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Abstract – A set of molecular dynamics simulations have been carried out in order to study, at the 
atomic scale, the ballistic damages undergo by the UO2 matrix. The morphologies of the displacement 
cascades simulations initiated by an uranium atoms with a Primary Knout on Atom (PKA) energy ranges 
from 1 keV to 20 keV are analysed. In agreement with all the experimental results no amorphisation has 
been found even at small scales. For the cascade initiated with a PKA energy of 20 keV several sub-
cascade branches appear in many directions from the cascade core. It seems that these sub-cascades arise 
from a quasi channellisation of uranium atoms in specific direction over long distances. However, in 
average the atoms are displaced no more than 2 to 3 crystallographic sites. The evolution of the Frenkel 
pairs with the initial energy of the PKA exhibits a power law behavior with an exponent close to 0.9 
showing a discrepancy with the linear NRT law. No significant clustering of local defects such as vacancies 
and interstitials have been found, nevertheless vacancies are preferentially created near the core of the 
cascade whereas the atoms in interstitial positions are mainly located at the periphery of the sub-cascade 
branches.  

 
 

1. INTRODUCTION 
 
In storage or repository conditions, the UO2 
matrix undergoes structural damage due to self-
irradiation. It has been shown theoretically that 
the effects of β and γ irradiations are essentially 
electronic excitations [1,2] and that α-decays 
produce both electronic excitations and ballistic 
shocks which lead to atomic displacements and 
structure damage [2]. However, high energy 
irradiation does not cause matrix amorphisation 
[3,4,5]. The UO2 matrix damage is mainly local 
defects, such as vacancies and, interstitials, 
which may gather to cause further dislocations 
that could lead to crack initiation. 
With a reliable interatomic potential, Molecular 
Dynamics (MD) simulation is an excellent tool 
to study, in detail, the physical processes and 
point defects generated during a displacement 
cascade produced by the recoil of a nucleus that 
undergoes  α-decay in a pure monocrystal of 
UO2. Such understanding is fundamental as a 
means to establish a data base for multi-scale 
models which can be used to predict the long 
term behaviour of the spent fuel in storage 
condition. Previously, similar work using MD 
simulations have been used successfully to study 
this phenomena on other materials such as 
metals [6], ceramics [7,8], and glass [9].  
The results of a set of atomic displacement 
cascades, for a range of the Primary Knock on 

Atom (PKA) initial energies, from 1 keV to 20 
keV and several initial orientations of the PKA 
are analysed in the following sections and in 
detail in reference [10]. 
 
2. SIMULATION METHOD 
 
The choice of the interatomic potential and the 
accuracy of this potential in the context of 
available experimental data has been discussed 
extensively in previous articles [11]. 
In order to suppress the surface effects, the 
periodic boundary conditions are applied in three 
dimensions. To maintain the temperature during 
the simulation the velocities of the atoms 
embedded in a 3 Å layer width around the 
simulation box are rescaled to reach a 
temperature of 300 K. This avoid self interaction 
with the displacement cascade and the thermal 
spike. The variable time step algorithm described 
in reference [12] is also used. 
To initiate the displacement cascade, an uranium 
atom is assigned a velocity corresponding to the 
recoil kinetic energy. This atom is called the 
PKA and induces a displacement cascade in 
which the initial kinetic energy is gradually 
transferred to other members of the box via 
ballistic collisions. For energies of the PKA in 
the range from 5 keV to 20 keV the size of the 
simulation box is 56×56×56 unit cells of the 
fluorine lattice which corresponds to 2,107,392 
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atoms. Because of the large number of atoms and 
the average time of the displacement cascades 
parallel strategy is used with the domain 
decomposition method [13]. 

 
3. RESULTS AND DISCUSSION ON 
DISPLACEMENT CASCADE ANALYSIS 
 
3.1. Morphology of a 20 keV  displacement 
cascade 

 
Among all the different cascades carried out the 
morphology of a 20 keV cascade with an initial 
orientation of the PKA in the <111> 
crystallographic direction is depicted in the Fig. 
1. Most of the other cascades whatever their 
initial orientation or their initial energy show the 
same feature. In this snapshot only the displaced 
atoms that move farther than 1 Å are represented. 
This 1 Å value is less than half the 
uranium/oxygen distance and it corresponds to a 
much larger distance than the distance travelled 
by an atom due to the thermal activity at a 
temperature of 300 K. 

Fig. 1. Snapshot of the atoms displaced 
by more than 1 Å at 0.23 ps of a displacement 
cascade initiated at an energy of 20 keV. 
 
A central zone corresponding to the 'core' of the 
cascade is surrounded by other branches of lower 
density of displaced atoms that could be defined 
as sub-cascades. These branches correspond to a 
replacement collision sequence or a long 
trajectory of an atom along a crystallographic 
direction where the density of atoms is low. 
These 'low density' trajectories are accompanied 
by minimal damage to the lattice structure.  
The significant number of displaced atoms in the 
'core' of the cascade creates a large perturbation 
in the crystalline lattice and leads to a temporary 
local amorphisation of the structure. 
Nevertheless, at the end of the cascade almost all 
the atoms come back into a lattice position. 
Comparing the partial pair correlation functions 

before and after the displacement cascade there 
is no noticeable change to the local structure. 
These results are in good agreement with the 
experimental studies [3,5] which reveal no 
amorphisation even under high doses of 
irradiation . It is important to note that 
amorphisation has been found in molecular 
dynamics simulations on Zirc on matrix [14] for 
the same initial energy of the PKA, indicating 
that this method is sensitive enough to reproduce 
even at small PKA energy the main material's 
behaviour after a displacement cascade. 
 
