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1. Introduction 

Uranium oxide (UO2) is the standard nuclear fuel used in commercial light water reactors 

(LWRs), a ceramic compound with a fluorite structure. The thermophysical characteristics of UO2 

fuels are severely degraded by radiation damage, which reduces  the fuel’s lifetime and impacts 

operational costs (1). Specifically, the performance of UO2 during reactor operation, interim 

storage, or disposal in a repository is greatly impacted by inert fission gas atoms like Kr and Xe 

(2). These atoms have a significant fission yield of about 25% but limited solubility in UO2. During 

reactor operation, these fission gas atoms precipitate into bubbles at grain boundaries or in the 

grains (3). Fission gases generated during reactor operation by nuclear fission induce swelling of 

the fuel and channel through grain boundaries to release into the fuel stack, increasing pressure in 

the fuel rod plenum (4). As a result, these fission gas-related phenomena can unintentionally alter 

the mechanical characteristics of the fuel itself (5, 6). Fission gas atoms exhibit extremely low 

thermal conductivity, and the creation of localized fission gas bubbles with low conductivity in 

the matrix reduces the bulk thermal conductivity of the oxide (7). This reduction in thermal 

conductivity in the fuel creates a thermal barrier that prohibits heat transfer to the coolant, requiring 

reactor power to be decreased to address the rising centerline temperature of the fuel (8).  

Besides the irradiation-induced bubbles that further increase the unwanted effect on UO2 fuel 

performance, the irradiation-induced dislocation loops dramatically impact its mechanical and 

thermal properties and has significant consequences on the fission gas release (3, 9, 10). As the 

burnup increases, the accumulation of point defects leads to the nucleation of clusters and 

dislocation loops until saturation causes the loops to overlap and transform into a dislocation line 

network (11-14). The dislocation loop evolution in UO2 under irradiation has been extensively 
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studied in the past decades, where UO2 was irradiated under various irradiation dose rates, ion 

types, and operating temperatures (15).  

Previous observations of high-temperature annealing of UO2 and other materials irradiated 

with inert gas ions have shown decreasing density and increasing size of extended defects as 

annealing temperature increases (16-19). These observations have led to several attempts to 

understand the driving forces behind the apparent mechanisms of the extended defects, which 

causes several smaller defects to cluster and merge into one larger defect. Several different 

mechanisms such as point defect diffusion and absorption from the matrix, resolution of fission 

gas bubbles, extended defect coalescence, and Ostwald ripening are possible avenues for the 

observed increase in defect size and decrease in defect density (3, 20, 21). In-pile conditions exhibit 

a very high degree of nuclear damage on the fuel microstructure, and this increased damage further 

increases the overall dissolution of fission gas bubbles in the matrix. Yet for accident scenarios, 

ion irradiations can shed light on fission gas evolution mechanics, particularly for temperatures 

that are too high for test reactors. 

The coalescence of fission gas bubbles and dislocation loops has also been observed in-situ 

TEM imaging in UO2 and other materials during annealing and thermal spikes (16, 22). Several 

governing factors and notable considerations have been identified during bubble and loop 

coalescence: (1) The probability of two bubbles coalescence is more often influenced by bubble 

density than size (23). (2) Anisotropic strain fields of bubbles due to their polyhedron shape, 

provide additional avenues for fission gas penetration at the vertices of the polyhedron, alluding 

to anisotropic probabilities for coalescence (24). (3) During coalescence of dislocation loops, two 

loops on the same plane can merge and orient to a new plane (18), and if two loops on different 

planes merge, the new loop will retain the orientation of the larger loop (18, 25-28). The 
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Although the size of the intergranular bubbles is much larger than the intragranular ones the 

number density of them is extremely low thus it does not significantly impact the final statistical 

estimation of mean bubble size. The bubble morphology at GB and its associated elemental 

characterization was revealed by high-resolution STEM (HRSTEM) and EDS techniques in Fig. 

2. The high angle annular dark-field (HAADF) and bright-field image exhibit a variation of local 

image contrast in which a big bubble locates. The contrast in the HAADF image is atomic 

number dependent (Z-contrast), with darker contrast at GB suggesting the absence of atoms. The 

EDS elemental map and EDS spectra confirm that the big bubble at GB is filled with Kr. The 

 

 

Fig. 3 (a) The intragranular and intergranular bubble sizes as a function of annealing temperature. 
(b) The bubble number density at multiple annealing temperatures. The error bars represent 
standard deviations. 
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sample with numerous small clusters (~3 nm), while Fig. 4(b-d) exhibit two different 

characteristic defect structures, i.e., large defect cluster (dislocation loop) and linear dislocation 

in the annealed samples. The average size and number density of dislocation loops were 

estimated and summarized in Fig. 5. The result shows that annealing at elevated temperature not 

only increases the bubble size but also promotes the coalescence of smaller, one-dimensionally 

mobile defect clusters into TEM-visible dislocation loops. The qualitative analysis indicates that 

both loop size and number density are sensitive to temperature. Specifically, annealing at 1000°C 

is adequate to increase the loop size to 9.7 nm, which is 1.8 times larger than the size of the as-

irradiated sample, and significantly decreases the number density by 98%. As the annealing 

temperature increases to 1600°C, the loop size reaches 22.3 nm with a further 85% reduction in 

number density.  

