 M-660_ hr CU 2 B-880	91.5 91.0 89.2

Table A .

 A 3 gives the details of the Cs local environments. For Cs 2 UO 4 the global structure is made of an alternation of Cs-O planes and U-O planes. Specifically the Cs environment is constituted by nine oxygen neighbours with an average bond distance of 3.215 (0.036) Å. Oxygen atoms form a tricapped octahedron as represented, where one atom lays in the furthest edge (3.36 Å) at the top, and the other eight ones are closer. The Cs next closest neighbours are four U atoms at 3.92 Å. Cs 2 U 2 O 7 is globally made of large and elongated U-O planes alternating to Cs-O ones. Differently from Cs 2 UO 4 , the number of neighbours for Cs is only seven (oxygens). Their average bond distance is 3.217 (0.155) Å. InFig. A. 17 the presence of a Cs neighbour is shown, but actually this a geometrical representation and not a real bond. The polyhedron structure is called bicapped square prism or bicapped cube.The Cs 2 MoO 4 structure results more complex because of a three-dimensional array compared with the 2D geometry of the two Cs uranates. The Mo atom is present as type of interstitial into tetrahedra (-MoO 4 ). The Cs local environment is characterized by ten O atoms, with an average distance of 3.399 (0.357) Å. As it can be noticed, the polyhedron is more asymmetric, but belongs to the bicapped square prisms family too.The structure of Cs 2 O is simpler since the two only elements. Cs ha three equidistant O atoms at 2.89 Å in a non-coplanar triangular form. However, it is relevant to underline that due to the high Cs/O ratio, the Cs atoms are relatively close to each other. Even if no real bond exists, each Cs has also other four Cs atoms at 4.21 Å.Also the α-Cs2 U 4 O 12 and γ-Cs 2 U 4 O 12 structures are given. In the case of α-Cs 2 U 4 O 12 the geometry is a 3D array and Cs lays into two sites: cuboctahedron with 8 neighbours (in figure they are 12 but real bonds only 8) and a distorted octahedral site with six neighbours. The average Cs-O bonds distances are 3.436 (0.108) Å and 3.135 (0.004) Å, respectively. The transition from α-Cs 2 U 4 O 12 to γ-Cs 2 U 4 O 12 phase occurs with the two α → β and β→ γ transitions at 625°C and 695°C, respectively. The γ-Cs 2 U 4 O 12 phase presents a simpler Cs local structure because of the cubic structure. The polyhedron of oxygen atoms is a symmetric octahedron, that is six neighbours equidistant from Cs (Cs-O=3.480 Å). For sake of completeness, also the Cs 4 U 5 O 17 structure is reported, since identified as actual second phase in the Cs 2 U 2 O 7 powder (cf XRD in Chapter II). In this compound the Cs-O and U-O are alternated and Cs occupies two type of sites. The first is a bicapped octahedron with eight neighbours distant at 3.241 (0.358) Å, and the second is a distorted octahedron where the six O atoms are, on average, at 3.067 (0.253) Å from the central Cs. The experimental results on Cs 2 UO 4 , Cs 2 U 2 O 7 and Cs 2 MoO 4 references are in agreement with the theoretical Cs local structure. In particularly, Cs 2 MoO 4 displays a higher frequency of oscillation after the white line, in comparison with the Cs 2 UO 4 /Cs 2 U 2 O 7

Cs 2 UO 4 Cs 2 U 2 O 7 Cs 2 MoO 4 1 Cs site = 9 O neighbours

  Table. A. 3 Crystallographic data on Cs 2 UO 4 , Cs 2 U 2 O 7 , Cs 2 MoO 4, ,  and -Cs 2 U 4 O 12 , Cs 4 U 5 O 17 and Cs 2 O

		Distance Cs-O	1 Cs site = 7 O	Distance Cs-O	1 Cs site = 10 O	Distance Cs-O
		(Å)	neighbours	(Å)	neighbours	(Å)
	O1	3.157	O1	3.090	O1	3.018
	O2	3.157	O2	3.090	O2	3.300
	O3	3.157	O3	3.300	O3	3.300
	O4	3.157	O4	3.300	O4	3.260
	O5	3.238	O5	3.380	O5	3.260
	O6	3.238	O6	3.380	O6	3.537
	O7	3.238	O7	2.980	O7	3.537
	O8	3.238	Average	3.217	O8	3.580
	O9	3.357	Std. Dev.	0.155	O9	3.582
	Average	3.215			O10	3.619
	Std. Dev.	0.036			Average	3.399
					Std. Dev.	0.357
		α-				

Cs 2 U 4 O 12 γ-Cs 2 U 4 O 12 Cs site 1 = 8 O neighbours

  Hereafter the LC fitting results for all the samples containing Mo are reported. For CM samples the references used are Cs 2 UO 4 and Cs 2 MoO 4 , while for the CU 2 M samples the uranate is in form of Cs 2 U 2 O 7 .

