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Extended defect change in UO2 during in situ TEM annealing

Predicting the nuclear fuel microstructure at each moment of its irradiation cycle (nominal, power transient, accidental conditions) is a significant nuclear safety issue. For that, it is necessary to understand the impact of irradiation parameters on the microstructure. This study provides insight about the temperature effect on dislocations. In situ thermal annealing up to 1400 °C on pre-irradiated polycrystalline UO2 thin foils was performed inside a TEM for the first time. The aim of the current study is to establish the kinetic and the mechanisms of thermal recovery of extended defects induced by irradiation.

Whatever the initial irradiation conditions, extended defect recovery was observed around 1000-1100 °C, in good agreement with literature data. Dislocation line disappear mainly by climb and dislocation loops move by pencil glide along the <110> Burger vector directions. Defect growth by coalescence of dislocation loops is also observed.

Introduction

Uranium dioxide (UO2), a ceramic compound that crystallizes in the fluorite structure (Fm-3m space group), is the standard material used as a nuclear fuel for pressurized water reactors. During fission of uranium nuclei, radiation damage and fission products accumulate in UO2 fuel pellets, in the form of point defects, extended defects (dislocation loops and lines), precipitates and fission gas bubbles. The fuel microstructure is therefore strongly modified during irradiation [1][2][3] affecting its mechanical [4] [START_REF] Henry | Irradiation effects on the fracture properties of UO2 fuels studied by micro-mechanical testing[END_REF] and thermal [6] [START_REF] Deng | Effects of edge dislocations on thermal transport in UO2[END_REF] properties which, in return, limit its lifetime in reactor [START_REF] Baron | Fuel Performance of Light Water Reactors (Uranium Oxide and MOX)[END_REF]. The links between microstructure changes during irradiation and fuel properties are partially known and still currently studied. Additional characterizations of the mechanical and thermal properties of irradiated fuels to better assess their evolution upon irradiation are therefore needed. For instance, during normal irradiation conditions, subdivision of initial grains into smaller sub-domains, a phenomenon generally attributed to dislocation rearrangement, was recently observed in the pellet center [START_REF] Noirot | Focused ion beam-scanning electron microscope examination of high burn-up UO2 in the center of a pellet[END_REF]. Fission gas atoms (Xe, Kr) may diffuse faster along the paths provided by dislocations [10] [START_REF] Murphy | Xe diffusion and bubble nucleation around edge dislocations in UO2[END_REF] and be released into free volumes between the fuel pellets and the cladding. If the gases are released from the fuel, they contribute to the internal pressure increase, which may 2 lead to the failure of the cladding. Therefore, in order to gain a better understanding of the complex fuel evolution, extended defects and their behavior under external and internal stimuli must be characterized.

The evolution of extended defects is the result of several simultaneous and correlated phenomena which are not yet fully understood: radiation damage accumulation, temperature (which changes with the radius of the pellets from ~500 to ~1000 °C), doping by fission products, and mechanical load. A well-suited way to study separately these different phenomena consists in performing ion irradiations on polycrystalline UO2 samples. In addition to allow a precise dose control, this technic offers the possibility to handle low activity samples. Many out-of-pile studies, i.e.

using ion [12] [13] [14] [15] [16], electron [17] [18] [19] or neutron

[20] irradiations, have therefore been performed to characterize extended defects in UO2 or CeO2, which is proposed as a good non-radioactive surrogate of UO2. However, the impact of these different parameters was not systematically studied. This work takes place within the scope of a broad separate effect study. Our previous works [21] [START_REF] Onofri | Influence of exogenous xenon atoms on the evolution kinetics of extended defects in polycrystalline UO2 using in situ TEM[END_REF] presented in detail the impact of radiation damage accumulation, temperature combined with radiation damage and doping by xenon atoms on extended defects change. The aim of the current study is to determine the effect of temperature on these defects. In situ thermal annealing was performed using TEM on pre-irradiated samples with 4 MeV gold ions at different temperatures (-180, 25 and 600 °C) and fluences (5 × 10 13 to 1 × 10 15 Au/cm 2 ) in order to follow the evolution of different extended defect populations (dislocation loops exclusively or lines and loops concomitantly).

