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ABSTRACT 
 

The changes of structural and mechanical properties of urania are investigated when it 
was oxidized to U3O8.  The CASTEP ab-initio quantum mechanical program, employing 
density functional theory is used in this calculation.  The total energy technique is implemented 
to investigate changes in the lattice constants.  The ab-initio calculations predict a 36-38% 
increase in the volume per uranium atom when transforming from UO2 to U3O8, which agrees 
very well with experimental data.  The implication of this prediction on the linear expansion 
and fragmentation of fuel is discussed.  The calculated elastic constants of urania are in good 
agreement with experiments.  The predicted mechanical properties of UO2 and U3O8 are 
compared. 
 

INTRODUCTION 
 

The following paper presents some preliminary research on the application of ab-initio 
calculations to assess changes in the properties of urania (UO2) when it oxidises to U3O8.  It is 
continuation of our first principles studies of nuclear fuels [1, 2].  The current study is of 
interest since the accidental ingress of coolant or air into the fuel-to-sheath gap may take place 
and cause a subsequent increase of the oxidation state of the fuel [3].  Deviations from 
stoichiometry can have a significant effect on several physical properties of UO2 fuel [3] and 
they may play an important role in determining the thermal and mechanical behaviour of fuel   
following sheath failure.  During the fuel oxidation process (especially in air), higher oxidation 
state oxides are formed with different lattice constants and structure.  The crystal structure of 
these compounds is not easy to identify, and various models have been proposed by different 
groups [4].  The measurements for nonstoichiometric fuel are usually done at room 
temperature, and often rather complex structures are observed [5].  These structures and 
possible associated phase changes greatly affect the mechanical properties of the fuel, enhance 
or degrade the capacity of the fuel matrix to retain fission products and change fuel behaviour 
in the lattice [6, 7].  Knowledge of the lattice constants for higher oxidation state oxides of 
uranium is important in nuclear safety analysis since for example, the formation of U3O8 in a 



defective element can cause cracks or even split the fuel sheath after disposal [8], because there 
is a net 38% volume increase when UO2 is transformed into U3O8. 

The current calculations are performed for temperatures of 0 K and idealized 
structures, where small unit cells are used.  They are tractable by ab-initio methods, and the 
equilibrium structure is found by the total energy minimisation method.  The CASTEP ab 
initio quantum mechanical program, employing density functional theory [9], is commonly 
used to study the structure of materials.  The CASTEP code uses pseudopotentials, and it 
has been early demonstrated [10] that plane wave ultrasoft pseudopotentials predict 
structural properties of various compounds, containing lanthanides and actinides, in 
agreement with experiments.  This high accuracy, first principle calculations do not require 
any experimental input other than the atomic number of mass of the constituent atoms and 
therefore have predictive capabilities. 

It is of interest to study the effect oxidation and structure changes of uranium oxides 
on the elastic properties.  Additionally according to Cottrell [11] the ratio of shear modulus 
(G) over bulk modulus (B) is related to the intrinsic brittleness of material.  The atomistic 
theory interprets bulk modulus as the resistance (at small strains) to separation of the atoms 
while the shear modulus measures resistance to ductile sliding failure.  Hence the criterion 
for intrinsic brittleness or ductility is measured by G/B ratio.  According to Cottrell, for 
cubic metal and alloy crystals, the brittleness occurs when G/B > 0.5 and the ductility when 
G/B < 0.4 [11].  We will call such brittleness intrinsic because it does not take into account 
the presence of dislocations and various slip systems that are activated during deformation.  
The intrinsic brittleness will be calculated for stoichiometric urania (UO2) and U3O8 
compound. 
 
 

ENERGIES, LATTICE CONSTANTS, CHARGES AND MAGNETIC PROPERTIES 
OF STOICHIOMETRIC URANIA AND U3O8 

 
The structural optimization according to the Broyden–Fletcher–Goldfarb–Shanno 

(BFGS) (see e.g. [12]) of the total energy minimization is used.  It can be determined, using 
iterative methods, when forces and stresses are minimized (almost vanish) within the total 
energy pseudopotentials method [9] and base on this the equilibrium lattice constants and the 
positions of atoms of stoichiometric urania are calculated (at 0 K).  Our calculations for various 
uranium oxides were presented in Reference [1].  Here only UO2 and U3O8 compounds are 
discussed.  The implications of large volume expansion during oxidation to U3O8 are 
presented. 

