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Abstract – Electronic intrinsic carriers are shown to have some influence on UO2 high temperature 
properties. The physical nature of these carriers, called polarons, is discussed and it is proposed that they 
could correspond to quasi-broken bonds, in a similar way to intrinsic electronic defects in SiO2. It is shown 
that this hypothesis provides an explanation, at least qualitative, for UO2 specific behavior at high 
temperature and under irradiation 
 

 
 
INTRODUCTION 
 
At high temperature, uranium dioxide exhibits an 
unusual behaviour, which makes it nearer to a 
glass than to an oxide ceramic. Above 1300K, it 
goes from fragile to visco-plastic mechanical 
behaviour, its specific heat does not keep 
constant above Debye temperature, as predicted 
by the  Dulong & Petit law, but increases up to 
twice its expected value. Moreover around 
2700K its heat capacity evidences a λ transition, 
Figure 1 [1]. At approximately the same 
temperature some re-localisation was observed in 
the FPT0 experiment, meaning that the UO2 fuel 
fragment did not keep its initial shape and slips 
towards the bottom of the bundle [2].  

 
Fig. 1. UO2 heat capacity as a function of 
temperature from [1] 
 
Several interpretations of these phenomena have 
been proposed using several types of defects, but 
none of them provided a comprehensive 
understanding of UO2 at high temperature.  
In this paper, the properties of UO2 at high 
temperature are first described using literature 

data, with a special interest on intrinsic carriers, 
named polarons. The polaron nature is then 
discussed and the consequences of its enhanced 
concentration at high temperature are discussed 
in comparison with a glass.      

 
 

HIGH TEMPERATURE UO2 PROPERTIES 
 

At temperature higher than 1300K, UO2 
exhibits an anomalous behavior for electric and 
thermodynamic properties. This behavior was 
interpreted by a unique defect in the literature.  
 
 Electric conductivity 
 
The UO2 electric conductivity, σ, was measured 
as a function of temperature [4], the 
corresponding results are presented on an 
Arrhenius plot in Figure 2. Electrical 
conductivity is the product of the number of 
charge carriers by their mobility. 
 

 
Fig. 2. UO2 electrical conductivity from [4] 
 
This figure evidences a transition around 1300K 
[4]. At low temperature (T<1300K) the electric 
conductivity was attributed to an extrinsic 
regime, the charge carriers being produced by 
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impurity ionization. The activation energy of this 
regime corresponds to the carrier migration 
enthalpy, because their number is constant. 
At high temperature (T>1300K), the electric 
conductivity was attributed to an intrinsic 
regime, the charge carriers being produced by 
the dismutation reaction: 
  
 2 U4+ ⇔ U5+ + U3+

      (1) 
 
Using the mass-action law the concentration of 
intrinsic carriers can be written as  
 
 n=exp(−(∆Hp/2kT)+(∆Sp/2k))  (2) 
 
where ∆Hp and ∆Sp are the enthalpy and the 
entropy of reaction (1).   
The activation energy of the intrinsic regime is 
equal to the sum of the mobility enthalpy and the 
term ∆Hp/2 of (2).  Assuming that the migration 
enthalpy is the same in the intrinsic and extrinsic 
regime, ∆Hp was evaluated to 2eV, which means 
that the intrinsic carrier concentration is 
thermally activated with an activation energy of 
1eV.  
 
Unit Cell Parameter 
 
UO2 unit cell parameter, a, was measured by 
Ruello et al. as a function of temperature [4] 
(Figure 3). 
 

 
Fig. 3. UO2 unit cell parameter as a function of 
temperature from  
 
 It was equal to the sum of one regular term, 
linear in temperature, and an additional term. 
The addition term could neither be described 
with 3rd order polynomial, as expected for a 
enharmonic thermal expansion, nor by a power 
law as expected in the vicinity of a phase 
transition. In fact it appeared to be a thermally 

activated term, with the following equation, 
where T is the temperature in K:   
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  (3) 

 
Within the experimental accuracy, this thermally 
activated term is proportional to the intrinsic 
carrier concentration, because they have the 
same activation energy 1eV.  
 