Experimental

Polycrystalline UO2 discs were cut from sintered UO2 pellets. They were mechanically thinned on one face down to a thickness of 300 µm. They were subsequently annealed at 1400 °C during 4 hours under Ar/5 % H2 to relax strain induced by mechanical grinding and remove the last damages induced by polishing. To obtain TEM transparent thin foils, mechanical thinning was performed on the rough face using the tripod polishing technique. The final chemical etching consists of a solution of nitric acid, glacial acetic acid and orthophosphoric acid at 120 °C [23], allowing for reaching electron transparency. These UO2 thin foils were irradiated with 4 MeV gold ions using the Tandem accelerator ARAMIS [24] at the CSNSM laboratory (Centre de Sciences Nucléaires et de Sciences de la Matière in Orsay). Irradiation conditions were gathered in Table 1. Gold ions at the energy of 4 MeV were chosen to simulate the energy lost in the nuclear regime of fission products, which means at the end of their path. In this study, we focus on the effect of temperature on extended defects induced by irradiation, without any effect of exogenous atom implantation. As presented in detail in our previous study [START_REF] Onofri | Evolution of extended defects in polycrystalline Au-irradiated UO2 using in situ TEM: Temperature and fluence effects[END_REF], the large majority of the gold ions at this energy traverse the thin foil without stopping there. In other words, very few gold ions are implanted into the thin foil whereas damage is promoted. All the fluences achieved in this study (between 5 × 10 13 and 1 × 10 15 i/cm 2 ), represent only a few days in reactor. Thus, they will be rather compared with the beginning of the first irradiation cycle. Irradiation temperatures range between -180 and 600°C. These different irradiation temperatures combined with fluences allow us to study various initial defect populations: only dislocation loops or loops and lines concomitantly. The low temperature irradiation is also supposed to promote isolated point defects. The mean irradiation flux was around 1.9 × 10 11 Au.cm -2 .s -1 to limit sample heating during irradiation.

During in pile irradiation, the irradiation flux is very low compared to the one obtained in ion irradiations; about 1 dpa per day instead of about 10 2 dpa/day in our conditions. The effect of temperature on preexisting defects is therefore an important parameter to understand the microstructure evolution of the fuel in pile. In situ thermal annealing was performed on these samples using a Jeol 2010 TEM at the CEMES The sample thicknesses were determined using the fringe method [START_REF] Williams | Transmission Electron Microscopy: A Textbook for Materials Science[END_REF]. The formula used to determine the thickness t with the fringe method is given as followed:

with ξeff the effective extinction distance, n the number of thickness fringe, s the exciting error (Bragg deviation, close to 0 in our cases) and ξg the extinction distance. The thicknesses of the studied areas range between 40 and 80 nm.

The analysis of dislocation loops and lines (size and density) was performed manually. Between 50 and 250 loops were characterized at each condition. Since dislocation loops have often an elliptical shape, their size was defined as the length of their longest axis. The dislocation line density was obtained by measuring the length of all the dislocation lines, divided by the volume they are contained in.

The uncertainty on the loop density is given by the following formula:

∆ 1 √ ∆
were is the loop density, N is the number of counted loops and t is the thickness of the studied area.

The uncertainty on the thickness ∆t is set to 10 nm.

The uncertainty on the loop diameter is set to 15 % of the measured value, mainly due to the width of the loop contrast.