In Table 1 lattice constants for pure urania calculated using local exchange-correlation 
functional (LDA) [13] are compared with the results where the electronic exchange-correlation 
potential was approximated within the Generalized Gradient Approximation (GGA) framework 
[14, 15].  In contrast to the previous calculations [10, 2] where GGA was used with 
pseudopotentials developed for LDA, in this work PBE pseudopotentials developed for GGA 
[14, 15] are used.  The lattice constant for stoichiometric urania shown in Table 1 calculated 
using GGA is larger (0.5472 nm) than calculated using LDA (0.5334 nm).  The current 
calculations agree with the previously obtained values: 0.5458 nm [10], with the earlier version 
of the same software and 0.5446 nm [2].  The experimentally measured lattice constant of pure 
urania: 0.54582 nm [16], at 399 K temperature should be reduced by about 0.002 nm, to 
compensate for the thermal expansion, before they are compared with the value calculated at 0 



K.  The GGA [14, 15] calculations predict slightly larger lattice constant than the experiment, 
the value predicted by LDA [13] underestimate it. 

The structure for U3O8, proposed by Loopstra [17] is shown in Figure 1.  The CASTEP 
ab initio simulations predict that the P 6 2m structure proposed by Loopstra is stable.  In Table 
1, the results of spin polarized calculations are shown for this structure and for the 
stoichiometric urania.  The magnetic moment of uranium atoms is about half (1.1 μB) of the 
value of the magnetic moment of uranium in UO2.  The calculated lattice constants (0.6864 nm 
(a), 0.4167 nm (c)) agree well with experimental measurements (0.6817 nm (a), 0.4145 nm (c)) 
and previously calculated values (0.6829 nm (a), 0.4145 nm (c)) [10].  Slightly larger lattice 
parameters, than calculated by us before (0.6827 nm (a) and 0.4152 nm (c) [1]), are presented 
here for GGA calculations (the PBE pseudopotentials were used).  These values of the lattice 
constants lead to (Equation 1 gives relative change of volume υ) a 38% increase of the volume 
per uranium atom when UO2 is transformed to U3O8.  
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Figure 1 - Lattice structure of U3O8 (a), P 6 2m structure proposed by Loopstra [17].  Uranium 

and oxygen atoms are marked by spheres and larger radius spheres represent U atoms 
 
This value is slightly larger than calculated before 36% [1], and estimated from Pickard et al. 
lattice constants ([10]: 37%).  

In Table 1, the calculated charge transfer from uranium to the oxygen atoms is shown.  
The charge on oxygen atoms varies between –0.52 and –0.61 electrons, where lower charge 
transfer was observed for oxygen atoms in U3O8 ,where the unit cell volume is larger than in 
the stoichiometric urania.  The calculated charge transfer on oxygen atoms is lower than the 
value of two electrons for a purely ionic compound, indicating that the uranium oxide bonding 
is partially covalent. 



  
 

Table 1 - Lattice constants, spins, electronic charges on oxygen atoms and energies (per non-
oxygen atom calculated using CASTEP [9]). 

 
Compound Structure Energy per 

non-O 
atom [eV] 

Magnetic state Spin (U) Spin (M) Lattice 
constants [nm] 

Charge 
(O) 

[electron] 
UO2 Fm 3 m -29.329 

 
Paramagnetic 0  0.5361 -0.61 

UO2 Fm 3 m -30.709 
 

Ferromagnetic 1.19 
 

 0.5472 -0.65 

UO2 Fm 3 m -30.709 
 

Ferromagnetic 
(lda) 

1.15  0.5334 -0.60 

U3O8 P 6 2m -35.388 
 
 

Ferromagnetic 0.55  0.6864 (a,b) 
0.4167 © 

-0.58* 
-0.52# 
-0.57$ 

 

* - indicates the charge on oxygen atom in f position (0.748, 0, 0) (Figure 1) 
# - indicates the charge on oxygen atom in q position (0.360, 0, 1/2) (Figure 1) 
$ - indicates the charge on oxygen atom in c position (1/3, 2/3, 0) (Figure 1) 
 

