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I. Introduction

Polycrystalline uranium dioxide (UO2) has received a thorough attention owing to its extensive use as fuel in the current nuclear pressurized water reactors (PWRs). This oxide is elaborated in the form of refractory ceramics composed of grains, with a size of about ten microns, by means of a powder metallurgy process [START_REF] Reeve | Ceramics as nuclear reactor fuels[END_REF]. The grains bond together by internal interfaces known as grain boundaries (GBs). Such GBs are a key element of the microstructure, decisively influencing the macroscopic properties that determine the material performances. In nuclear fuels, the GBs can be subjected to an intergranular decohesion under the effects of irradiation, as a consequence of thermomechanical stresses derived from the temperature gradient and the accumulation of fission gas bubbles. Thus, a detailed description of GBs in UO2 and a determination of their characteristics, in particular of formation energies and/or mechanical properties (toughness, strength, etc.), are highly required to better understand the role of GBs in governing the UO2 fuels properties.

A GB is seen as being one of the planar defects in material microstructure and possesses complex crystallographic features. To well describe a GB, five independent parameters, better known as macroscopic Degrees Of Freedom (DOFs), are involved [START_REF] Lejček | Grain Boundaries: Description, Structure and Thermodynamics[END_REF]. While three of them determine the crystallographic elements that typify the relationship between two adjacent grains (the axis [uvw] and the angle of misorientation θ), the two other parameters specify the orientation of the boundary of one of the grains and define the GB plane (hkl).

These crystallographic characteristics allow to describe a GB using the following notation: ∑n (hkl) / [uvw]-θ, and, particularly, influences the energy of the GB (γgb) which does strongly depend on its crystallographic structure [START_REF] Priester | Structures et défauts de structure des joints de grains[END_REF]. Many experimental studies have effectively reported the crystallographic characteristic dependence of γgb within polycrystalline systems [START_REF] Gjostein | Absolute interfacial energies of [001] tilt and twist grain boundaries in copper[END_REF][START_REF] Hasson | Structure of Grain Boundaries. Theoretical Determination and Experimental Observations[END_REF][START_REF] Adams | Extracting the relative grain boundary free energy and mobility functions from the geometry of microstructures[END_REF][START_REF] Saylor | The relative free energies of grain boundaries in magnesia as a function of five macroscopic parameters[END_REF]. Such energy, which represents the excess free energy per unit area due to the presence of the boundary with reference to the perfect crystal, has been the subject of a great deal of research for many decades. Indeed, Read and Shockley [START_REF] Read | Dislocation Models of Crystal Grain Boundarm[END_REF] suggested the first model enabling to determine γgb. However, this model, based on a hypothesis considering the GBs as dislocation defects, is limited exclusively to GBs having small misorientation angles θ (θ ≤ 15°). Subsequently, Herring [START_REF] Herring | Effect of Change of Scale on Sintering Phenomena[END_REF] reported the theory of thermal grooving which has become one of the common methods for experimentally probing γgb. It consists in measuring the geometry of the grooves revealed by a thermal etching where the boundaries intersect a free surface (Figure 1). The grooves, formed to reduce the total surface free energy of the system, are described as the result of a local equilibrium between the boundary and the solid-vapor interface. This equilibrium is expressed by Herring equation [START_REF] Herring | Effect of Change of Scale on Sintering Phenomena[END_REF][START_REF] Mullins | Theory of Thermal Grooving[END_REF]:

gb = 2 S cos ( 𝜓 2 ) -2 𝜕 S 𝜕𝜓 sin 𝜓 2 equation 1
where gb, s and Ψ are the GB energy, the surface energy of the crystal and the surface dihedral angle, respectively. Moreover, Mullins [START_REF] Mullins | Theory of Thermal Grooving[END_REF] successfully used a bundle of simplifications to ease the determination of the GB energy by adopting suitable boundary conditions as follows:

-The system is closed and the polycrystalline material in quasi-equilibrium with its vapor.

-The matter transport occurs only by surface self-diffusion.

-The surface energy does not depend on the crystallographic orientation, then γs is isotropic and its anisotropy can stem exclusively from faceted surfaces.