The uncertainty on the line density is obtained from: ∆ ∆

Results

Thermal evolution of dislocation loops

3.1.a. Isochronal annealing

Isochronal thermal annealing, as described in Table 1, was performed on a polycrystalline UO2 thin foil irradiated with 4 MeV Au at -180 °C and 5 × 10 13 Au/cm 2 (sample 1a). Figure 1 presents a typical example of microstructure evolution with increasing annealing temperature. The corresponding loop density and average loop diameter changes as a function of annealing temperature are given in Figure 2 while Figure 3 shows the loop size distribution after different annealing temperatures. Before annealing (Figure 1 Then up to 1000 °C, there is no microstructure evolution. The loop density, average loop diameter (considering uncertainties), and loop size repartition remain stable (Figure 2 and Figure 3).

Above 1000 °C, as illustrated by Figure 1 (d-g) and Figure 2, a strong decrease of the dislocation loop density (more than on order of magnitude between 1000 and 1350 °C) and an increase (multiplying by about 8) of their average size are observed simultaneously. Figure 3 shows an offset of the loop size repartition toward large sizes with increasing annealing temperature, which suggests a loop growth by coarsening mechanisms (Ostwald ripening and/or coalescence). At the final temperature (1350 °C), the microstructure only consists of a few large loops and some lines. However, around 1200 °C surface contamination settles over the thin foil. EDX measurements performed on the particles deposited on the foil surface indicated that this contamination comes from partial sublimation of the W resistances that were implemented on this holder. Using the Thermodynamics of Advanced Fuels -International Database (TAF-ID) [28], the calculated thermodynamic equilibrium of our samples at 1200°C gives a stoichiometry close to 2.0049. If the initial stoichiometry of our samples is higher than this value, the O2 released from the samples could oxidize the W resistances, inducing the WO2 particle deposition. Oxygen could also come from desorption from the walls or the sample holder. In all cases, calculations show that this surface deposition is not expected to influence significantly the stoichiometry of the sample intern microstructure. Thus, in order to increase the quality of the final image (Fig. 3g), a gallium ion beam with glazing incidence (16 keV/43 pA and 5 keV/15 pA during 3 minutes) was used after the annealing to remove this contamination. We checked that the microstructure was not altered by this operation. 

3.1.b. Isothermal annealing

In order to study the effect of the annealing time, isothermal annealing was performed on another sample (sample 1b) irradiated with 4 MeV Au at the same fluence (5 × 10 13 Au/cm 2 ) and temperature (-180 °C).

Figure 4 presents the microstructure evolution and Figure 5 shows the loop size and density change as a function of annealing time. Before annealing (Figure 4(a)), the thin foil displays the same microstructure as sample 1a (Figure 1(a)). The density of the small defect clusters and their average diameter are similar as those presented in Figure 2: 1.0 × 10 15 cm -3 and 6.9 nm. First, the thin foil was annealed at 500 °C during 15 min. The same additional black dots appear, as observed previously (Figure 4(b)), inducing a significant density increase (2.7 × 10 16 cm -3 ). Then, annealing at 1150 °C was performed during 5 min. All the major changes take place during the first minute: the density is divided by a factor 3 and systematic loop growth is observed. Then, with increasing time, there is no more microstructure evolution. 

Thermal evolution of dislocation loops and lines concomitantly

Three samples (number 2, 3 and 4) irradiated with 4 MeV Au at high fluence (0.5 and 1 × 10 15 Au/cm 2 )

were annealed as described in Table 1. Figure 6, Figure 7 and Figure 8 present their microstructure evolution as a function of the annealing temperature for samples 2, 3 and 4 respectively. All samples display very close microstructure evolution with increasing temperature. First, using video monitoring during the in situ TEM annealing, for temperatures ranging from 500 to 1000 °C, many dislocation lines recombination were recorded. These movements take place in the early few minutes at each new temperature plateau and are particularly striking around 800 °C. However, densities are not significantly affected, as the total line length remains unchanged. Thus, there is no line or loop density evolution between 25 and 1000-1100 °C (Figure 9) in good agreement with the results of Nogita et al.

obtained for fuel irradiated in pile [START_REF] Nogita | Thermal Recovery of Radiation Defects and Microstructural Change in Irradiated UO2 Fuels[END_REF]. It is important to underline that line densities obtained in this study after irradiation (up to 1000°C) are of the same order of magnitude than the one found by I.L.F. Ray et al.