ELASTIC PROPERTIES 
 

In this section details on elastic constants calculations are presented.  The experimental 
values of elastic moduli pertain to a grain aggregate (where grains have randomly orientated 
crystallographic directions) rather than to single crystals.  A completely random orientation of 
the grains was assumed in the computation.  The formulas of Reuss [18] and Voigt [19] were 
employed in these computations, which provide least upper-bound and greatest lower-bound 
values for the aggregate.  In particular, the approach by Voigt corresponds to averaging over 
the elastic constants (stiffness), where the following formulas for bulk modulus (BV) and shear 
modulus (GV) are obtained: 
 

BV = (A + 2B)/3, GV = (A - B + 3C)/5    (2) 
 
where 
 

3A = c11 + c22 + c33 
3B = c23 + c31 + c12        (3) 
3C = c44 + c55 + c66 

 
and cij are elastic constants.  The Reuss approach pertains to averaging over the elastic moduli 
(compliancies), where the formula for the bulk modulus (BR) and shear modulus (GR) is: 
 

BR = 1/(3a + 6b), GR = 5/(4a - 4b + 3c)   (4) 
 
in which: 



 
 

3a = s11 + s22 + s33 

3b = s23 + s31 + s12     (5) 
3c = s44 + s55 + s66 

 
Here sij are the elastic moduli (these are the elements of the inverse matrix of the elastic 
constants matrix with elements: cij).  The final values of B and G (shown in Table 2) are 
calculated as an average of Voigt and Reuss (known as Hill approach): 
 

B = (BV + BR )/2,  G = (GV + GR )/2    (6) 
 
Having calculated the bulk and shear modulus, the Young's modulus (Y) can be evaluated for 
an isotropic material or isotropic aggregate of grains having non-isotropic elastic properties as: 
   

Y = 9BG/(3B + G)       (7) 
 
Additionally Young modulus is calculated in [100] and [001] directions from the relation: 
 

Y[100] = 1/ s11         (8) 
Y[010] = 1/ s22 

  Y[001] = 1/ s33    

 
Elastic properties of UO2, and U3O8 

 
The elastic constants of UO2 were previously calculated using CASTEP [10] and they 

are shown in Table 2 together with experimental data from the reference [20].  The results 
demonstrate that CASTEP ab initio calculations reproduce reliably elastic properties of UO2.  
The results of calculations agree rather well with experimental data [20].  In the present work 
we repeated calculations of the elastic constants for urania using most recent version of 
CASTEP and the new calculations for U3O8 are also shown in Table 2. 

The cutoff energy for elastic constants calculations for both oxides using CASTEP was 
420 eV (with 14 extra bands) and the Monkhorst-Pack special wave-vectors [21] were used.  
The grid for UO2 was the 8x8x8 and for U3O8 the 4x4x6 grid was used.  Four (default) values 
of strain were applied: ± 0.3 %, ± 0.1%. 



 
 

Table 2 – Comparison of the Elastic Properties of UO2, and U3O8 
 

Property UO2 UO2 UO2 U3O8 
(in GPa) Calculated 

using 
CASTEP [10]

Calculated 
using CASTEP 

(LDA) 

Experimental 
[20] 

Calculated 
using 

CASTEP 
B 170.1 229.1 208.9 164.1 
G 70.3 (GV) 104.9  56.9 

G/B 0.41 (GV/BV ) 0.46  0.35 (GV/BV = 
0.45)) 

Y (Y[100], 

Y[001]) 
185.4 (YV) 273.0 (342.9)  151.8 (147.8, 

503.5 [001]) 
c11 318.2 411.9 ( 1.7) 389.3 263.8 ( 3.1)
c12 96.0 137.7 ( 0.4) 118.7 174.8 ( 0.6)
c44 43.1 87.6 ( 1.2) 59.7 26.7 ( 0.1) 
c33    506.3 ( 3.1)
c13    25.0 ( 0.4) 
n  0.2506  0.66([100], 

[010]), 
0.06([001]) 

 
The notation in Table 2 is the same as in the previous table and n is Poisson ratio.  Since in 
reference [10] only elastic constants are presented, the derived moduli G, Y and G/B are 
calculated using Voigt approach only.  The intrinsic brittleness, calculated according to 
Cottrell’s prescription (G/B) [11] is also shown.  The Voigt ratios indicate that U3O8 is more 
brittle but opposite is true for Hill’s ratio.  Additionally U3O8 is not cubic and has very 
different structure than UO2 therefore criterion for intrinsic brittleness may be different than 
that for stoichiometric urania.  The large anisotropy (147.8 (in x, y directions), 503.5 (z 
direction)) was found for Young modulus, as shown in the last column of Table 2. 
 