-The GB is perpendicular to the crystal surface. Thus, the Herring relation [START_REF] Herring | Effect of Change of Scale on Sintering Phenomena[END_REF] can be simplified as: Yet, the experimental GB energy remains difficult to measure, as exemplified by the scattering in the published values that are furthermore available only for a few particular GBs in a given material. Most of such gb energy data, on the other hand, were reported for metals and, to lesser extent, for ceramics [START_REF] Gjostein | Absolute interfacial energies of [001] tilt and twist grain boundaries in copper[END_REF][START_REF] Saylor | The relative free energies of grain boundaries in magnesia as a function of five macroscopic parameters[END_REF][START_REF] Dhalenne | Grain boundaries in NiO. I. Relative energies of 〈001 〉 tilt boundaries[END_REF][START_REF] Shackelford | Relative Energies of Tilt Boundaries in Aluminum Oxide[END_REF][START_REF] Moment | Energy of Grain Boundaries in Halite[END_REF][START_REF] Otsuki | Energies of (001) twist grain boundaries in silicon[END_REF][START_REF] Otsuki | Variation of Energies of Aluminum [001] Boundaries with Misorientation and Inclination[END_REF][16][START_REF] Handwerker | Dihedral Angles in Magnesia and Alumina: Distributions from Surface Thermal Grooves[END_REF]. Indeed, most reports focused on the assessment of the relative energy (gb/s) without reporting the gb [START_REF] Yoshida | High-temperature grain boundary sliding behavior and grain boundary energy in cubic zirconia bicrystals[END_REF][START_REF] Shibata | Structure, energy and solute segregation behaviour of [110] symmetric tilt grain boundaries in yttria-stabilized cubic zirconia[END_REF][START_REF] Jin | Grain boundary grooving by surface diffusion in SrTiO3 bicrystal[END_REF] because the choice of the energy surface γS is crucial. For example, Kelly et al. [START_REF] Kelly | The temperature dependence of the relative grainboundary energy of yttria-doped alumina[END_REF] used the thermal grooving method to measure the dimensions of GB grooves on the surfaces of a polycrystalline alumina, and then estimated gb/s at different temperatures. They reported a mean value gb/s = 1 at 1673 K which is similar to those reported by Handwerker et al. [START_REF] Handwerker | Dihedral Angles in Magnesia and Alumina: Distributions from Surface Thermal Grooves[END_REF] (gb/s = 1.2), Saylor et al. [START_REF] Saylor | Misorientation Dependence of the Grain Boundary Energy in Magnesia[END_REF] (gb/s = 1.2) and Dillon et al. [START_REF] Dillon | Characterization of the Grain-Boundary Character and Energy Distributions of Yttria Using Automated Serial Sectioning and EBSD in the FIB[END_REF] (gb/s = 1.11) at the same temperature using different methods. To the best of our knowledge, GBs energies have never been experimentally determined for UO2.

gb = 2 S cos
Nonetheless, it is quite usual for authors to assume that γs is isotropic and corresponds to a specific value. Here it is important to note that the term « isotropic » is ambiguous. Usually, one considers that a property will be isotropic if it is independent of the crystallographic orientation. Yet, it is not clear whether or not this is true throughout the entire sample or if it is only true at the vicinity of a given GB groove. As an example, Shibata et al. [START_REF] Shibata | Structure, energy and solute segregation behaviour of [110] symmetric tilt grain boundaries in yttria-stabilized cubic zirconia[END_REF] evaluated the absolute gb of nine types of symmetric tilt GBs possessing the same rotation axis [110] in an yttrium-stabilized cubic zirconia bicristal by using an average γs value of 1.21 J.m -2 . Note that similar studies were published later by Yoshida et al. [START_REF] Yoshida | High-temperature grain boundary sliding behavior and grain boundary energy in cubic zirconia bicrystals[END_REF]. It is worth noting that the reported γs is a unique value obtained by an approximation that may not allow a realistic vision of a complex polycrystalline material, as will be discussed in §II.1.

It is therefore clear that the experimental determination of gb is challenging and that numerical simulations can be an alternative approach to assess this property. Such methods have been successfully employed for studying GBs, opening up the possibilities for a deeper understanding of the crystallographic GB structure. However, very few works, addressing the GB energy particularly in UO2, have been published so far. Note that these studies have been recently reviewed [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF]. In the latter, extensive molecular dynamic simulations of 26 tilt CSL GBs are reported and their formation energies at 300 K calculated using four different empirical potentials.

In the present work, molecular dynamics simulations were first employed to compute the surface energies γs and the formation energies γgb of 34 symmetric tilt GBs using the CRG potential at 1700 K. The obtained computational data allowed to highlight that the Mullins conditions are fulfilled with respect to a certain way of considering the isotropy of γs. The dihedral angle ψ values were hence estimated from the Herring equation.