		Distance Cs-O	Cs site 2 = 6 O	Distance Cs-O	1 Cs site = 6 O	Distance Cs-O
		(Å)	neighbours	(Å)	neighbours	(Å)
	O1	3.350	O1	3.160	O1	3.48
	O2	3.350	O2	3.110	O2	3.48
	O3	3.490	O3	3.160	O3	3.48
	O4	3.280	O4	3.110	O4	3.48
	O5	3.610	O5	3.110	O5	3.48
	O6	3.610	O6	3.160	O6	3.48
	O7	3.360	Average	3.135	Average	3.48
	O8	3.440	Std. Dev.	0.004	Std. Dev.	0.00
	Average	3.436				
	Std. Dev.	0.108				
		Cs 4 U 5 O 17		Cs 2 O	
	Cs site 1 = 8 O	Distance Cs-O	Cs site 2 = 6 O	Distance Cs-O	1 Cs site = 6 O	Distance Cs-O
	neighbours	(Å)	neighbours	(Å)	neighbours	(Å)
	O1	2.99	O1	3.08	O1	2.89
	O2	3.57	O2	3.07	O2	2.89
	O3	3.19	O3	2.94	O3	2.89
	O4	3.55	O4	3.11	Average	2.89
	O5	3.08	O5	3.15	Std. Dev.	0.00
	O6	3.31	O6	3.05		
	O7	3.24	Average	3.067		
	O8	3	Std. Dev.	0.025		
	Average	3.241				
	Std. Dev.	0.358				

Fig. A-20. Crystallographic structures

Fig. A-15. XRD CU 2 B-T 1 patterns proposed (except UO 2 /U 4 O 9 ) for the secondary peaks
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LIST OF ABBREVIATIONS

The main peaks are identified as UO 2 and U 4 O 9 , while the secondary ones match the MoO 2 pattern. The Rietveld refinement estimates the following concentrations: 78.4 wt% UO 2 (a =5.471 Å), 16.2 wt% U 4 O 9 (a =5.446 Å), and 5.4 wt% MoO 2 . The concentration is coherent with the initial theoretical one of 5 wt% MoO 2 .

Fig. III-8. Mass losses as function of temperature for all CU samples and CU 2 -T 2

To summarize, the TGA on samples CU and CU 2 show different key points: i) a comparison between the TGA curves and the predominance diagram of Fig. III-5 shows that the experiments present different behaviours although the expected phase from the calculation is substantially always the same (UO 2 + Cs 2 UO 4 ). In contrast, a decomposition of the Cs uranates was experimentally noticed; ii) the real ΔG O2 is closer to the desired value for the more reducing conditions than for the more oxidizing ones, where the P 1 +P 2 flux mixture is needed; iii) fragments of CU-T 1 and CU-T 2 are homogeneous and very similar because they display the same kinetics of release; iv) two types of release kinetics can be noticed: the first is independent on temperature and proceeds constant with time, while the second shows an abrupt mass loss related to the activation of a certain process (chemical decomposition, diffusion, …). The addition of Mo to the system causes some changes in the diagram, in particular the presence of the green line which divides the metallic molybdenum from its oxide. As mentioned in the introduction to the chapter, the abundancy of Mo into the irradiated fuel plays a fundamental role acting as buffer couple (Mo/MoO x ). This implies that both the global pO 2 in the fuel and the kinetics of release are highly affected by this element. Therefore the strategy behind the choice of the TGA conditions was to represent both the sides of the Mo/MoO x line.