[31] for fuel irradiated at high burn-up (2.2 10 10 cm -2 ). This value does not change significantly between the periphery and the center of the pellet. Then, from 1000-1100 °C, both dislocation line and loop densities 

Density

Size decrease strongly (Figure 9), but even after annealing at 1400 °C the extended defect recovery is not complete especially in the thickest areas, as observed by Nogita et al. [START_REF] Nogita | Thermal Recovery of Radiation Defects and Microstructural Change in Irradiated UO2 Fuels[END_REF]. It is important to remember, that in the case of fuel irradiated in pile, many exogenous atoms (in solid solution, precipitates, bubbles…) are present and should affect the dislocation mobility. The effect of exogenous atoms on extended defect annealing will be discussed in another paper. A loop growth was also highlighted from 1000-1100°C. For instance, in sample 3 the average loop diameter increases from 4.6 to 10.6 nm between 900 and 1000 °C and from 10.6 to 19.8 nm between 1000 and 1400 °C. (Burn-up of 20 GWj/tU, power per unit of length of 250 W/cm, 235U enrichment of 4.48%).

Discussion

Annealing mechanisms below 1000-1100 °C

4.1.a. Dislocation loops

In the case of sample 1(a-b), which initially contains exclusively small dislocation loops (mean size of 7 nm), the apparition, at the TEM scale, of a second set of small dislocation loops (diameter < 5 nm) was Between one and three steps of relaxation were highlighted according to the studies. An elastic strain relaxation step was observed between 500 and 800 °C and was attributed by previous studies to the uranium vacancy migration [37] [START_REF] Turcotte | Alpha radiation damage in the actinide dioxydes[END_REF]. The point defects recovery can occur by different mechanisms, such as recombination, clustering and absorption by sinks, such as dislocations. Thus, the second set of dislocation loops could result from the point defect clustering in new dislocation loops and/or absorption by defect clusters already present but too small to be detected using the TEM. It is important to mention that in our experiments, we see only clusters of diameter larger than about 1-2 nm (depending on the thin foil quality).

Smaller clusters probably exist but are not able to be observed directly.

4.1.b. Dislocation lines

In the case of samples 2, 3 and 4, which initially contain dislocation lines and small loops, many dislocation line rearrangements were observed in the temperature range of [500 -1000 °C], and particularly around 800 °C (part 3.2). These movements are very fast (on the order of a second) and jerky as shown in video 1 (Supplement -Video 1). Since they take place at relatively low temperature, they could be attributed to slip.

Figure 10 illustrates some of these dislocation line slip motion. However, since dislocation lines are anchored and their movements limited, it is not possible to obtain slip traces that are long enough to determine the corresponding crystallographic slip planes.

The origin of dislocation glide is probably to be found in the mutual dislocation-dislocation interactions.

Dislocations induce strain field around them, which magnitude decreases with distance to dislocation and which can be attractive or repulsive depending on their geometry (parallel or anti-parallel Burgers vectors, same or different slip planes) [START_REF] Friedel | Dislocations[END_REF]. The high dislocation density in our samples actually promote these movements. This obviously worked as some dislocation rearrangements involving slip were observed, but their amplitude were too small to be able to clearly identify the crystallographic slip planes involved. In all cases, this is the first time that dislocation line movements are observed and reported in real time in UO2 during annealing. where dislocations are still present in the sample even after several hours at high temperatures (1500 -1800 °C).

4.2.a. Dislocation loops

Dislocation loops move along particular directions without any significant size variation. These movements are very fast (less than 1s) and jerky, and correspond typically to movement by pencil glide of prismatic loops along their Burgers vector direction As explained for the line glide in part 4.1.b, repulsive or attractive interaction between dislocation loops or with free surfaces (image force) could also be a motor for the pencil glide. Thus due to elastic interaction dislocation loops can disappear at surfaces or interact with other loops and anneal themselves or grow by coalescence, as shown in Figure 12. ). However, a detailed study of the Burgers vectors and habit planes of the colliding loops will be necessary to give more insight into the growth mechanisms.

