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Abstract 

Molecular dynamics simulation using forces calculated from empirical potentials, 
commonly called classical molecular dynamics, is well suited to study primary 
damage production by irradiation, defect interactions with fission gas atoms, gas 
bubble nucleation, grain boundary effects on defect and gas bubble evolution in 
nuclear fuel, and the resulting changes in thermomechanical properties. This 
enables one to obtain insights into fundamental mechanisms governing the 
behaviour of nuclear fuel, as well as parameters that can be used as inputs for 
mesoscale models. The interaction potentials used for the force calculations are 
generated by fitting properties of interest to experimental data and electronic 
structure calculations (see Chapter 12). We present here the different types of 
potentials currently available for UO2 and illustrations of applications to the 
description of the behaviour of this material under irradiation. The results 
obtained from the present generation of potentials for UO2 are qualitatively similar, 
but quantitatively different. There is a need to refine these existing potentials to 
provide a better representation of the performance of polycrystalline fuel under a 
variety of operating conditions, develop models that are equipped to handle 
deviations from stoichiometry, and validate the models and assumptions used.  

Introduction 

Classical molecular dynamics (CMD) simulation of nuclear fuel occupies an important 
niche between more accurate but computationally intensive density functional theory 
(DFT) studies that are restricted to a few hundred atoms and coarse grained mesoscale 
models that have to be extensively parameterised [9]. In the study of nuclear fuel, CMD 
can shed light on the primary damage state produced by energetic recoils and thermal 
spikes in single and polycrystalline materials; point defect accumulation, clustering, and 
interaction with grain boundaries and impurities [23], fission gas bubble formation and 
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resolution [20]; and changes in the thermal conductivity and mechanical properties under 
prolonged irradiation [24]. 

At the core of the CMD method is the interatomic potential, also known as the force 
field. It is a mathematical function that describes the interaction energy between the 
atoms/ions in the simulation and is parameterised based on available data from 
experiment and DFT. At present, CMD simulations can be used to study systems of ~10 
million atoms for 1 ns or smaller systems for 1 µs. This report will focus on UO2, because 
most of the simulation studies to date have examined UO2. These simulations of point 
defect clusters, fission products and gas bubbles in polycrystalline nuclear fuel can be used 
to establish defect and gas bubble distributions and thermodynamic parameters as input 
for mesoscopic simulations capable of approaching longer time and length scales. Thus, 
CMD simulations have a crucial role to play in studies of fission gas bubble evolution, and 
changes in microstructure and thermomechanical behaviour of irradiated fuel. 

Empirical potentials 
The use of empirical potentials to model nuclear fuel was initiated more than half a 
century ago [4]. The potential energy of a system of n atoms with coordinates ri, rj, …, rn 
can be written in terms of one-, two-, and many-body terms as:  
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Four-body and higher terms make a smaller contribution to V(r) but become more 
computationally expensive. Even an explicit evaluation of three-body terms is often 
avoided, which is a common approximation performed for ceramic materials with a 
dominantly ionic character like UO2. This reduces the computational effort significantly. 
For materials, however, which exhibit a pronounced covalent bonding character like 
silicon carbide (SiC), an explicit inclusion of three-body terms is required. However, an 
implicit inclusion of average three-body (and even higher) effects is often performed via 
an effective pair potential as follows. This is the case for most UO2 empirical potentials. 
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The effective potential 𝑉𝑉2
𝑒𝑒𝑒𝑒𝑒𝑒�𝑟𝑟𝑖𝑖𝑖𝑖�  can be decomposed into long-range Coulombic 

interaction of the ionic particles and a short-range part.  