Heat Capacity 
 
The heat capacity of UO2 is a function of 
temperature for temperature higher than 1300K 
[6], while it would be expected to keep constant 
over the Debye temperature (around 500K). Fink 
[8] recommended to describing the Cp high 
temperature evolution either with a thermally 
activated term or an empirical 4th order 
polynomial. Ronchi et al. [1] proposed a Cp 
modeling involving intrinsic carriers and oxygen 
vacancies. More recently, Ruello et al. showed 
that this high temperature Cp evolution can be 
described using only intrinsic carriers. The 
contribution of intrinsic carriers to Cp is given 
by : 

    (4) 
 
The fit of experimental Cp values allowed to 
determine ∆Sp value, equal to 4.2 k. Using this 
value the intrinsic carrier concentration can be 
calculated with (2). It is plotted as a function of 
temperature on Figure 4. 
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Fig. 4. Intrinsic carrier molar fraction as a 
function of temperature  
 
This concentration is higher than 1% at around 
1500K and can reach as high value as 20% at 
3000K near the UO2 melting temperature. 
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Ronchi et al. [1] provide an equivalent 
evaluation of intrinsic charge carrier 
concentration. These figures show the very 
specific behavior of UO2 : in most other ionic 
materials point defects or electronic defects 
solely reach percent concentration near the 
melting temperature.  
 
The bredig transition 
 
At 2670 K, a lambda transition is observed in Cp 
curve. This transition was named Bredig 
transition, referring to the ionic conductor 
transition observed in other ionic fluorides (CaF2 
for example). In fluorides, the Bredig transition 
corresponds to a percolation threshold in 
vacancy concentration above which ionic 
conduction can exist. In UO2, oxygen vacancies 
were proposed to be at the origin of the Bredig 
transition because neutron diffraction results 
evidenced high oxygen thermal motion and 
displacement at high temperature [7]. 
 
 
WHAT IS A POLARON IN UO2 ? 
 
The influence of intrinsic charge carriers has 
been outlined in the previous chapter. In this 
chapter, the nature of this defect is discussed.   
 
Because of their 0.17eV migration energy [4], 
the intrinsic careers were said to be polarons. By 
definition a polaron is an electron in the 
conduction band coupled to a phonon.  
This definition was applied to intrinsic carriers 
in UO2 because the gap energy, i.e. the energy 
needed to put an electron in the conduction 
band, is equal to 2eV: the dismutation reaction 
(1) enthalpy, and because UV spectroscopy 
measurements showed the existence of a 
electron-phonon coupling. Moreover the polaron 
was described as small polaron because its 
radius was estimated to be 2.3Å [6]. This value 
is consistent with an electron occupying the first 
unoccupied electronic state of uranium atom.   
   
In order to understand the thermodynamic 
properties of UO2, the nature of the electron-
phonon coupling has to be more precisely 
described because usual electronic defects can 
not account for the observed Cp evolution (the 
electron mass is to low compared to the atomic 
one). 
 
The unit cell parameter evolution can be used to 
evaluate the distortion imposed by the polaron 

formation to the crystalline lattice. The measured 
unit cell parameter can indeed be considered as 
an average of regular and polaron containing unit 
cells. 
 ameasured = (1-n)aregular +n apolaron (5) 
 
 Making this assumption, the parameter of a 
polaron containing unit cell can be calculated, it 
is equal to 6.07Å, compared to the 5,47Å for a 
regular one. This corresponds to a ~ 10% strain, 
which must be associated to atom displacements 
from their crystalline site.  
 