4.2.b. Dislocation lines

Dislocation lines move slowly (few tens of seconds). The total length of the lines decreases. They can, in some configurations, disappear with surfaces. Lines motion is clearly observable in video 3 (Supplement -Video 3). The change of the line trace (intersection with surface) is not straight, as highlighted in Figure 14. This indicates that this trace does not correspond to a crystallographic one and that dislocation climb became active at this high temperature. Either lines may climb by absorption of point defects, clusters not observable at the TEM scale, or resolvable loops (see video 3). It is likely that point defects from free surfaces could also participate to the line climb. We will comment this point in the following part.

Vacancy changes with respect to temperature is also an important parameter to fully understand the change in dislocation mechanisms. nanometer size and a second one of about 10 nanometer size near dislocations. A link between dislocations, gas atoms and vacancies is thus clearly established. These cavities could pin dislocations lines, preventing their climb for example. We expect a different thermal recovery kinetics of the dislocation lines when exogenous gas atoms are implanted in the samples, as we will discuss in another work. 

4.2.c. Bulk sample

In order to study the effect of free surfaces during annealing, we performed an annealing on a bulk sample (disk of 500 µm of thickness) implanted with 27 MeV Kr at 600 °C and 5 × 10 15 i/cm 2 (see [START_REF] Onofri | Evolution of extended defects in polycrystalline UO2 under heavy ion irradiation: combined TEM, XRD and Raman study[END_REF]). This implantation condition, inducing a damage layer over 5 µm with a maximum at 3.5 µm, drastically reduces the effect of surfaces during annealing (compared to thin foils). Thin foils were obtained with a FEI Helios 600 NanoLab dual beam FIB at the 'Centre Pluridisciplinaire de Microscopie Electronique et de Microanalyse' (CP2M), before and after the annealing at 1400 °C during 1 h under Ar/5%H2, as shown in Figure 15. Initially the sample presents a very dense dislocation line network and small dislocation loops.

After annealing, it is clearly visible that most dislocation lines disappeared and large dislocation loops are also present. This microstructure is in good agreement with those of the thin foils directly annealed in the TEM.

This suggests that the elastic interaction between dislocations is the main motor for the microstructure evolution during annealing, even if the effect of free surfaces could affect the kinetics in case of thin foils.

Indeed, during thin foil irradiations, areas near surfaces (thickness of 10-30 nm) are denuded of dislocations, as previously observed by L.F. He et al. [START_REF] He | In situ TEM observation of dislocation evolution in Kr-irradiated UO2 single crystal[END_REF] in Kr irradiated UO2 or in our previous work [START_REF] Onofri | Evolution of extended defects in polycrystalline Au-irradiated UO2 using in situ TEM: Temperature and fluence effects[END_REF]. This phenomenon was attributed to a surface sink effects and seems to be related to the irradiation temperature. In our case, it is important to note that free surfaces could provide vacancy defects which could strongly participate to dislocation climb. However, as all samples are observed in similar conditions, this potential effect should be leveled. 

Summary and conclusion

Thermal recovery of extended defects (dislocation lines and loops) induced by ion irradiations in polycrystalline UO2 thin foils was examined through in situ TEM observations. Four samples, irradiated A first annealing stage was highlighted between 500 and 1000 °C, with different outcomes depending on initial microstructure. When only dislocation loops are initially present due to a low temperature and fluence irradiation, a second set of small dislocation loops (diameter < 5 nm) was observed around 500 °C.

This could be attributed to point defect recovery on sinks such as dislocations. When both dislocation lines and irradiation loops are initially present, heavy line rearrangements by slip took place, particularly around 800 °C.