APPLICATION 
 

 The calculated volume expansion factor (υ = 1.36) due to oxidation of UO2 to U3O8 can 
be used for estimating the respective linear expansion factor.  It is assumed, as observed 
experimentally [22], that U3O8 oxide formation starts at the fuel surface and progresses inwards 
(see Figure 2). 



 
Figure 2 – Formation of U3O8 oxide on the UO2 fuel surface is marked by light grey colour.  

The circle of radius r, of the initial unoxidised fuel sample, is shown by broken line and r 
indicates the initial radius of UO2 core of cylinder, or sphere.  Δ is equal to the thickness of 
UO2 oxide that after oxidation to U3O8 oxide expands to αc(s)Δ.  αc(s) indicates relative linear 

expansion for cylinder (c) or sphere (s), respectively . 

 

We neglect in the present derivation thermal expansion and ignore the effect of possible cracks 
formation that often form at intermediate temperatures (900-1200ºC) [22].  At higher 
temperatures plastic deformation is observed, and at lower temperatures (500ºC) powderization 
occurs [22] during oxidation in air.   Using simple geometrical considerations and assuming 
that volume expansion is uniform one can calculate the relative linear expansion factor of the 
urania that oxidised to U3O8 for a long cylindrical sample: 

r/

)r/2()r/1(1r/)r2()r(r 22
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  (9) 

with the following limits: 

c   for Δ = 0 (beginning of oxidation on the surface) 

c  for Δ = r (whole sample oxidised to U3O8) 

where r is the initial radius of UO2 core of cylinder, Δ is equal to the depth of  the original 
UO2, oxide converted to U3O8 oxide, as shown in Figure 2. 

Similarly for the spherical sample or the uniaxial cylinder one can get: 
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with the following limits: 

c   for Δ = 0 (beginning of oxidation on the surface) 

3
c   for Δ = r (whole sample oxidised to U3O8) 

 
Infinite plane allows only for the expansion in the direction of oxide growth and therefore the 
linear expansion factor along this direction is equal to the volume expansion factor: 
 

αp = υ       (11) 
 

The linear expansion factor for the same relative oxidation depth (Δ/r) is the same for 
fuels with different radii but the same shapes (cylindrical (Equation 9) or spherical 
(Equation10)).  This is illustrated in Figure 3a.  Knowing Young Modulus (Table 2) one can 
estimate the pressure on the walls of the tight container in which the immersed fuel oxidised to 
U3O8.  The pressure is independent on the size of container but it varies with shape as it shown 
in Table 3. 
 

Table 3 - Calculated stress in the tight container for urania oxidised to U3O8. 
 

Young Modulus 
[GPa] 

Stress [GPa] 
Sphere or equiaxial cylinder 

Strain: 0.10793 

Stress [GPa] 
Long cylinder 

Strain: 0.16619 

Stress [GPa] 
Plane 

Strain: 0.36 
151.8 (random texture) 16.38 25.23 54.65 

147.8 (x, y) 15.95 24.56 53.21 
503.5 (z) 54.34 83.68 181.26 

 

 Many processes in fuel are controlled by the size of the surface area.  In Figure 3a the 
relative changes in the length of fuel sample perpendicular to the surface area are shown as a 
function of the thickness of fuel sample that oxidized to U3O8.  The linear expansion is the 
largest (Figure 3a) for samples with large (infinite) planar surfaces for which expansions takes 
place only in the direction of oxide growth. The measured experimental values (1.36 [8] and 
1.32 [7]) for the highest expansion (υ) are comparable to the calculated here (1.38).   