The coordination polyhedrons of 3+ and 5+  
cations in UO2 related structures can be used to 
get an idea of these atom displacements.  
Pyrochlores  have a fluorite derived structure 
with 3+ and 4+ cations. The coordination 
polyhedron of the 3+ cation is a disordered cube 
with 6 oxygen atoms and 2 oxygen vacancies on 
the 8 cube corners. In U4O9 crystalline structure 
oxygen, the U5+ coordination polyhedron is a 
distorted cube. Referring to these experimental 
coordination polyhedrons the rearrangement of 
the oxygen atoms around U3+ and U5+ ions can 
be viewed like in figure 5.  
   

'  
 

Fig. 5. Schematic drawing of a UO2 regular 
lattice (top) and of a polaron containing lattice 

(down).  
 
This description is supported by neutron 
diffraction results, showing that oxygen atoms 
are displaced from their regular site at high 
temperature [7].  
Taking into account the atomic rearrangement 
and the unit cell swelling, the distance between 
U3+ atom and the displaced oxygen atoms can be 
estimated: it could be as high as 3Å. This would 
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correspond to a quasi-broken U-O bound, with 
regard to the regular 2.4 Å UO distance in UO2.  
To some extend, the UO2 dismutation reaction 
could be compared to the electronic transfer 
associated to the reaction: 

 
 ≡Si−O−Si≡ →  ≡Si−O° +  °Si≡ (1) 
 

which is  associated to a bond breaking 
mechanism leading to dangling bond formation.  
 
 
TAKING POLARONS INTO ACCOUNT 
 
The hypothesis of quasi-broken bound, 
associated to polaron can be used to understand 
the Bredig transition and the UO2 behavior under 
irradiation.  
 
The bredig transition 
 
This transition could be interpreted as a 
cooperative effect of quasi-broken bond 
accumulation which also induces oxygen atom 
displacement.  
In SiO2, the depolymerisation of quartz induces 
the transformation into glass because of the 
accumulation of broken bonds. In UO2, such a 
mechanism could be responsible for the high 
temperature transition, which would be an order-
disorder-transition leading to the formation of a 
glassy UO2.  
Moreover the formation of a glassy UO2 at high 
temperature is consistent with the re-localisation 
phenomenon in Phebus experiment. Glass has 
indeed a viscous behaviour, the shape change of 
UO2 at high temperature would result from a 
glass flow.    
 
 
UO2 properties under irradiation 
 
Uranium dioxide is so far one of the best, if not 
the best, material for its irradiation resistance. 
Criteria were proposed to evaluate the irradiation 
resistance of a given material, based on bonding 
ionic strength, crystalline structure or energy 
dissipation in a fission track. However, none of 
them is able to identify UO2 as a much better 
material.   
One reason, for UO2 irradiation resistance could 
be its ability to generate by itself quasi-broken 
bounds. Irradiation induces indeed the formation 
of broken bounds, and their accumulation is one 
source of irradiation damage. Being able to 
withstand a high concentration of thermally 

generated quasi-broken bounds, UO2 would be 
able to withstand irradiation generated broken 
bounds.  
The existence of quasi-broken bonds could 
explain not only UO2 irradiation resistance, but 
also its ability to absorb different chemical 
species. In reactor irradiation, fission products 
are created by fission and implanted in the UO2 
fuel. Around 40 different chemical elements are 
thus implanted in UO2, up to a total 10 at% 
concentration, without any change in the UO2 
crystalline structure. This behaviour is very 
surprising for crystalline materials, in which 
phase transitions can be observed for less than 
1% doping concentration. It is much more 
common in glasses, where broken bonds can 
compensate doping. In UO2, the existence of 
broken bonds can provide a similar 
interpretation.   
   
 
CONCLUSION 
 
UO2 exhibits a specific behaviour at high 
temperature. In this paper it was shown that the 
hypothesis of quasi-broken bonds associated to 
polaron formation can explain, at least 
qualitatively, most of the features associated to 
this behaviour. 
Further studies should be performed to validate 
this hypothesis. On an experimental side, in situ 
neutron diffraction at high temperature could 
help in getting a structural description of a 
polaron.  
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