Then, special GBs were identified by Electron BackScatter Diffraction (EBSD) on a mirrorpolished UO2 ceramic sample that first underwent a thermal etching to obtain GB grooves. Atomic Force Microscopy (AFM) was thereafter used to experimentally assess the dihedral angles ψ of selected GBs. Experimental and calculated ψ angles were finally compared and discussed.

II. Calculation results

Methodology

The GB energy in UO2 was assessed by means of simulations at the atomic scale GBs were built using GBStudio software [START_REF] Ogawa | GBstudio: A Builder Software on Periodic Models of CSL Boundaries for Molecular Simulation[END_REF], based on their CSL classification and the crystallographic structure of the examined material. The GB construction was performed in purely geometrical terms from two crystals for which the respective directions were chosen to meet the macroscopic DOF of the targeted GB (orientation of the two crystals and GB plane). The relative position of the crystals with respect to each other, as well as the position of the atoms at the interface, were then relaxed with the aim of reducing the energy of the system, and then assessing the energy of the targeted GB. The relaxation procedure was applied as follows [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF]:

-Firstly, the energy was minimized at 0 K, enabling the relaxation of the simulation box (Figure 2) and the positions of the atoms, thereby inducing a stable configuration suitable for simulating the system dynamics at a given temperature.

-Secondly, a thermal annealing was applied using the molecular dynamic code LAMMPS [START_REF]LAMMPS Documentation -LAMMPS documentation[END_REF]. The temperature was increased in 1 ns from 0 to 1870 K, and maintained for 0.4 ns, assuming potential energetic barriers could easily be overcame at such a temperature level. The temperature was then decreased to 1700 K in 1 ns, and the calculation of energy and volume averages was performed at this temperature value during 4 ns.

The GB energy is the excess energy resulting from the presence of an interface compared to the energy of the corresponding single crystal. Hence, this energy can be calculated using the following formula:

𝐸 𝑔𝑏 = 𝑒 𝐵𝑖𝑐𝑟𝑖𝑠𝑡𝑎𝑙 𝑁 -𝑒 𝑀𝑜𝑛𝑜𝑐𝑟𝑖𝑠𝑡𝑎𝑙 𝑁 2𝐴 equation 3
Where 𝑒 𝐵𝑖𝑐𝑟𝑖𝑠𝑡𝑎𝑙 𝑁 is the energy of a system of N atoms including explicitly the GB, 𝑒 𝑀𝑜𝑛𝑜𝑐𝑟𝑖𝑠𝑡𝑎𝑙 𝑁 the energy of a single crystal with the same number of atoms calculated in the same conditions.

A is the surface of the simulated boundary, i.e. the section of the simulation box (cf. Figure 2). It should be noted that our simulations were carried out with periodic boundary conditions to prevent free surface effects. Consequently, two similar GBs are simulated, explaining the factor 2 in the denominator of the equation 3. The energy calculated with equation 3 is not related to the solidity of the GB but rather expresses its thermodynamic stability, compared to the single crystal. The larger is the GB energy, the more unstable is the GB in a thermodynamic perspective.

In this study, we also calculated surface energies (γs) for the GB planes of all the considered symmetric tilt GBs, following the same procedure as for GB energy and at the same temperature. It finally consists in performing the relaxation of the half of the system represented in Figure 2. For a given CSL GB, the GB plane is the first and generally the most favorable one proposed by GBStudio.

We used the CRG potential from Cooper et al. [START_REF] Ogawa | GBstudio: A Builder Software on Periodic Models of CSL Boundaries for Molecular Simulation[END_REF] to calculate both the GB and surface energies. This potential enables an approximate but proper description of the interactions between atoms, required for an efficient calculation of the forces acting on the latter, and subsequently for an assessment of the system energy. In fact, the most common GBs observed in the UO2 polycrystalline material were previously simulated at 300 K using four empirical potentials with the procedure of construction and relaxation of special GBs [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF]. As a result of this study, the CRG potential was selected to assess the GB energy mainly for two reasons:

i)

The energies calculated using this potential at 300 K were consistent with the classification of the GBs as a function of the linear fraction measured by EBSD [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF].

ii) This potential yielded good results with regard to the evolution of thermodynamic properties with temperature [START_REF] Cooper | A many-body potential approach to modelling the thermomechanical properties of actinide oxides[END_REF].