Then, whatever the initial irradiation conditions, a second annealing stage corresponding to the extended defect recovery was observed above 1000-1100 °C. Both dislocation loop and line densities decrease with increasing temperature. The total length of dislocation lines is reduced by climb and the dislocation loops move by pencil glide along the <110> Burger vector directions. The coalescence and annihilation of dislocation loops could occur through pencil glide, but probably also involved climb in some cases.

However, these movements are only observed in the early few minutes at each temperature plateau. Thus, even after several hours of annealing some dislocations remain, in good agreement with post mortem literature observations.

The current study about mobility of extended defects with temperature constitutes a substantial work to improve the modelling of UO2 under irradiation, especially the formation of sub-grains in central area.
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 3 (a)), the microstructure exhibits few black dots identified as small dislocation loops [12] [20] [21]. Around 500 °C, monitoring the video captured during the annealing, additional small black dots become visible at the TEM scale (diameter < 5 nm), as shown in Figure 1 (b). These black dots are small dislocation loops too. So from 500 °C, Figure 2 reports an increase of the loop density (almost one order of magnitude) and a decrease of the loop average size correlated with a strong increase of the smallest (]0-5] nm) loop proportion, as shown in Figure This second set of dislocation loops was also observed by Whapham et al. [20] in UO2 irradiated with neutrons and further annealed at 1100 °C during 1 hour.

Figure 1 :

 1 Figure 1: Sequential bright field (BF) TEM images of polycrystalline UO2 thin foil irradiated with 4 MeV Au at -180°C and 5 × 10 13 Au/cm 2 : (a) as implanted, (b, c) annealed at 900 °C (two areas), (d) 1000 °C, (e) 1150°C, (f) 1200 °C, (g) 1350 °C. The observations were carried out with g = 200 reflection. The insets show the diffraction patterns.

Figure 2 :

 2 Figure 2 : Loop density and average loop diameter as a function of annealing temperature in UO2 irradiated with 4 MeV Au at -180 °C and 5 × 10 13 Au/cm 2 . Doted lines are guide for the eyes.

Figure 3 :

 3 Figure 3 : Dislocation loops diameter repartition as a function of annealing temperature (Color online).

Figure 4 :

 4 Figure 4 : Sequential BF TEM images of polycrystalline UO2 thin foil irradiated with 4 MeV Au at -180°C and 5 × 10 13 Au/cm 2 : (a) as implanted, (b) annealed at 500 °C 15 min, (c) annealed at 1150 °C 30 s, (d) 60 s, (e) 120 s, (f) 300 s . The observations were carried out with g = 220 reflection (diffraction pattern shown in inset).

Figure 5 :

 5 Figure 5 : Loop density and average loop diameter evolution as a function of the annealing time at 1150 °C.

Figure 9

 9 shows dislocation line and loop density change with increasing the annealing temperature.Initially, all samples present similar microstructure: dislocation lines and small dislocation loops (diameter <10 nm) between the lines as shown in our previous work[START_REF] Onofri | Evolution of extended defects in polycrystalline Au-irradiated UO2 using in situ TEM: Temperature and fluence effects[END_REF]. However, the sample irradiated at -180 °C (Figure6(a)) is very strained, thus it is difficult to clearly see individual dislocations and impossible to quantify them below 800 °C.

  Unfortunately, above 1100 °C samples are progressively covered by surface contamination too (visible as faceted dark particles and indicated by an arrow in Figure6(g)). This contamination is due to W redeposition, originating from the oven resistances that are overheating. It does not affect the internal dislocation structure of UO2.

Figure 6 :

 6 Figure 6 : Sequential BF TEM images of polycrystalline UO2 thin foil irradiated with 4 MeV Au at -180°C and 1 × 10 15 Au/cm 2 : (a) as irradiated, (b) annealed at 400 °C, (c) 600 °C, (d) 800 °C, (e) 950 °C, (f) 1100 °C, (g) 1250 °C, (h) 1300 °C. The observations were carried out with g = 111 reflection (a), with g = 200 reflection (b-d) and with g = 220 reflection (e-h). The insets show the diffraction patterns.