 

 𝑉𝑉2
𝑒𝑒𝑒𝑒𝑒𝑒�𝑟𝑟𝑖𝑖𝑖𝑖� =  𝑉𝑉𝐿𝐿𝐿𝐿�𝑟𝑟𝑖𝑖𝑖𝑖� +  𝑉𝑉𝑆𝑆𝐿𝐿�𝑟𝑟𝑖𝑖𝑖𝑖�  (3) 
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The long-range term,𝑉𝑉𝐿𝐿𝐿𝐿�𝑟𝑟𝑖𝑖𝑖𝑖�, between charges 𝑞𝑞𝑖𝑖 and 𝑞𝑞𝑖𝑖 separated by distance 𝑟𝑟𝑖𝑖𝑖𝑖 is 
given in atomic units by: 

𝑉𝑉𝐿𝐿𝐿𝐿�𝑟𝑟𝑖𝑖𝑖𝑖� =
𝑞𝑞𝑖𝑖𝑞𝑞𝑖𝑖
𝑟𝑟𝑖𝑖𝑖𝑖

 .  

 

(4) 

Fission gas atoms are considered neutral (qi = 0) and their interactions with each other and 
with U and O typically include only short-range repulsion and dispersion interactions [12]. 
The short-range part can be written as a sum of three terms as follows: 
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The first term represents Pauli repulsion, the second dispersion, and the third 
covalency. An additional repulsive potential term for short interatomic distances is used in 
collision cascade simulations for technical reasons due to the potentially high kinetic 
energy of some atoms, e.g., the potential, 𝑉𝑉𝑍𝑍𝐵𝐵𝐿𝐿(𝑥𝑥), of Ziegler, Biersack, and Littmark [28]. 
If 𝑍𝑍𝑖𝑖  and 𝑍𝑍𝑖𝑖  are the atomic numbers of two atoms and 𝑎𝑎0 is the Bohr radius, then the 
repulsive potential fitted to an universal screening function can be expressed as: 

 

𝑉𝑉ZBL(𝑥𝑥) = 0.1818𝑒𝑒−3.2𝑥𝑥 + 0.5099𝑒𝑒−0.9423𝑥𝑥 + 0.2802𝑒𝑒−0.4029𝑥𝑥

+ 0.02817𝑒𝑒−0.2016𝑥𝑥 
(6) 
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(7) 

Interatomic potentials available for UO2 can be broadly classified [13] as rigid-ion 
models or core-shell models. The former treat ions as point charges, while the latter 
include ionic polarisability by considering ions as cores connected to charged shells [10]. 
In the latter formalism, each ion is represented by two particles of opposite charge, 
namely a core and a shell particle which are linked by a (typically harmonic) spring. The 
core particle is a massive point, which is much heavier than the shell particle as it 
represents the nucleus and its inner (filled) electron shells, whereas the shell particle 
represents the valence electrons. Consequently, the lighter shell particle moves much 
faster than the core particle and thus it mimics the motion of the outer valence electrons. 
In this way, the shell particle responds quickly to changes in the electric field acting on the 
ion and due to the opposite charges of core and shell particles a dipole is created which 
can describe the polarisation of the electron cloud by the external electric field. Due to the 
split of each ion into two particles, four interactions instead of one interaction per atom 
pair have to be evaluated, as shown in Figure 1. However, the short-range interatomic 
potential acts only between the shell particles to reduce the computational effort for the 
non-bonded interactions. The electrostatic interaction between a core and its own shell is 
explicitly excluded.  
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Figure 1. Illustration of the interactions in the core-shell model  

 
C and Sh stand for Core and Shell, respectively while R represents distance. 

 

There are two variants of the core-shell model. The original core-shell model of Dick 
and Overhauser [10] employs massless shells. The shells follow instantaneously their 
respective cores. This requires a tight optimisation of the shells to their zero-force 
positions for each atomic configuration, e.g., in each time step of a molecular dynamics 
(MD) run. A significant computational overhead is introduced due to the iterative 
optimisation of the shell positions. Unfortunately, small energy drifts are observed even 
for tight optimisation settings due to small residual forces. In the adiabatic (dynamical) 
core-shell model, the shells are treated as particles with very small mass compared to the 
mass of the corresponding core particle. The sum of core and shell mass is given by the 
actual atomic mass. The shells are treated as fictitious dynamical variables in the spirit of 
the Car-Parrinello method and explicit dynamics is also imposed for the shell particles. 
Core and shell particles are propagated concurrently in each MD time step. However, the 
MD time step is limited by the core-shell motion. This requires smaller MD time steps 
compared to rigid-ion models to ensure the adiabaticity. On the other hand, an explicit 
thermostat for the shell particles can be applied which allows for CMD runs at higher 
target temperatures.  