Surface energy

The surface energy is one of the fundamental properties, very sought after for understanding the phenomena occurring at the GBs. Different techniques are available to experimentally determine γs in polycrystalline ceramics [START_REF] Gottstein | Grain boundary migration in metals : thermodynamics, kinetics, applications[END_REF], but they are complex and the measured γs appears to depend on the used technique. Indeed, many research groups reported on γs measurements in polycrystalline [START_REF] Matzke | The surface energy of UO2 as determined by hertzian indentation[END_REF][START_REF] Tasker | The structure and properties of fluorite crystal surfaces[END_REF][START_REF] Nikolopoulos | Surface, grain boundary and interfacial energies in UO2 and UO2-Ni[END_REF][START_REF] Hodkin | Surface and interfacial properties of stoichiometric uranium dioxide[END_REF] and pointed out the difficulty of assessing γs, evidencing the scattering in the experimental γs values.

Thus, in the present work, the γs property was rather calculated using atomistic simulations for different crystallographic planes. Various studies reported calculated low indexes γs (111), (110), and (100) in UO2 by using semi-empirical methods or ab-initio calculations [START_REF] Zhang | Molecular dynamics simulations of intergranular fracture in UO2 with nine empirical interatomic potentials[END_REF][START_REF] Williams | Atomistic investigation of the structure and transport properties of tilt grain boundaries of UO2[END_REF][START_REF] Boyarchenkov | Molecular dynamics simulation of UO2 nanocrystals surface[END_REF][START_REF] Sattonnay | Bulk, surface and point defect properties in UO2from a tight-binding variable-charge model[END_REF].

Recently, Bourasseau et al. [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF] computed γs for the same three crystallographic planes and compared the obtained results with data from other authors.

Figure 3 depicts the γs values computed for the planes of 34 symmetric tilt GBs which are described by their respective crystallographic notations on the x-axis. GBs possessing the same rotation axis are evidenced with the same color, and ranked by increasing misorientation angles.

With the notable exception of the axis [110], we observe that the planes of GBs possessing the same rotation axis display relatively similar γs with a difference between values that does not exceed 0,2 J.m 2 . A slight evolution of the gamma as a function of the disorientation angle is visible, increasing or decreasing depending on the axis, confirming that γs in UO2 polycrystalline material depends on the crystallographic orientation of the surface, as reported in the literature. Concerning the axis [110], it is less obvious to make the same observation, but we can however distinguish two groups of GBs having consistent γs values (around 1.27 J.m -2 for 5 GBs and around 1.73 J.m -2 for 3 GBs). Finally, in spite of the dependence of γs with the crystallographic orientation of the surface, we show here that it is a reasonable hypothesis to consider that the γs value is identical for the planes of GBs with the same rotation axis. We note however that [110] GBs exhibit two distinct values, on the one hand, and that only a single γs value is provided for each of the [321], [331] and [551] axis, on the other hand. 

Formation energy of symmetric tilt grain boundaries

Herein, γgb of a batch of 34 symmetric tilt GBs, with different misorientations and a range of different boundary plane orientations, have been computed at the temperature of 1700 K using the CRG potential.

Figure 4 depicts the γgb values calculated using equation 3 for these GBs described by their respective crystallographic notations on the x-axis. The γgb values are within the range 1.2 -2.11 J.m -2 with an error bar of 0.05 J.m -2 . This error originates from the empirical choices for the minimization process as well as from the statistical uncertainty tied to molecular dynamics.

We note, in particular, that γgb at 1700 K were slightly enhanced compared to those reported at 300 K, with an increase in between 0,08 J.m-2 obtained for ∑11 and 0,3 J.m-2 for ∑3. and no obvious correlation exists between γgb and θ. This confirms that the parameter θ only is not sufficient to determine γgb.

Looking at the energy cusps evidenced on the curves, the lowest γgb values can be easily obtained. Indeed, in [110] GBs (red points in Figure 5), we distinct two energy cusps at ∑3 with the boundary plane of (111) and ∑11 with (113), and the latter displays the lowest γgb (~1.2 J.m -2 ). We note also that, among all the investigated GBs, ∑41c boundary shows the largest γgb value. Therefore, γgb could not be correlated only to the ∑ value. In the [100] GBs (blue dots), the ∑5 and ∑25a GBs display energy cusps, with the lowest γgb for the ∑5 one, which is in coherence with its highest linear fraction. Regarding the [111] GBs (green squares), we notice only single cusps at ∑7 that present larger γgb compared to those mentioned above. 

III. Experimental grain boundary energy measurements

Methodology

Sample preparation and characterization

A 16 mmthick and 8 mmdiameter pellet was elaborated using a UO2 powder metallurgy process in the UO2 Laboratory at CEA -Cadarache, France. The powder was uniaxially coldpressed under 400 MPa and then sintered at 1950 K for 4 h under Ar + 5% H2 atmosphere to ensure the material stoichiometry. A 1.5 mm thick disc was thereafter cut from the central part of the pellet and underwent a mechanical polishing with a final step performed with a 0.02 µm colloidal silica suspension to minimize the polishing superficial impact.