Figure 7 :

 7 Figure 7 : Sequential BF TEM images of polycrystalline UO2 thin foil irradiated with 4 MeV Au at 25 °C and 5 × 10 14 Au/cm 2 : (a) as implanted, (b) annealed at 400 °C, (c) 800 °C, (d) 1000 °C, (e) 1100 °C, (f) 1400 °C. The observations were carried out with g = 200 reflection. The inset shows the diffraction pattern.

Figure 8 :Figure 9 :

 89 Figure 8 : Sequential BF TEM images of polycrystalline UO2 thin foil irradiated with 4 MeV Au at 600 °C and 1 × 10 15 Au/cm 2 : (a) as implanted, (b) annealed at 600 °C, (c) 800 °C, (d) 950 °C, (e) 1000 °C, (f) 1100 °C, (g) 1150 °C, (h) 1200 °C, (i) 1300 °C. The observations were carried out with g = 220 reflection. The inset shows the diffraction pattern.

  observed around 500 °C (part 3.1.a). To understand this phenomenon, it is necessary to recall what is happening during low energy ion irradiation in UO2. According to Classical Molecular Dynamics (CMD) calculations, in the nuclear energy loss regime, atomic collisions induce displacement cascades, which lead to a thermal spike of a few picoseconds [33]. CMD simulations have shown that the overlap of displacement cascades induces the formation of cavities, interstitial dislocation loops and of many point defects [34]. These dislocation loops could be directly formed by a loop punching process [35] [34] or by trapping interstitials as the dense periphery of thermal spikes quenches [36] without the need for long-range diffusion. This could explain the presence of the first loop population. During the annealing, point defects induced by irradiation may become mobile above 500 °C. Indeed, in previous thermal annealing studies performed on UO2 irradiated with neutrons, alpha particles [37] [38] [30] or helium [39], elastic strain relaxation, related to point defects recovery, was observed in the temperature range of [200 -900 °C].

Figure 10 : 4 . 2 .

 1042 Figure 10 : Sequential BF TEM images of polycrystalline UO2 irradiated with 4 MeV Au at 600 °C and 1 × 10 15 Au/cm 2 during annealing at 800 °C, showing lines movement by glide. The arrows

[ 42 ]

 42 [43]. The loops induced by irradiation are prismatic with Burgers vectors along <110> directions, according to previous studies [13] [20] [44] [45]. Using stereographic representations, the <110> directions were identified as the glide directions. Therefore, these movements are in good agreement with dislocation loop characteristics in UO2. Figure 11 illustrates loop movement by pencil glide along the <110> directions.

Figure 11 :

 11 Figure 11: (a-b) Sequential BF TEM images of polycrystalline UO2 irradiated with 4 MeV Au at -180 °C and 5 × 10 13 Au/cm 2 , showing loop movements by pencil glide along the <110> directions during annealing at 1150 °C. The studied loops are circled. The observations were carried out with g = 200 reflection. The images on the left indicate the initial positions, the images on the middle correspond to the final positions and the images on the right are superposition of initial and final images (the colors of initial image were inverted and the studied loops appear in white). Arrows indicate the glide directions. (c) Stereographic representation associated to (a-b) [46]. The arrows are reported to indicated the glide direction, along the <101> directions.

Figure 12 :

 12 Figure 12 : Sequential BF TEM images of polycrystalline UO2 (a) irradiated with 4 MeV Au at -180 °C and 5 × 10 13 Au/cm 2 under thermal annealing at 1150 °C showing loop disappearance at surface (b) irradiated with 4 MeV Au at 25 °C and 5 × 10 14 Au/cm 2 under thermal annealing at 1200 °C showing loop coalescence by pencil glide. The studied loops are circled.