Concerning sample CU 2 -T 2 (solid green), its behaviour is on its own. The mass loss begins at lower temperatures and with a considerably higher rate in comparison with all the other samples. This process can be attributed to a desorption phenomenon. With the increase of temperature two other mass losses onsets can be noticed. After the second the kinetics of release appears to be comparable with the other CU/CU 2 M samples. A difference in microstructure could be the origin of this different behaviour. 

Conclusion

The first objective in this chapter was to perform thermal treatments on Simfuels containing Cs compounds to allow the following chemical characterization by SEM-EDX, XRD and XANES. Thanks to TGA furnace, additional information can be acquired during the thermal cycle:

• the temperatures of begin and end of release;

• hypotheses on the kinetics of release;

• correlation between O 2 production and mass loss.

However the analysis was limited to only qualitative interpretations because:

• the possible samples inhomogeneity did not allow a quantitative determination of the released fraction; • the limited number of samples could not compensate to the possible experimental anomalies and did not give statistical results; • the absence of blank curves for pO 2 signal precluded the possibility of quantitative analyses of the released O 2 (and consequent proposal of chemical reactions); • the parameters range of the experiments was limited by technical constraints;

• the complementary thermodynamics calculations were run with the simplest constraints and assuming the theoretical concentrations.

The following characterization proposed in the second part of this chapter (III-2) will complete the information about the Cs behaviour and will confirm the hypotheses presented in this section. Table III-7 reports the results of EDX analyses on extended areas on both unpolished and polished surfaces for the samples Ts (as-sintered), T 0 -O, and T 0 -R.

In the lower part of Fig. III-18-a, the EDX analyses of Chapter II (cf. Fig. 26 Chapter II) found that the Cs concentration was ≈26 wt%. Two EDX analyses on the post-treatment surface confirmed the presence of Cs (≈9.8 wt%). The analysis area was of 0.15 mm 2 and was chosen in the middle of the fracture surface, so in the zone more rich of Cs. As consequence, even at the lowest temperature, the thermal treatments proved to have an influence on the microstructure, specifically the increase of porosity of the FP phase. The reason for this is the much longer TGA dwell time compared with the one in SPS (90 versus 2-5 minutes).

Table III-7 reports the comparison of the EDX analyses, on one or two areas of 0.15 mm 2 , for both unpolished and polished surfaces. As already seen in Chapter II, the Cs content is substantially decreased after polishing. Between T s (sintering temperature) and T 0 -O the concentration on the polished surface is quite comparable and decreases further for T 0 -R, coherently with the TGA results of Fig. III-8. ). This change is not so relevant in relation with the technique resolution, therefore the thermal treatment did not affect the Cs speciation. On the contrary the presence U 4 O 9 (22.6 wt%) was observed, proving the effect of the oxidation atmosphere in the treatment. The as-sintered pellet showed a cell parameter of 5.463 Å (O/U ≈2.06) and after thermal treatment it remained quite constant but the split in to U 4 O 9 with a=5.441 Å can be noticed.

The results of CU-T 0 -R and CU-T 1 are not shown because no clear secondary phases could be identified.

Nevertheless the calculation of the lattice parameter showed that the more reducing conditions had an effect on the matrix stoichiometry. With the increase of temperature the lattice parameter resulted 5.465 Å (O/U ≈2.06) and 5.468 Å(O/U ≈2.02), respectively.

On the other hand, it is worthy to notice that the predominance diagram of Fig. III-5 predicted UO 2 + Cs 2 UO 4 phases for these treatments. Indeed, Cs 2 U 4 O 12 should appear only at higher ΔG O2 , i.e. in even more oxidizing conditions. This suggests that either the annealing did not allow to reach the thermodynamic equilibrium or that the initial constraints for calculations (O/U ratio) are far from the effective conditions of the as-sintered pellet. • In TGA the decomposition onset occurred at ≈730-760°C, which is both lower than the observed release in KEMS and the most typical values from literature (800-900°C). • The HERFD-XANES showed that at 900 °C (T 1 ) the experimental spectrum matched the Cs 2 UO 4 reference, although Cs was not detected by SEM-EDX or XRD because of the high release. • At 1200°C (T 2 ) a very low Cs concentration was observed also in HERD-XANES analyses, but one point showed Cs segregation with high concentration, resulting in an unknown phase/spectrum, characterized by a higher white line intensity.

Composition UO 2 + Cs 2 MoO 4 (samples CM) :

• decomposition of Cs 2 MoO 4 occurred at ≈1080° C in TGA, differently from KEMS.