Furthermore, six Vickers micro-indents were performed using an Anton Paar MHT-10 microindentation instrument on the polished surface of the samples to mark a region of interest of 1024 µm x 704 µm, containing about 850 grains, with the aim of easily locating it before and after characterization by EBSD.

In order to create GB thermal grooves, the polished specimen was placed in a furnace and heated up to 1673 K, then was maintained for 4 h, under Ar + 5% H2 atmosphere before being cooled down at 5 K/min. The applied annealing conditions were selected not only to achieve wellgrooved GBs, but also to avoid significant grain growth and to preserve the material stoichiometry.

To select the type of GBs, EBSD analyses were performed on the region of interest identified above using a FEI NovaNano SEM 450, equipped with a Nordlys II Nano camera (maximum CCD resolution: 1344 × 1024 pixels) and the process-driven software AZTEC (from Oxford Instruments). EBSD data were acquired with a camera binning set to 4×4, a step size of 0.4 μm, an acceleration voltage of 20 kV, a beam current of about 10 nA, and a working distance of 15 mm. They were then analyzed with the Channel 5 suite of programs. The indexation rate of EBSD data (ratio of indexed pixels over total number of tested pixels) was close to 98% (prior to any data cleaning).

Dihedral angle evaluation

Grain boundary energies for the present sample were estimated from dihedral angle on thermally grooved surface. AFM was used with the aim of measuring the key parameters typifying the groove geometry formed at the boundaries. Images were recorded using a NSV-VEECO-D3100 AFM operating in tapping mode. AFM data processing was performed using

Gwyddion software [START_REF] Necas | Gwyddion: An open-source software for SPM data analysis[END_REF], which enabled to extract the cross-sectional profile of the groove along a line taken perpendicular to a GB, as illustrated in Figure 1. For each profile, the width (W) and depth (d) were directly measured and the ψ value was calculated using the Mullins theory and the following equation [START_REF] Mullins | Theory of linear facet growth during thermal etching[END_REF]:

Ψ = 180 -2 tan -1 (4.73 × ( 𝑑 𝑤/2
)) equation 4

Note that ten measurements were performed on each GB in view of checking the degree of reproducibility.

Surface energy anisotropy

As previously mentioned, the most significant simplification made in the Mullins model is the assumption of the full isotropy of γs. Obviously, in UO2, γs varies substantially with crystallographic orientation like in most materials. This energy variation creates anisotropy in γs, which leads to the formation of surface faceting features during annealing. Surface faceting is correlated with the crystallographic orientation of the grain. The formation of ridges was observed in the surface grains on different materials [START_REF] Heffelfinger | Mechanisms of surface faceting and coarsening[END_REF][START_REF] Knoppik | {110} Surface structure and degree of coarsening of NaCl crystals annealed near the thermodynamic equilibrium of crystal and vapour[END_REF][START_REF] Madey | FACETING INDUCED BY ULTRATHIN METAL FILMS ON W(111) AND Mo(111): STRUCTURE, REACTIVITY, AND ELECTRONIC PROPERTIES[END_REF][START_REF] Matzke | Crystallographic shear and ordered reduction of UO2[END_REF][START_REF] Zhang | Thermal grain boundary grooving with anisotropic surface free energies[END_REF][START_REF] Sachenko | Effect of faceting on the thermal grain-boundary grooving of tungsten[END_REF][START_REF] Szczepkowicz | From hill-and-valley faceting to global faceting of a crystal: oxygencovered tungsten[END_REF].

Figure 6a shows SEM micrographs, acquired in Back-Scattered Electrons (BSE) mode, of the polished surface of the UO2 polycrystalline sample after the annealing treatment. It can be clearly seen that the GBs are well grooved, and that the surfaces of some grains exhibit ridges.

