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Abstract 
 

Understanding cracking phenomena in polycrystalline UO2 fuel pellet 
requires detailed knowledge of the fuel's local microscopic stresses and 
operational conditions. High stress states emerge in the pellet due to a 
deep parabolic temperature gradient between the center and cylindrical 
edges of the pellet. In normal operating conditions, the outer regions of the 
fuel pellet are brittle and experience tensile stresses. On the other hand, 
the inner parts of the pellet experience compressive stresses, and the 
behavior is increasingly plastic. Macroscopic stress in the pellet can cause 
diverging local stresses and microcracking due to e.g. strain 
incompatibilities between the grains and dislocation pile-ups. Also, 
porosity, localization of pores in grains and at grain boundaries, their size, 
and shape substantially impact UO2 cracking behavior. 
 
This study proposes a micromechanical modeling workflow to study how 
pores affect the plasticity of polycrystalline UO2. SEM-EBSD was 
performed on standard UO2 pellets with dense microstructure and round 
pores at inter and intra-granular locations. The characterized 
microstructure was meshed and coupled with a dislocation-based crystal 
plasticity model to simulate the uniaxial compression behavior at 1600 K. 
To this end, we propose the constitutive model that potentially can 
describe the deformation of a single crystal and polycrystalline UO2. We 
have also developed the inverse optimization method to identify material 
parameters providing a unique solution at different length scales. With the 
element removal technique, we have assessed the influence of pores size, 
volume fraction, and their distribution in microstructures on the mechanical 
response of polycrystalline UO2.  
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1. Introduction 

 

As a part of NKS-R program in 2021, VTT and KTH have studied micromechanical 

behaviour of UO2 nuclear fuel pellets to improve understanding of the mechanical 

deformation processes occurring in the fuel during its usage. 

 

The parabolic temperature profile in the fuel pellet causes tensile stresses at the outer region 

of the pellet. On the other hand, the inner parts of the pellet experience compressing forces. At 

the pellet edges, the mechanical behaviour is close to brittle. However, with the elevated 

temperatures at the central parts of the pellet, the behaviour is more plastic. Stress over the 

fuel pellet can result diverging local stresses and microcracking due to strain incompatibilities 

between the grains. Also, porosity, location of pores in grains or at grain boundaries, their size 

and shape have a strong effect on the UO2 mechanical behaviour. 

 

The present work proposes a dislocation-density-based crystal plasticity model for UO2, and 

polycrystalline microstructures are investigated to analyse plasticity at the grain structure 

level. Scanning electron microscopy was applied to characterize the sample microstructure. In 

addition, single and polycrystalline simulations are performed to fit the model parameters 

with available experimental data. The model has been evaluated and adjusted with different 

temperatures and strain rates. Furthermore, three different techniques are analysed to 

introduce porosity within the microstructure. The results have been published in Journal of 

Nuclear Materials [1]. The NKS report presents the abstract of the work done under NKS-R 

2021 project. 

 

2. Material and methods 

 

The UO2 fuel pellet was supplied by Westinghouse Electric Sweden AB. The pellet was 

sintered in a hydrogen atmosphere at 1780 °C for about 4 h, which provided a sintered density 

of 10.5 g/cm3 (or 96.0 % of UO2 theoretical density (TD)). 

 

The as-received UO2 pellet was cut longitudinally and hot-mounted in a phenolic resin with 

carbon filler for scanning electron microscopy (SEM) and electron backscatter diffraction 

(EBSD) examinations. The mounted sample was ground with SiC papers (grits 280, 360, and 

600) and polished using consecutive diamond suspensions (9, 3, 1, and 0.25 μm). A final 

polishing treatment with aluminium oxide suspension (0.05 μm, Buhler Masterprep) was 

performed to provide a defect-free surface for the EBSD analyses. After polished, the sample 

was coated with a conducting carbon layer (2 nm) for the SEM-EBSD measurements using a 

Gatan PECS coater. 