20 Figure 13 :

 2013 Figure 13 : Sequential BF TEM images of polycrystalline UO2 irradiated with 4 MeV Au at -180 °C and 5 × 10 13 Au/cm 2 under thermal annealing at 1200 °C showing loop coalescence by diffusion process. The studied loops are circled.

Figure 14 :

 14 Figure 14 : Sequential BF TEM images of polycrystalline UO2 irradiated at 600 °C and 1 × 10 15 i/cm 2 under thermal annealing, showing line movements by climb at (a) 1150 °C, (b) 1300 °C. The arrows indicate the studied lines. The images on the right (with red contours) illustrate the path of the intersection of the line with surfaces. Each black point corresponds to this intersection at different time (each 5s).

Figure 15 :

 15 Figure 15 : BF TEM images of polycrystalline UO2 irradiated with 27 MeV Kr at 600 °C and 5 × 10 15 i/cm 2 , (a) before [41] and (b) after annealing at 1400°C during 1h. Observations were carried out with g = 200 reflections.

with 4

 4 MeV gold ions at three temperatures (-180, 25 and 600 °C) and fluences (0.5, 5 and 10 × 10 14 Au/cm 2 ) were annealed up to 1400 °C in order to observe different initial microstructures. These initial levels of damage correspond to the early first time in reactor. Annealing up to high temperatures using successive temperature plateaus, allowed us to follow extended defects change for temperatures pellet periphery (400-500°C) up to the center (1000-1200°C), without exogenous atoms contribution.

Table 1 .

 1 laboratory (Centre d'Élaboration de Matériaux et d'Etudes Structurales in Toulouse). A custom-made dedicated sample holder, [25] [26], was used to perform observations at successive temperature plateaus, up to 1400°C. The subsequent annealing conditions were summarized in Video monitoring of the microstructure was ensured by a Megaview III CCD camera coupled with a hard drive at a rate of 25 images per second.

	Sample number	Energy and ions	Irradiation temperature ( °C)	Fluence (i/cm 2 )	Annealing temperature plateaus (°C)
	Sample 1a	4 MeV Au	-180	5 × 10 13	15 min at 500, 600, 800, 900 5 min at 1000, 1150, 1200, 1250, 1350
	Sample 1b	4 MeV Au	-180	5 × 10 13	15 min at 500 and 5 min at 1150
					15 min at 200, 400, 500, 600, 800, 950
	Sample 2	4 MeV Au	-180	1 × 10 15	5 min at 1100, 1150, 1200, 1250, 1300,
					1350
	Sample 3	4 MeV Au	25	5 × 10 14	5 min at 200, 400, 500, 600, 700, 800, 1000, 1100, 1200, 1300, 1400
					15 min at 400, 600, 800, 950
	Sample 4	4 MeV Au	600	1 × 10 15	5 min at 1000, 1100, 1150, 1200, 1250,
					1300

Table 1 : Irradiation and thermal annealing conditions.

 1 

49][50][51].

  However, in available literature, only Xe or Kr irradiations at high fluences followed by annealing were performed [In these conditions, vacancy behavior could be affected by xenon or krypton atoms and could be strongly different from the one without exogenous gas atoms. Marchand et al.[START_REF] Marchand | Xenon migration in UO2 under irradiation studied by SIMS profilometry[END_REF] reported that after implantation at room temperature, Xe is mainly present under atomic state and no cavities (clusters of several vacancies that might contain gas atoms) could be

	reported small cavities with a diameter around 1 nm. These differences in the initial state could be
	explained, for the study of Michel, by the high out-of-focus values used for imaging bubbles. Indeed bubble
	size and density strongly depend on the out-of focus value [54], especially if the objects are very small, as
	observed in UO2 after ion irradiations [55]. In any case, a cavity growth was highlighted from 1000°C 12h

observed using PAS [52] or TEM [53]. At equivalent irradiation conditions, He et al. [49] and Michel [51] [51] or 1300°C 1h [49]. Two bubble populations are commonly observed: the first one of around 1
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