The formation of ridges on the grain surface as indicated by arrows on figure 6a clearly reveals an anisotropy of γs for some grains. EBSD analysis tends to reveal that ridges would form preferentially on surfaces with crystallographic orientations relatively close to (001): see Figure 6b, on which grains presenting marked ridges were selected manually on the EBSD map by comparing it with the electronic image given by the Forward Scatter Detectors (FSD) mounted on the EBSD camera. Matzke [START_REF] Matzke | Crystallographic shear and ordered reduction of UO2[END_REF] observed also this phenomenon in annealed UO2 polycrystalline sample. Later, such a phenomenon was studied by Miao et al. [START_REF] Miao | Correlation between crystallographic orientation and surface faceting in UO2[END_REF] in UO2, in order to establish a correlation between the crystallographic orientation and faceting features of polycrystalline UO2 using Synchrotron and Laue microdiffraction. These authors studied the change in surface morphology for all stereographic triangle directions. They concluded that triple-plane structures containing one (100) plane and two (111) planes with three <110> edges dominated in most cases the surface morphology of UO2. The dominance of this structure can be explained by the stability of low-energy surfaces. 

Experimentally observed thermal grooves

It is reported that the surface anisotropy may strongly affect the GB groove morphology and, thereby causes the formation of facets instead of a smoothed boundary groove [START_REF] Mykura | The variation of the surface tension of nickel with crystallographic orientation[END_REF]. The presence of such facets prevents from determining the dihedral angle of the groove and applying Mullins theory.

In the present study, CSL boundaries identified by EBSD mapping were investigated using the AFM technique. Typical AFM micrographs of the GB grooves in the polycrystalline UO2 specimen annealed at 1673 K for 4h, with the corresponding line topographic profiles, are given in Figure 8.

A set of GBs was examined in detail. Their GB groove profiles revealed different morphologies, which can be gathered in two categories: symmetric and asymmetric.

A symmetric groove is illustrated in Figure 8a, which shows a profile with two symmetrical humps presenting the typical morphology defined by Mullins [START_REF] Mullins | Theory of Thermal Grooving[END_REF].

a) b) c)
Asymmetric GBs can be either unfaceted or faceted. The vast majority of the GB groove profiles showed a significant groove asymmetry that is clearly different from the classical profile predicted by Mullins theory but is consistent with studies previously reported on ceramics oxides [START_REF] Handwerker | Dihedral Angles in Magnesia and Alumina: Distributions from Surface Thermal Grooves[END_REF][START_REF] Shin | Grain-boundary grooves and surface diffusion in polycrystalline alumina measured by atomic force microscope[END_REF][START_REF] Kelly | Anti-thermal grain growth in SrTiO3: Coupled reduction of the grain boundary energy and grain growth rate constant[END_REF][START_REF] Min | Grain-boundary grooving by surface diffusion with asymmetric and strongly anisotropic surface energies[END_REF].

Figure 8b depicts a faceted groove while Figure 8c shows a smooth groove profile with asymmetric humps. Both grooves might result from either the inclination of the GB plane or the surface anisotropy (γs) of the grain.

i) Inclined GB plane

As stipulated by Mullins, if the GB plane is perpendicular to the material free surface then the angle α between the GB and the direction normal to the specimen is zero as illustrated in Figure 7a. Nevertheless, not all GB planes in a polycrystalline material can be orientated normal to its free surface. They can be inclined (Figure 7b) which means that the angle α can be different from zero, as noted by Shin et al. [START_REF] Shin | Grain-boundary grooves and surface diffusion in polycrystalline alumina measured by atomic force microscope[END_REF] in thermally etched alumina. 

ii) Surface energy anisotropy ƔS and faceting

Several authors in the literature addressed the effect of surface anisotropy on the morphology of GB grooves [START_REF] Zhang | Thermal grain boundary grooving with anisotropic surface free energies[END_REF][START_REF] Sachenko | Effect of faceting on the thermal grain-boundary grooving of tungsten[END_REF][START_REF] Min | Grain-boundary grooving by surface diffusion with asymmetric and strongly anisotropic surface energies[END_REF][START_REF] Klinger | Effects of Surface Anisotropy on Grain Boundary Grooving[END_REF][START_REF] Rabkin | Grain boundary grooving at the singular surfaces[END_REF][START_REF] Klinger | The effect of stress on grain boundary interdiffusion in a semi-infinite bicrystal[END_REF][START_REF] Zhang | Kinetics of Thermal Grain Boundary Grooving for Changing Dihedral Angles[END_REF]. Rabkin et al. [START_REF] Rabkin | Grain boundary grooving at the singular surfaces[END_REF] observed unusual GB groove morphologies using AFM on the NiAl surface after annealing at 1400°C. They attributed the asymmetry they found for GB grooves to the presence of a vicinal surface on one side of a groove and modified

Mullins' [START_REF] Mullins | Theory of Thermal Grooving[END_REF] linearized equation for thermal GB grooving to take the negligible mass transport on the vicinal surface into account.