The predicted linear expansion for sphere is the same as for the equiaxial cylinder with the 
same radii (Equation 10).  The cylindrical samples have height much higher than radius 
(Equation 9).  The relative changes of the size of surface area are shown in Figure 3b. 
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Figure 3 – (a) The relative changes in the length of the fuel, along the direction perpendicular 
to the surface of sample, as a function of the thickness of fuel sample that oxidized to U3O8.  r 

is equal to the radius of the sphere or the cylinder while for plane it is equal to the initial 
thickness of the sample. The predicted linear expansion for sphere is the same as for the 

equiaxial cylinder with the same radii.  The cylindrical samples have the height of cylinder 
much higher than the radius.  (b) The relative changes of the size of surface area for the same 

samples as in (a).  Surface area of infinite plane is not changed therefore relative surface 
expansion is equal to one and it is not plotted. 

 



It may not have been realised before that the relative linear expansion, due to U3O8 oxide 
growth, is dependent on the shape of sample.  Experimental measurements confirming these 
results would be useful.  As shown in Figure 3b the calculated relative change of the surface 
area is the largest for the spherical sample and the area of large planar surfaces of the sample 
remains not changed (ratio equal to one). 

 At the intermediate temperatures (900-1200ºC) the large volume expansion of fuel may 
cause fragmentation.  However the process is very complex and only idealised examples will 
be discussed here.  Fragmentation causes significant increase of fuel surface area.  Using 
geometrical evaluation it can be shown that the relative change in the total surface area 
(σfragmented/σinitial) in the sample that breaks into n fragments with the same shape is: 

     σfragmented/σinitial = n1/3     (12) 

where σfragmented is the total surface area of the fragmented sample and σinitial is the surface area 
of the sample before fragmentation occurs.   

Even larger increase in the surface area would be observed if cylindrical sample breaks into 
cylindrical fragments that have all equal hight and the same basal plane as the original sample: 

     σfragmented/σinitial = 1+(n – 1)/(1+h/r)   (13) 

where r is the radius of the basal plane and h is the high of the sample before fragmentation.  
For equiaxial cylinder h = 2r and relative increase in the surface area is 1+(n-1)/3.  For disks (h 
<< r) the ratio is approximately equal to the number of fragments (n).  In Figure 4 relative 
changes in surface area of the sample are shown for various number of fragments (calculated 
using Equations 12-13).  
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Figure 4 – Relative changes in the surface area of the sample as a function of the number of 
fragments (as indicated: solid line for Equation 12 and broken lines for Equation 13). 

 
As it is illustrated in Figure 4 fragmentation may cause a significant increase in the surface 
area.  The predicted increase is significantly higher than that shown in Figure 3b where the 
increase was related to the volume expansion.  



 
CONCLUSION 

 
Detailed calculations of the lattice structure and mechanical properties of UO2 and U3O8 

can complement experimental measurements, and they enhance understanding of the structural 
properties of fuel used in nuclear reactors.  The ab initio calculations correctly predict a 36 % 
increase in the volume per uranium atom during transformation from UO2 to U3O8.  Also the 
magnetic and elastic properties of urania are well reproduced by simulations. 

The linear expansion and the surface expansion caused by U3O8 oxide growth is calculated 
for various shapes of fuel.  It may not have been realised before that the relative linear 
expansion, due to U3O8 oxide growth, is dependent on the shape of oxide sample.  
Experimental measurements confirming these results would be of interest. 

The surface area increases during fragmentation of oxide and it is strongly dependent on 
the shape and the number of fragments; and it is much larger than the surface area increase due 
to volume expansion during oxidation.   

The proposed  calculation should  be  considered  as an illustration of  novel approach 
towards understanding of  complex  structural  transformation and  predicting changes of 
properties of  nuclear  materials.  The methods that  were  applied,  can be used  for  predicting  
structural transformation and properties of presently used nuclear materials  and  materials that 
are considered for  applications in Generation IV nuclear  reactors.  We have developed 
comprehensive plan for future research on nuclear materials in different service environment.  
In addition to the presented here calculations for LDA and LDA + GGA approximations, the 
new functional (LDA +U), that improves calculations of band gaps and predictions of magnetic 
moments in strongly correlated systems, will be used in the future.          
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