The shell-core interaction can become unstable in simulations of energetic processes [6]. 
A polarisation catastrophe can occur [5] when dynamic processes drive two ions to 
approach each other closely. At short separations, the strong Coulomb attraction between 
the core of one ion and the shell with opposite charge of a nearby ion can cause a 
structural collapse. This possibility limits core-shell potentials to low-temperature 
simulations and restricts the simulation of displacement cascades and thermal spikes.  

Rigid-ion potentials are less computationally intensive than core-shell models and 
offer greater stability for dynamic simulations. In these models, the ions can be assigned 
formal charges (+4 for U and -2 for O) or partial charges based on the best fit to 
experimental data. The shell models give a better representation of the equilibrium 
properties including the elastic constants in static calculations [13]. However, rigid-ion 
potentials with non-formal charges have been shown to provide the best fit to the melting 
temperature and the change in lattice parameter and mechanical properties with changing 
temperature [14].  
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Since the use of shell model potentials in MD simulations of highly energetic non-
equilibrium processes is limited, the rest of this discussion will focus on rigid-ion potentials. 
The form of the U-O interaction for five rigid-ion potentials is shown in Figure 2(a). 
Potentials have also been developed for mixed oxide fuel [26]), hypostoichiometric (U,Pu)O2-x 
solid solutions, and hyperstoichiometric UO2+x fuel [27]. A shortcoming of many of these 
potentials is that the dispersion term results in an unrealistic attractive interaction for small 
values of rij, typically less than 1 Å. This is remedied in an ad hoc fashion by splining Vij to a 
repulsive potential, such as the Ziegler-Biersack-Liitmark potential [28] for rij < 1 Å as 
discussed previously. In an effort to overcome the ambiguity created by the choice of the 
functional form and range of operation of the spline, interaction potentials valid for all values 
of rij have been developed for (U,Pu,Np)O2 by fitting to a database of energies of different 
structures calculated using DFT [22]. The potentials reproduce the experimental results 
for the variation of lattice constants and enthalpy with temperature from 300 to 1 500 K. 

Molecular statics calculations of defect energies [5] have shown large variations in the 
calculated values depending on the choice of potential. The Schottky defect formation energy 
varies from 2.5 to 8.2 eV, while the corresponding value from DFT with the Hubbard U 
correction (DFT+U) is 4.6-6.4 eV and the experimental value is about 6.5 eV [5]. The oxygen 
vacancy migration energy was found to be in the range of 0.0-0.6 eV as opposed to DFT+U 
value of 0.7 eV [5]. Dynamic simulations of the pre-melting transition [11], melting and defect 
creation by 1 keV recoils in UO2 using five different rigid-ion potentials [16,3,19,1,25] have 
also revealed significant differences in the size, spatial distribution and clustering of defects [8]. 
Figure 2(b) shows that the Lewis potential produces fewer vacancies and small clusters 
while the Morelon potential produces nearly three times as many vacancies and much 
larger vacancy clusters. Since potentials are not fitted to properties that affect thermal 
conductivity, many existing potentials reproduce the experimental value of the thermal 
conductivity of UO2 poorly [7]. There is no potential for UO2 that is uniformly superior, 
and the choice of potential is based on the reproduction of experimental or DFT data for 
the property of interest, such as melting temperature, oxygen vacancy migration energy, 
coefficient of thermal expansion, or thermal conductivity.   

Figure 2. (a) U-O interaction energy for five rigid-ion potentials, (b) the average number of vacancies 
in clusters containing one to eight vacancies produced by 1 keV U recoils in UO2 for these potentials 
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Calculation of thermal properties 
Classical molecular dynamics enables the calculation of the heat capacity and thermal 
conductivity. A detailed review of the results obtained for the thermal properties is given 
in [5]. The value of heat capacity at constant pressure calculated by CMD simulation of 
UO2 shows good agreement with experimental results, while there is some discrepancy 
between CMD simulation and experiment for PuO2 [1].  