• The EDX analyses of T 0 and T 1 samples displayed Cs mostly distributed into the pores, coupled with uranium. Molybdenum was found only with Cs and located in large precipitates laying onto the UO 2 matrix. • Linear scans of XANES analyses showed sometimes inhomogeneous Cs distribution within the samples, according to the SEM observations. Fitting by linear combination of reference spectra confirmed in part the Cs 2 MoO 4 presence, despite the white line intensity was characteristic of the caesium uranate environment. • At T 2 the formation of metallic Mo was observed, located at the pellet edges. Caesium was rarely found and only in few large precipitates (with external impurities), but not with Mo or as dispersed Cs uranate phase. Few observations suggested also the possible presence of Cs oxide. HERFD-XANES displayed two types of spectra: Cs uranate and an unknown spectrum characterized by the higher white line intensity.

Composition UO 2 + Cs 2 U 2 O 7 + MoO 2 (samples CU 2 M):

• the behaviour in temperature was similar to UO 2 + Cs 2 UO 4 , so the presence of MoO 2 did not influence the Cs release. • The release of heavy ions containing both Cs and Mo was detected in KEMS, proving the existence of an interaction between the two elements. • The SEM-EDX analyses displayed that samples at T 0 , T 1 -R, and T 1 -O contained precipitates with both Cs and Mo, nevertherless a clear composition could not be determined. Also the XRD analyses did not provide enough elements to conclude on the exact speciation, but possible compounds were proposed based on the little pieces of information. • At T 2 no Cs was found alone or with Mo. Instead all Mo was in metallic form, due to the high temperature and reducing conditions. • HERFD-XANES results for all the temperatures were partially in contrast with the other techniques:

the Cs and Mo interaction could not be confirmed. The linear combination fitting did not suggest the contribution of the Cs 2 MoO 4 structure. Only a complementary analysis at the Mo K edge could help to determine the exact compound which formed. • As for the other samples, the presence of the same unknown spectrum is observed at T 2 .

The single sample doped with both Cs 2 U 2 O 7 and BaMoO 4 showed a similar behaviour as before thermal treatment: molybdenum was found as metal at the pellet edge, after the partial decomposition of BaMoO 4 . Cs and Ba displayed an interaction also in presence of U. The thermodynamic calculations suggested the BaUO 

In order to validate this method, a second heating cycle was run directly after the sintering cycle to obtain a blank curve. In Figure A.3 the slope of the first cooling is the same as the one of the second heating and cooling. The small shift indicates that the sintering is not 100% finished after the first cycle, nevertheless this does not influence the slope and so the method can be considered valid.

Fig. A-3. Counter-proof for the method of the thermal expansion correction

For some experiments in which full densification was reached well before the end of the thermal treatment, a second step of "densification" is sometimes observed. Actually this could be attributed to creep effect of both samples and graphite pistons. Depending on the curve, this was taken into account in correcting the data points.

A.2 Characterization

A.2.1 SEM-EDX SEM devices at JRC-KARLSRUHE

Samples were analysed on the fracture surfaces. Depending on the case, they were gold coated or not. The microscopes used were:

• Vega Tescan TS5130LSH operated at 20 kV, equipped with an Oxford EDX • Focused Ion Beam (FIB) ThermoFisher Scientific (ex FEI™) Versa 3D SEM with Field Emission Gun (FEG) operated at 30 KeV, equipped with a Bruker XFLASH Detector 410M EDX.

• ThermoFisher Scientific (ex FEI™) QUATTRO ESEM with Field Emission Gun (FEG) operated at 30 KeV and equipped with a Brukere XFLASH Detector 410M EDX.

SEM device at CEA Cadarache

Since samples were embedded into resin, either carbon coating by CVD sputtering or silver paste spreading were needed to increase the electron conductivity. Nevertheless, for some samples the coating was not sufficient to fully avoid the charging effect, as it is sometimes shown in the results.

• ThermoFisher Scientific (ex FEI™) Nova Nano SEM 450 with Field Emission Gun (FEG), equipped with an Oxford Instrument EDX silicon drift detector with an active surface of 80 mm 2 .