In order to explain further the status of the 
displaced atoms, the number of interstitials, 
replacements generated during the cascade, and 
the total number of atoms which come back into 
their original site are collectively displayed Fig. 
2.  
 

 
Fig. 2. Evolution of the number of point defects 
during a displacement cascade initiated with an 
energy of 20 keV. 
 
The number of replacements is much larger than 
the number of interstitials. At the end of the 
thermal spike, most of the possible 
recombinations have occurred and very few 
replacements take place. 
Because of the higher threshold displacement 
energy and a larger mass, the number of 
displaced uranium atoms in the annealing phase 
is 14 times less than the number of displaced 
oxygen atoms. With this chosen distance of 1 Å, 
67% of the oxygen atoms and 93.5% of the 
uranium atoms recover their initial equilibrium 
position. Furthermore, the number of oxygen 
replacements is always greater than the number 
of interstitials. These results may be explained 
by the special topology of the oxygen atoms and 
the shorter distance between oxygen neighbours 
compared to the uranium nearest neighbour 
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distances. This shorter distance between oxygen 
nearest neighbours leads to a higher probability 
of a loop of replacement collision sequences 
which is found in other materials [15]. 
 
3.2. Evolution of the Frenkel pair with the 
energy 
 
In the previous section it has been shown that 
only a few percent of the displaced atoms (12% 
for the uranium atoms and 2% for the oxygen 
atoms) are in interstitial positions. Nevertheless, 
it is the point defects and the vacancies that 
perturb the structure and could play an important 
role in the physical properties of the UO2 matrix. 
It is therefore important to characterize the point 
defects specifically and quantitatively in order to 
predict the long term behaviour of the matrix.  
The results of the evolution of the number of 
Frenkel pairs with the initial energy of the PKA 
are shown in Fig. 3. Each point on these graphs 
is the average number of Frenkel pairs over all 
the simulations carried out along different 
orientations at a given energy. The dotted lines 
are the regression curves passing through the 
points. For the total number of Frenkel pairs the 
regression curve is a power law with an exponent 
equal to 0.91. These results diverge from the 
NRT; Norgett, Robinson and Torrens [16] linear 
theoretical law usually used to describe the 
number of point defects created with the 
Kinchin-Pease formula [17]. Deviations from 
this theoretical behaviour have also been 
observed in other simulations on other materials: 
Cu [18], Fe [19], Ti and Zr [20]. These 
differences may stem from the lack of 
consideration of defect recombinations in the 
NRT law. 
 

 
Fig. 3. Log-log plots of the number of Frenkel 
pairs versus the initial PKA energy. 
 

 
 

3.3. Defects clustering 
 
Once the number of Frenkel pairs is quantified, it 
is important to characterize their spatial 
distribution in order to establish, or dismiss, the 
existence of large perturbed zones. The number 
of defect clusters in the matrix has been 
calculated after a rela xation time corresponding 
to the time necessary to reach the minimal total 
energy. Defect clustering is defined as a local 
defect wherein another defect is within a range 
of 3.87 Å for the uranium vacancy, 2.75 Å for 
the oxygen vacancy, and 3.87 Å for all the 
interstitial. 
Approximately 70% of the vacancies and 50% of 
the interstitial are included in a cluster. 
Furthermore, The vacancies are created 
preferentially in the 'core' of the cascade while 
the atoms in interstitial sites are located at the 
periphery of the branches of the sub-cascades 
(figure 4). This leads to the creation of nano 
cavities that perturb the locally crystal symmetry. 
It is interesting to note that this result is in 
agreement with the result observed in β-SiC [21] 
matrix (diamond structure) contrary to the results 
found by MD simulations on α-Fe [19,22] 
(centred cubic structure) for the same initial 
energy. 

 
Fig. 4. Trajectories of the uranium atoms (grey) 
and the point defects created during the 
displacement cascades. Uranium interstitial 
(blue), Oxygen interstitial (green), Urarium 
vacancy (white) and oxygen vacancy (yellow). 
 
However, the MD time scale is too short to be 
able to study the migration and the diffusion of 
such defects. Also, these results indicate only the 
positions and the relative distribution of local 
defects when they are created during the 
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displacement cascade. Further studies with 
dynamics Monte Carlo method for instance need 
to be carried out in order to understand any 
potential clustering effect. 
 
4. CONCLUSIONS 

 
With an efficient parallel algorithm we have 
been able to simulate a displacement cascade 
initiated at an energy of 20 keV in a 
monocrystalline matrix of UO2. The first 
conclusion is, that there is no amorphisation of 
the structure which is consistent with 
experimental results. This agreement is evidence 
of the reliability of our interatomic potential. The 
presence of sub-cascades is linked to a 
channeling effect of the uranium atoms. It also 
appears that the oxygen atoms move in 
replacement collision sequences while displaced 
uranium atoms are more isolated.  
The analysis of the simulations carried out over 
an energy range from 1 to 20 keV, for a number 
of initial orientations of the PKA, provides 
behaviour laws for the number of displaced 
atoms, the size and the duration of the 
displacement cascade. These behaviour laws are 
used to extrapolate the properties to higher PKA 
energies. 
The number of Frenkel pairs created as a 
function of the initial energy of the PKA exhibits 
a power law with an exponent close to 0.9 which 
is inconsistent with the NRT law. The 
distribution of the local defects appears to be 
heterogeneous; the vacancies are created 
preferentially in the 'core' of the cascade while 
the interstitial are found at the periphery of the 
branches of the sub-cascades. 
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