 

The crystal plasticity model applies finite strain formalism with a conventional decomposition 

of deformation gradient to elastic and inelastic contributions. Inelastic deformation by 

dislocation slip is computed as the sum of all distinguished slip systems. 

 

3. Results and discussion 

 

A crystal plasticity model was proposed to enable investigation of UO2 deformation 

behaviour. Both single crystal and polycrystal compression tests were applied in the 

parametrization of crystal plasticity model. Special attention was placed on the effect of 

porosity on stress and strain localization. The porosity and grain structure were based on the 

2D SEM-EBSD image of a real UO2 fuel pellet. Also, comparisons were carried out for 3D 
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simple-element- based approach and explicit 3D porosity structure. All structures were 

addressed to similar uniaxial compression tests up to 6.8 % of nominal strain. 

 

• The proposed crystal plasticity model includes dislocation-density-based formulation with 

three slip families. The number of model parameters remains at a reasonable level and 

temperature effects are included by scaling the model parameters without adding excessive 

number of fitting parameters. This allows more effective use of a parameter optimization 

routine. 

 

• The optimization workflow for parameterizing the crystal plasticity model was proposed, 

which is capable of identifying the parameter set of single crystal and polycrystalline UO2. 

Mechanical response predicted by single crystal and polycrystalline simulations at 1600K 

with the strain rate of 0.0001 s−1 are in good agreement with experiments performed using 

similar conditions. Polycrystalline simulations demonstrate strain rate and temperature effects 

on mechanical behaviour as well. However, compared to the experimental reference, the 

mismatch is still pronounced, which will be addressed in the follow-up study. 

 

• The results from both 2D and 3D numerical model indicate that the presence of porosity 

leads to stress localization, which is directly related with the pore volume fraction. With a 

damage framework in the numerical model, these sites of stress localization can be directly 

correlated to the onset of damage. The numerical model can be further improved by including 

a damage model with element deletion method, which could be useful in predicting 

anisotropic damage behaviour. 

 

• To address the effect of porosity to susceptibility of fuel pellet cracking, the present 

plasticity model could be extended to include a regularization of slip localization and damage 

within the framework but with an additional strain gradient term. Furthermore, a model 

extension to a non-local description of plasticity could be seen beneficial in order to capture 

the size effects of pores. Finally, it is also apparent that the proposed model could benefit of 

better estimation of very high temperatures, such as 1900-2000 K, which could require the 

reformulation of temperature dependent parameters. 

 

4. Conclusions 

 

A dislocation-density-based crystal plasticity model was developed and optimized during the 

collaborative project of VTT and KTH in 2021. The model enables further development of 

additional deformation mechanisms, such as cracking at stress localization sites. The work 

continues under collaborative EU project OperaHPC (OPEn HPC theRmomechanical tools 

for the development of eAtf fuels). 
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Understanding cracking phenomena in polycrystalline UO2 fuel 

pellet requires detailed knowledge of the fuel's local microscopic 

stresses and operational conditions. High stress states emerge in the 

pellet due to a deep parabolic temperature gradient between the 

center and cylindrical edges of the pellet. In normal operating 
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diverging local stresses and microcracking due to e.g. strain 

incompatibilities between the grains and dislocation pile-ups. Also, 

porosity, localization of pores in grains and at grain boundaries, their 

size, and shape substantially impact UO2 cracking behavior. 

 

This study proposes a micromechanical modeling workflow to study 

how pores affect the plasticity of polycrystalline UO2. SEM-EBSD 

was performed on standard UO2 pellets with dense microstructure 

and round pores at inter and intra-granular locations. The 

characterized microstructure was meshed and coupled with a 

dislocation-based crystal plasticity model to simulate the uniaxial 

compression behavior at 1600 K. To this end, we propose the 

constitutive model that potentially can describe the deformation of a 

single crystal and polycrystalline UO2. We have also developed the 

inverse optimization method to identify material parameters 

providing a unique solution at different length scales. With the 
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element removal technique, we have assessed the influence of pores 

size, volume fraction, and their distribution in microstructures on the 

mechanical response of polycrystalline UO2.  
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