 

Fig. 5 (a) The average size and (b) number density of dislocation loops in the as-irradiated sample 
and the samples annealed at 1000 ºC, 1300 ºC, and 1600 ºC.  
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materials irradiated with inert gas ions have shown decreasing density and increasing size of 

extended defects as annealing temperature increases (16-19). The absorption of vacancies and 

interstitial takes place within the interfacial neighborhoods such as precipitates or GB. The 

irradiation-induced resolution becomes active at low annealing temperature while Ostwald 

ripening is considered to be effective mechanisms for large bubbles (51). In this work, high-

temperature annealing causes a number of smaller defects to cluster and combine into one larger 

defect, which is caused by the apparent "coalescence" of the extended defects as well as growth 

by point defect absorption. To further our understanding of the dynamical behavior of defect 

coalescence during annealing, this study proposes a RT model providing insight into defect 

evolution at high temperatures (>1000°C). The RT model allows us to infer information about the 

macro-mechanistic process of defect coalescence at high temperatures and provides a calibrated 

model for defect coalescence in UO2. Due to ex-situ isochronal annealing, the results of the time 

varying evolution of extended defect properties are limited to only the initial and final values. This 

lack of time-dependent experimental data raises the need to examine the temperature dependent 

results. Similarly, the fitting of parameters must been taken as a function of temperature, not time, 

to ensure that the solution is well defined.  

      Prior to parameterizing the model, the activation energy of dislocation loops and bubbles can 

be determined experimentally from the results obtained from TEM. The method of quantifying the 

activation energy in this report consists of not examining the individual extended defect 

parameters, but rather calculating the total amount of coalescence reactions necessary for the 

densities and sizes obtained from TEM to decrease to their corresponding values which was 

calculated based on Eqns. 3 & 4. For dislocation loops, the activation energy was found to be 0.42 

eV, while for bubbles the activation energy was 0.20 eV. Parameterization of the extended defect 
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predominated by dissociation of fission gas bubbles diffusing gas into the matrix (54, 55). Previous 

work modeling PD concentrations during annealing in UO2 suggest that annealing temperatures 

above 1000°C represent Stage V annealing, where the onset of VU causes an increase in 

recombination with UI, further reducing the impact of PD on defect coalescence (56). Annealing 

stages are represented by which defect mobility dominates, and at higher temperatures, higher 

annealing stages further reduce defect populations. Stages III & IV are characteristic of vacancy 

and vacancy impurity mobility, while stages I & II are characteristic of interstitial, and interstitial  

cluster, and interstitial-impurity cluster mobility (57). In most materials, Stage V annealing is 

representative of dissociation of vacancy clusters, similar to the characterization by Weber (54, 

58). It is also important to note that at stage V recovery, dislocations of both types (vacancy and 

interstitial) and dislocation networks are possible, which, when combined with the dissociation of 

vacancy clusters result in a very interactive microstructure for fission gas mechanics (57). At 

higher annealing stages, the activation of different PDs, PD clusters, and PD-impurity complex 

results in the increase in migrating PDs within the fuel matrix, which may then interact with 

extended defects. All the studies mentioned previously have examined only PD, and PD affecting 

properties. Nogita et. al. found that annealing of neutron irradiated UO2 above temperatures of 

850°C (5 hours) completely recovered PDs, while this indicates that total point defect  recovery is 

possible, this may not be true during the early stages of annealing (59). If the PD population is 

entirely recovered after annealing above 1000°C for one hour, then the only interaction between 

them and the extended defects would be negligible due to the near instantaneous annihilation of 

PD. Onofri et. al. found that recovery of extended defects in Au irradiated UO2 with ion energies 

similar to that of the energy lost in the nuclear regime, began to occur between 1000°C-1100°C, 

suggesting that any high temperature samples in this report are capable of extended defect recovery 
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(32). Furthermore, all samples showed extended defect recovery between 1000°C-1100°C when 

the irradiation temperature and fluence were varied. Annealing studies of tungsten have theorized 

that defect coalescence only occurs at temperature above 1000°C (31). If this phenomenon of 

coalescence occurring only during high temperature annealing is true for UO2, then the defect 

coalescence model would not be applicable at all annealing temperatures, but rather during Stage 

V recovery. This is supported by the exclusive observation of high temperature coalescence in this 

report and other studies (32, 54, 59). While extended defect coalescence plays a little role in low 

temperature RT modeling, it gradually becomes imperative to consider this effect, especially at 

temperatures above 1000°C.  

5. Conclusions 

In this study, we investigated the evolution of Kr bubbles and dislocation loops in UO2 at 

1000°C, 1300°C, and 1600°C using TEM characterization and rate theory (RT) simulation. 

Intragranular and intergranular bubbles were observed in all annealing temperature. The bubbles 

grew but their size distribution became more non-uniforms as the annealing temperature increased. 

The dislocation loops grew significantly while their number density decreased rapidly as the 

annealing temperature increased. The Burgers vector of the dislocation loops was determined to 

be <110>-type. Traditional RT models may not be suitable for determining extended defect 

properties during high temperature annealing because the complete recovery of the point defect 

populations is modeled by RT. The coalescence model presented in this study may only be 

applicable to samples annealed >1000°C. 
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