Polishing protocol

The polishing steps to obtain mirror-like polishing are reported in Table A. 1. In the initial phases SiC grinding disks are employed with water as lubricant. In steps 6 and 7 the polishing clothes are used and the grinding particles are provided by the spreading of liquid paste solutions containing SiC particles. Due to the sticky solution it is important to rinse the samples to remove any excess. This is done into an ultrasonic cleaner filled with ethanol.

After polishing the resin disks are mounted onto a steel support to cut them into small resin blocks by means a diamond wire saw (0.2 mm of thickness). 

A.2.2 XRD XRD devices at JRC-Karlsruhe

• Rigaku Miniflex 600 PXRD device (JRC-KA) equipped with advanced Hy-Pix 400MF 2D HPAD detector, high-flux 600 W X-ray source, operating at 40 kV and 15 mA. The configuration is θ-2θ Bragg-Brentano and the cathode used Cu with K α1 and K α2 radiation (no monochromator). The instrument was operating in air and placed under a fume-hood. The powder (or crushed pellets) were transferred from uranium gloveboxes (nitrogen or argon atmosphere) to the fume-hood, where they were mixed with liquid paraffin in an agate mortar. The obtained suspension was then placed onto a lowbackground Si sample holder. The paraffin was used both to homogeneously distribute the powder and to limit its contact with air. In addition the high viscosity guaranteed no spread of material during the measurement (spinning mode). Standard measurements of 3-8 hours (speed scan 0.5-0.2°/min, step 0.015°) in the 2θ range 20° -120° were carried out. • Bruker D8 diffractometer (operated in glovebox, JRC-KA) mounted in a Bragg-Brentano configuration with a curved Ge (1,1,1) monochromator and a ceramic copper tube (40 kV, 40 mA) and supplied with a LinxEye position sensitive detector. The data were collected by step scanning in the angle range 10° ≤2θ≤ 120° with a step size of 0.008° (2θ); total measuring time was about 8 h.

Samples were prepared directly in glovebox by grinding and blending with isopropanol.

XRD devices at CEA-Cadarache

• Bruker D2 phaser (CEA Cadarache) equipped with a 30 kV Cu Kα X-ray source without monochromator, operating at 10 mA, and with a 2D detector (LYNXEYE XE-T) with an energy resolution below 380 eV. The sample holder was a standard Si low-background wafer, from Bruker, onto which the powder was deposited with few cyclohexane drops both to fix it onto the substrate.

The XRD pattern was recorded in the range 10°-80° with 0.006° step and 5 seconds/point, for a total of ≈16 hours.

Scherrer Method for crystallites size determination

The Scherrer method is the application of the Scherrer equation. For the present results the first eight peaks of the diffraction pattern were used and the average value was calculated. The equation below provides the crystallite size in nm.

𝐷 = 𝑘 𝜆 𝛽 ℎ𝑘𝑙 𝑐𝑜𝑠𝜃 ℎ𝑘𝑙

where k is the shape factor: k=0.95-0.98; λ is the X-ray wavelength (Copper cathode) λ=0.154; 𝛽 ℎ𝑘𝑙 is the FWHM (full width at half maximum), in radians; And 𝜃 ℎ𝑘𝑙 is the peak position (2θ angle).

Highscore Plus program and Rietveld Refinement

The data analysis was performed in HighScore plus program, coupled with the ICSD-Database.

The procedure in HighScore was: i) strip of K α2 signal (not for Bruker D8); ii) determination (and not removal) of the background with automatic mode; iii) peaks identification with minimum significance=1, minimum tip width 2θ=0.01° and maximum 2θ=1°, peak base width 2θ=2°, and method of minimum 2 nd derivative; iii) automatic profile fitting; iv) phase identification based on ICSD-database; v) semi-automatic Rietveld refinement.

For the phase identification, the program was let free to find all the possible combinations of all the possible elements theoretically present. In some cases the contaminant elements (Si, Al, Fe, C..) were also allowed.

Since the secondary phases always displayed low peaks, due to the low concentration, the criterion for identification was the comparison of the position of the highest peak in the reference with the diffractogram from the sample. Often the position of the secondary highest peak corresponded to the position of the UO 2 structure, making the identification harder. In this case the most probable phases suggested by the program are reported as possible phase, but not included for the Rietveld refinement.