Sachenko et al. [START_REF] Sachenko | Effect of faceting on the thermal grain-boundary grooving of tungsten[END_REF] showed that a groove developed between faceted and unfaceted (smooth) grains is often asymmetric with unusual growth kinetics. They explained the groove asymmetry by surface diffusion anisotropy, considering that the diffusion coefficient is high on the unfaceted side while it is negligible on the faceted side of the groove.

Zhang et al. [START_REF] Zhang | Thermal grain boundary grooving with anisotropic surface free energies[END_REF] studied the effect of anisotropic surface free energy on thermal GB grooving using modeling, simulation and experiments on tungsten. Based on Herring's model, they showed that, when the anisotropy is mild, the groove profiles are self-similar in the evolution but are often not in proportion to those developed under isotropic material properties. When the anisotropy is critical, surface faceting occurs. In addition, when it is severe the facets coarsen in the evolution. They exhibit the groove profiles in evolution under different degrees of anisotropy.

To the best of our knowledge, the GB groove morphology has never been experimentally studied for UO2. 

Dihedral angle ψ measurement

EBSD measurements were first used to identify the GB character in the region of interest of the annealed specimen, thereby selecting special CSL GBs for which ∑ values up to 49 (as classically considered for cubic crystals) were assigned. Grain boundaries with misorientations greater than 5° degrees were taken into account. The total linear fraction of CSL boundaries attains 14.56%, which is very close to the values reported by Nerikar et al. [START_REF] Nerikar | Grain Boundaries in Uranium Dioxide: Scanning Electron Microscopy Experiments and Atomistic Simulations[END_REF] (15.7%) and in our previous work (14.9%) [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF] for UO2 ceramics.

Secondly, experimental measurements of a dihedral angle ψ were performed for the aboveidentified CSL GBs solely from the profile of symmetrical grooves of GBs. With this criterion, 25 GBs were exploitable in the region of interest.

The ψ values, obtained for the CSL GBs in the specimen annealed at 1673 K, are tabulated with their macroscopic parameters in Table 1. For each GB, the ψ value is the average of at least ten measured values, the difference between the minimum and the maximum ones being within the range 2° to 10°. It must be noted that the measurements were made on a polycrystalline specimen, which means that the tilt or twist character and the nature of the plane of a given GB cannot be determined. 

CSL Index

IV. Comparison of experimental and atomistic simulations relative energies

To be able to compare experimental and atomistic simulations results, a relationship between experimental dihedral angles and calculated energies can be found by applying the Herring equation in a reverse fashion. Thus, we consider here a "virtual" thermal etching on simulated GBs involving virtual GB grooves and dihedral angles as represented in Figure 1. In those conditions, the rotation axis of simulated GBs is included in their respective GB planes and parallel to the virtual surface of the sample. As already noted, γs values calculated for all the planes boundaries of the GBs possessing the same rotation axis are nearly similar, we can therefore consider that, for a given rotation axis, γs is identical to the surface energy of the GB plane at the root of the virtual groove of the GB. In other words, for a given rotation axis, we can consider that the derivative of γs in regard of ψ is negligible. This standpoint allows using the simplified Herring equation to determine the corresponding virtual calculated dihedral angles from the calculated values of γs and γgb. Note that when discussing γs at the groove of GB, we will then use the word « identical » instead of isotropic, as it is now clear that γs is not isotropic throughout the sample (cf. section III.2).

Figure 9 compares the experimental and calculated dihedral angles ψ for 11 GBs. The calculated and measured ψ show a good agreement. In general, boundaries with higher measured angle ψ have higher calculated angle ψ. The relative difference between calculated and experimental values is under 5 %, except for 21b, 29b and 45b, with a relative difference between 15 and 20 %. The nice agreement obtained between experimental and calculated values tends to confirm that the experimental GBs relative energies γs/γgb can be directly determined by applying the Mullins theory on the experimental ψ angles determined for all the GBs studied on our sample. These results appear in agreement with several published studies [START_REF] Bourasseau | Experimental and simulation study of grain boundaries in UO2[END_REF][START_REF] Sutton | Overview no. 61 On geometric criteria for low interfacial energy[END_REF] reporting that there is no simple relationship between the relative energy of a boundary and its macroscopic degrees of freedom, on the one hand, and that the crystallographic parameters such as a low value of ∑ were not necessarily indicative of a low energy, on the other hand. It is likely that the boundary energy is essentially related to the microscopic structure of the boundary with the atomic bonding playing a key role.