The calculation of thermal conductivity (κ) in MD simulations can be accomplished by 
equilibrium molecular dynamics (EMD) using the Green-Kubo relationship based on the 
fluctuation dissipation theorem [27] or by non-equilibrium molecular dynamics 
(NEMD.CMD simulations tend to overestimate the thermal conductivity of UO2 and 
PuO2 at room temperature), but the agreement with experimental data is improved in the 
temperature range 800 to 2 000 K [1,15]. EMD simulations of UO2+x show that κ decreases 
with increasing temperature in the range of temperature from 900 to 2 000 K and oxygen 
parameter x ranging from 0 to 0.09 [27]. The change in κ with x was attributed to scattering 
by excess oxygen ions, while the temperature dependence for x = 0 was attributed to the 
anharmonic Umklapp process. In real nuclear fuel, the thermal conductivity will also be 
influenced by voids, bubbles, grain boundaries and extended defects, which have been mostly 
neglected in simulations to date. A recent NEMD simulation has made a start in this direction 
by considering polycrystalline, albeit pure, UO2 [24]. 

Simulation of radiation damage 
Simulations of radiation damage in UO2 have been recently reviewed [9]. CMD 
simulations of primary damage in pure monocrystalline UO2 induced by recoils with 
energy from 1 to 80 keV reveal that there is no amorphisation [17,9]. The damage consists 
mainly of point defects and defect clusters. The effect of temperature on damage in the 
temperature range from 300 to 700 K was found to be minimal. Due to the high mobility 
of oxygen vacancies, oxygen defect annihilation is effective and residual oxygen defects 
combine with uranium defects that are immobile on the picoseconds time scale to form 
neutral clusters. Vacancy clusters were found to be larger on the average than the 
interstitial clusters, and the size of the largest defect clusters was found to increase linearly 
with the number of 10 keV overlapped recoils (or their dimension was found to increase 
following the number of recoils with a power law with an exponent of 1/3) [17]). The 
observed characteristics of defect clusters may be specific to the potential used in this 
work. CMD studies of 1 keV displacement cascades in UO2 with five different potentials 
have shown drastically different vacancy and interstitial distributions [8]. It has been 
observed that the damaged region lies within a volume that varies with recoil energy 
according to a power law with exponent of 3/2, and this has been attributed to the 
multifractal nature of the damage zone [18]. Studies of displacement damage by 0.4 to 
10 keV recoils in pure monocrystalline UO2 using two different potentials show that the 
damage becomes more isotropic with increasing energy [6]. Simulations of 10 keV recoils 
directed perpendicular to the interface in UO2 bicrystals show that the nature of the 
interface plays an important role in displacement damage evolution [23]. More defects 
were found in the grain interior than were observed in UO2 monocrystals under the same 
conditions. Vacancies appear to be preferentially created in the grain interior while 
interstitials prefer the grain boundaries [23]. The grain boundaries become more 
disordered due to point defect accumulation [9]. 
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Swift heavy ion damage in nuclear fuel can be simulated using a simple thermal spike 
model that represents the deposition of electronic energy in the material by a cylinder of 
radius of 3 to 6 nm within which all the atoms are given excess kinetic energy 
corresponding to a certain value of electronic stopping (dE/dx). Simulation of spikes with 
dE/dx between 4 and 66 keV/nm [9] reveals the primary damage state to be isotropic as 
reported based on displacement cascade simulations [6]. The threshold value of dE/dx to 
create point defects appears to be between 4 and 16 keV/nm. For dE/dx value of  
66 keV/nm, stable dislocation loops are produced. However, these simulations do not 
take into account electron-phonon coupling.  