For the analysis at Cs L 3 edge an additional polyethylene bag, filled of helium, was installed between the detectors and the sample holder. Indeed the low working energy required to reduce the absorption of the air by using He as intermediate layer.

The beam size was about 250x150 μm 2 . For the analysis at Cs L 3 edge the photon energy was scanned between 4.95 keV to 5.150 keV and the signal was recorded with a 4 crystals -Si(311)-crystal analyzer (CAS).

The analyses at Mo K-edge were carried in the energy range of 19.900 keV to 20.380 keV. The CAS was equipped with 4 single crystals Ge(411).

XAS: INE SETUP

The experiment at INE beamline was carried out at Mo K edge (20 keV). The beam size was 500x500 μm 2 and the detector in use was a silicon drift detector (Vortex-60EX, SII NanoTechnology).

The photon energy was scanned from 19.825 keV to 20.880 keV and before and after each measurement a reference Mo metallic foil was measured to align the

XAS: FAME-UHD Setup

High Energy Resolution Fluorescence Detection X-ray absorption spectroscopy (HERFD-XAS) was carried out at Cs L 2 edge at 5359 eV, with the photon energy scanned between 5290 keV and 5445 keV. At Cs L 3 (5015 eV) the absorption intensity is double, as for instance shown in [1], hence normally it is preferred, but the setup was optimized for Cs L 2 edge. Specifically, FAME-UHD beamline (BM16) is equipped with a 14-crystals CAS (crystal analyser spectrometer) made of two horizontal arrays with seven Si 400 crystals each. The configuration determines a Bragg's angle of 81.38°. The beam had a rectangular size of 300 μm x 200 μm 2 (width x height), but the samples were oriented at 45° with the respect of the longitudinal direction. In addition, the setup is completed by the helium box, which contains the crystals and most of volume between the sample and the detector. Thanks to an adjustable window made of Kapton, the photons can travel for most of their path inside helium, reducing the absorption in air to the minimum. Fig. A-6 shows the photo of the experimental equipment at FAME-UHD.

Fig. A-6. FAME-UHD setup

Compared with the setup of MARS beamline, with only four crystals and with a "simple" polyethylene bag filled with helium, the setup in FAME-UHD is optimized for very diluted elements into heavy matrices [2] [3]. Since the number of crystals is more than three times higher and the design of the helium box guarantees a perfect experimental reproducibility, the results resolution is considerably higher. The furnace is heated by a resistance coil (2) which is surrounded by seven thermal shields, made of W and Ta, (8). Element (3) is the chopper and is needed to cut the molecular beam in order to measure the background. In case of desired fast temperature transient, the furnace is pre-heated and the cell is lifted up by the element (4). The structure above the main case is the ionization chamber where the liquid nitrogen (LN2) trap ( 5) serves to reduce the mass spectrometer (MS) background by condensing hydrocarbons deriving from pollution. Indeed the ions must move undisturbed by any collision with neutral particles, so their condensation improves the signal/noise ratio. The system is pumped with a standard turbo pump backed up with dry primary pump. The quadrupole mass spectrometer (7, QMG422 from Pfeiffer Vacuum) measures ions in the mass range between 1 to 512 amu (atomic mass unit). It has a cross beam electron bombardment ion source, an axial Faraday cup and a secondary electron multiplier (SEM) located at 90° to the filter axis used in ion current measurement mode. The revolving window ( 9) is used to shield the equipment (devices) from radioactive contamination. The temperature is measured by a pyrometer (11) focused into a lateral hole of the cell. Another temperature measurement is carried out through the thermocouple from the bottom of the cell (12). 

A.2.4 KEMS

MicroPoas probe

The MicroPoas probe is present in both Gen'Air and Jok'Air devices and is composed of a metal/oxide reference couple inserted into a zirconia tube. The working temperature is fixed at 650 °C and the measurement range is between 10 -35 to 0.25 atm. The flow is controlled by an external system and operates between 1 to 12 L/h. The difference between the partial pressure imposed by the material reference and the one measured generates an electric potential according to Nernst's law:

Where P ref is the reference partial pressure imposed by the equilibrium between the reference metal and the reference oxide,F is the Faraday constant (96485 C/mol) and RT has the usual meaning.