V. Conclusion

The dihedral angle ψ in UO2 ceramics were assessed both experimentally and with atomistic simulations on CSL GBs. γgb of symmetric tilt GBs and γs of their respective boundary planes were calculated at 1700 K. The results support the idea that γS is identical at the groove of the GBs having the same rotation axis. Thus, the Herring equation could be useful for calculating the dihedral angle ψ.

In parallel, using EBSD-SEM and AFM techniques, faceted, asymmetrical and symmetrical grooves were evidenced on polycrystalline samples annealed at 1673 K for 4 h under Ar + 5% H2 atmosphere. Thus, the GB dihedral angles were measured only on symmetrical grooves of a CSL GB. The comparison between measured and calculated ψ leads to an excellent agreement, suggesting that the Mullins theory can be used in UO2 ceramics to experimentally determine the formation GBs energies by using identical γs at the root of the GB groove possessing the same rotation axis. This assumption is available only for GBs having similar γs values as a function of the rotation axis.

In summary, the marked agreement between the simulation and experimental approaches indicates that other key properties such as cleavage energies, which are very difficult to determine experimentally at the scale of the GBs, could be simulated as well. That would help providing a better understanding of the role of the GBs in the thermomechanical behavior of UO2 ceramics under irradiation.

Figure 1 :

 1 Figure 1: Schematic illustration of the force balance in a boundary intersecting a free surface.

Figure 2 :

 2 Figure 2: Schematic of the simulated system with a GB. The simulation box, in the center, contains two crystals A and B.

Figure 3 :

 3 Figure 3: Surface energies of the GB planes of 34 symmetric tilt GBs (J.m -2 ). The GBs possessing the same rotation axis are represented with the same color.

Figure 4 :

 4 Figure 4: GB energies of 34 symmetric tilt GBs at 1700K (J.m -2 ).

Figure 5

 5 Figure 5 exhibits γgb as a function of misorientation angle θ, for the [100], [110] and [111] symmetric tilt GBs, respectively. For better clarity, ∑ indices are indicated as well. By increasing θ, the energy magnitude fluctuates more for [110] GB than for [100] and [111] GBs,

Figure 5 :

 5 Figure 5: GB energy as a function of misorientation θ for [100], [110] and [111] symmetric tilt GBs at 1700 K.

Figure 6 :

 6 Figure 6: a) SEM micrographs (in BSE mode) of the annealed UO2 specimen revealing GB grooves and some grains with ridged surfaces (black arrows indicate some ridges), b) FSD electron image superimposed with EBSD map grains exhibiting marked ridges were selected manually and are colored according to the IPF-Z color code given in (c).

Figure 7 :

 7 Figure 7: A schematic showing the GB plane a) perpendicular (α = 0), and b) inclined (α ≠ 0) to the material free surface.

Figure 8 :

 8 Figure 8: AFM images of GB grooves in the UO2 sample annealed at 1673 K for 4h, and selected linear profiles taken perpendicular to the GB direction. a) Symmetrical groove, b) asymmetrical faceted groove and c) asymmetrical unfaceted groove.

Figure 9 :

 9 Figure 9: Comparison between the GB relative energies obtained from the experimental determination of dihedral angle at 1673 K (in blue) and from atomistic simulations at 1700 K (in orange).

Figure 10 :

 10 Figure 10 : GB relative energy as a function of misorientation angle at 1673 K.

  having [100],[110] and[221] rotation axes display very distinct γgb/γs values and no trend behavior can be identified. However, GBs with a [111] rotation axis present similar γgb/γs values in a very closely range [1-1.2], suggesting that γgb/γs is insensitive to the misorientation angle in this case. ∑15, ∑23 and ∑49b present similar values compared to the latter. We note also that although ∑7 and ∑9 as well as ∑5 and ∑45b have nearly the same misorientation angle, they depict different γgb/γs values, and ∑19a and ∑13b display the same γgb/γs, whereas they present different ∑ values.

  

Table 1 :

 1 ψ measured on AFM linear profiles of the grooves etched on the identified CSL GBs.

		Axis	Misorientation angle (°)	Measured ψ angle (°)
	∑3	110	70,5	93
	∑5	100	36,86	138
	∑7	111	38,21	111
	∑9	110	38,94	78
	∑13b	111	27,79	109
	∑15	210	48,19	110
	∑19a	100	28,07	109
	∑21a	111	21,78	112
	∑21b	100	16,26	94
	∑23	311	40,45	115
	∑25b	331	51,7	125
	∑29b	221	46,4	83
	∑33a	110	20	136
	∑39a	111	32,2	115
	∑41a	100	12,68	126
	∑45b	221	36,9	104
	∑49b	511	34,6	113
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