Modelling fission gas bubbles 
The restructuring of nuclear fuel has been related to gas bubble formation. Fission gas 
atoms (Xe and Kr) are insoluble in UO2 and give rise to lattice strain. CMD simulations of 
Xe clustering in UO2 show that the bubble geometry is favoured, put planar clusters are 
possible. In these clusters, Xe exists in a liquid state. When the Xe is released, a planar 
loop is left behind [12]. This has been attributed to the mechanical stability of solid UO2. 
Recently, CMD simulation has been used to study the formation of Xe clusters from 
isolated Xe atoms in polycrystalline UO2 containing a supersaturation of Schottky defects, 
which served to enhance Xe mobility over the CMD time scale [20]. The simulation cell 
was made of uniform columnar grains with a grain diameter of 20 nm and it was 
maintained at 2 500 K for several nanoseconds. The elevated temperature was needed to 
ensure defect mobility in this short timescale. The Xe atoms agglomerated into clusters 
with the largest cluster containing 8 Xe atoms. There was no appreciable difference in 
cluster distribution between the grain interior and bulk, as shown in Figure 3, and grain 
boundary motion was not a factor in Xe aggregation at this early stage of bubble 
nucleation [20]. Recently, CMD simulations have identified a thermodynamic driving 
force for Xe bubble nucleation arising from the decrease in free energy of Xe in bubbles 
compared to Xe incorporated at point defects [21]. The variation of free energy of Xe in 
small bubbles (0.6 nm in radius) with Xe density was found to be different from that in 
pure Xe. Such simulations provide insights into transient processes over short length 
scales that are not easily accessed by experiment. Much work remains to be done in 
modelling fission gas evolution in polycrystalline UO2. In order to extend these studies to 
realistic grain sizes (tens of µm) and timescales (second), there is a need to connect with 
mesoscale models through parameter passing.   

Validation of molecular dynamics simulations  

The use of empirical potential-based simulations to shed light on physical processes in 
complex driven systems requires a thorough understanding of the approximations 
inherent in the models and the limitations of the methods employed. A potential that will 
satisfactorily reproduce all the relevant properties of irradiated nuclear fuel appears, 
however, to be out of reach at present, and one has to judiciously choose a potential that 
is tailored to a subset of properties of interest for the simulation. It is, in addition, 
essential to establish the validity of the simulation by comparing to experimental data or 
results of more accurate calculations, e.g., DFT, for the property of interest [5]. 
Experimental data from neutron and X-ray diffraction, spectroscopy, and microscopy are 
often not readily available for making direct comparisons. Uncertainties in measurement 
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need to be understood while validating simulation data. If the relevant experimental 
dataset is not available, more accurate calculations on representative model systems and 
DFT (or DFT+U) data from the literature can be used to validate CMD simulations. By 
the same logic, CMD simulations can be used to validate coarser grained simulations and 
continuum models. Ultimately, the comparison between calculated and experimental 
results on the behaviour of defects and fission products in nuclear fuel is challenging due 
to the need for a detailed knowledge of the experimental conditions and may involve the 
use of additional models. Such comparisons are quite useful in the interpretation of 
experimental results and determination of elementary mechanisms [5]. 

Figure 3. Distribution of Xe bubble nuclei and voids in polycrystalline UO2 from CMD simulation [20] 

 

Xe, U, and O are represented in blue, green and red, respectively. 

 

Conclusions and future challenges 

Molecular dynamics simulation using empirical potentials is an invaluable method for 
simulating energetic recoil and swift heavy ion damage, fission gas bubble evolution, and 
changes in thermomechanical properties in polycrystalline nuclear fuel. Mixed oxide fuel 
and deviations from stoichiometry can be simulated with existing potentials. However, 
there is a need to improve interatomic potentials by considering more complex functional 
forms and fitting to data from electronic structure calculations and experiments to predict 
properties relevant to nuclear fuel performance, such as thermal conductivity. There is 
also a need to improve our understanding of fission product diffusion, fission gas bubble 
nucleation, growth, re-solution, microstructural response and evolution of 
thermomechanical properties. One needs to understand the underlying assumptions and 
limitations of the model used and validate the results using experimental data or more 
accurate calculations for model systems. Molecular dynamics simulations can serve as a 
bridge between density functional theory and continuum models. With constant 
improvement in computational power and algorithms for linking models, the prospect of 
realistic modelling of nuclear fuel starting at the atomistic level is growing brighter. 
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