Oxygen Pump

The oxygen pump inserted in Gen'Air allows depleting or supplementing oxygen content in the gas by adjusting the electrical current.The voltage applied to the pump can be set between 0 and around ± 1250 mV. This generates an oxygen flow through the zirconia tube (at 850°C). The flow follows the Faraday's law:

where X 0 is the mole fraction of oxygen before the pump, X is the mole fraction of oxygen after the pump, I is the current intensity in amperes, D is the flow of the carrier gas in L/h

External balance

The employed device was a Mettler Toledo XPE205 with precision of 0.01 mg.

A.3 Supplementary results

A.3.1 SPS plots of Test-Nano (Chapter I)

The densification curves of the batch Test-nano are given below (Figs A-8 and A-9). As it can be seen, except for the intensity, no other differences are noticeable between the two edges. FDMNES code computes XAS only in the single-particle approach, which means that the possible differences between the spin-orbit coupling on the 5d (final) states are disregarded. In opposition, other codes can compute also the so-called multiple-effects or many-particles-effects, like electron-electron correlations within the 5d band or electron-electron correlations between the 2p and 5d states. The latter might cause relevant differences between the two Cs L edges [6]. As it can be noticed, the scale in FAME-UHD spectrum is almost one thousand times higher than the other two spectra. as stated above the many-particles-effect are excluded, therefore the visible differences between the spectra is linked to the difference resolution of the two beamlines. 

ABSTRACT

Nuclear fuels in severe accidents: caesium speciation in simulated UO2 fuels densified by SPS

In case of nuclear accidental scenarios, caesium (Cs) behaviour is of great interest because of its high volatility and the resulting radiological impact on the environment. The conditions of temperature and oxygen partial pressure determine the chemical reactions between Cs and other fission products (Mo, Ba, …) which in turn influence the Cs release.

In this context, the present work aims at determining the intermediate chemical compounds influencing the final Cs stability.

The experimental approach consists in the synthesis of simulated nuclear fuels (SIMFUELS) of UO2 containing Cs, Ba, and Mo. Instead of conventional sintering, a field-assisted process, namely spark plasma sintering (SPS), is employed for its ability to reduce the densification temperature. As a first step, before the introduction of FP elements, a formal analysis is proposed to study the densification of pure UO2 by SPS. Two systems are analysed and compared: a purchased powder, with standard grain size micrometer-sized particles, and an in-house synthetized powder, composed of nano-crystallites. The apparent activation energy of sintering (Qact) is calculated, as well as the stress and grain size exponents (n and m, respectively). These new results show that the activation energy is lower than in conventional sintering and that the grain size plays an important role in the densification mechanism.

The nanocrystalline UO2 powder is found to be a valuable candidate for the synthesis of Cs, Mo, and Ba bearing SIMFUELs, thanks to its further lower densification temperature. A sintering temperature between 660 to 880°C, an applied pressure of 80 MPa, and a dwell time between 2 to 5 minutes, provide sufficiently dense and homogeneous pellets. It is observed that the addition of FP compounds has an effect on the densification temperature, but the Cs release is very limited, satisfying the objective of the synthesis.

A complete characterization of as-sintered samples is then performed by SEM-EDX, ICP-MS, XRD, and HERFD-XANES. The characterization points to a partial reaction of Cs uranate (Cs2UO4/Cs2U2O7) with MoO2 to form Cs2MoO4, and potential interactions between Cs with Ba, when the latter is introduced as BaMoO4. The Cs behaviour is characterized during and after thermal treatments, which are in order KEMS, with the aim of the characterization during heating, and subsequently TGA analyses. Post-treatment characterization is achieved by SEM-EDX, XRD, and HERFD-XANES, on samples treated under different temperatures (750°C to 1200°C) and oxygen potentials (-450 kJ/mol to -350 kJ/mol). As expected, the increase of temperature drives a release of Cs. The effect of pO2 is observable on the UO2 stoichiometry and on the Mo speciation, but less noticeable on the Cs speciation. However, the interaction between Cs and Mo, and between Cs and Ba, is validated. Thanks to its high resolution, HERFD-XANES is the only technique able to probe a low residual Cs concentration, even after treatments at the highest temperature. This suggests that Cs can be either in the form of large and visible precipitates or finely dispersed in the matrix. This work highlights both the potential and the limitations of combining spark plasma sintered SIMFUELs with synchrotrons characterization techniques (HERFD-XANES), and gives perspectives for the future studies.