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Introduction 

Dry storage is one of the temporary end of life channels for P W R fuel 
assemblies after leaving the reactor. According to the results of currently 
available digital simulations, the residual power will maintain a temperature of 
over 150°C for several years for U O 2 and several decades for M O X . At such 
temperatures, the U O 2 oxide, which constitutes the fuel wholly or partially 
( M O X ) , can oxidise in the presence of air to form the compound U3O8. Its 
molecular volume, lower than that of UO2, leads to swelling (36.6 % ) which is 
sufficient to subject the cladding to enough stress to spread any tightness faults. 

A review concerning fuel oxidation at temperatures representative of storage 
has been written. It uses knowledge available in scientific and technical 
literature and also that acquired by the C E A . The analysis and summary of the 
data is concerned with the U O 2 oxide in all its forms - powder of different 
specific surface areas, unirradiated pellets, doped products, irradiated fuel 
fragments - as well as the behaviour of failed rods composed of pellets in their 
cladding. * 

This paper is presented in such a way as to highlight the parameters that 
influence: 

^ the evolution of compounds formed as the reaction progresses 
^ the morphological transformations accompanying their formation 
^ the kinetic conditions according to the temperature and the nature of the 

initial products 

These themes are first developed in the case of non-irradiated U O 2 powders and 
pellets, and irradiated fuel fragments out of their cladding. They are repeated to 
describe the outcome of the fuel rod and to examine the extent to which 
oxidation can be a means of fuel destruction. 

Fuei behaviour 

The series of compounds formed during oxidation is complex. It mainly 
depends on the temperature, but with certain differences according to the 
morphology or composition of the initial product. 

If the temperature is limited to 250 °C, in the case of pure, only slightly doped 
(< 4 at % ) or slightly irradiated (< 10 GWd.t'*) U O 2 oxide, the quadratic 
compound U3O7 appears first. It is then transformed into orthorhombic U3O8. 
However, for higher bumup or dopants content, this is a non-stoichiometric 
phase with a fluorite structure, UO2+X or MO2+X - M designating either U or any 
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crystallochemicaliy compatible cations - which is produced instead of the U3O7 
oxide. The O / M ratio can reach 2,4. W h e n the temperature is above 250 °C, 
these compounds or intermediate phases appear only momentarily or cannot 
even be detected. Finally, at 300° C and over, regardless of the initial product, 
as long as it is not doped at 25 at%, the orthorhombic phase U3O8 or M3O8, is 
formed. 

This description includes a shadow zone below 200 °C, as these low density 
oxides U3O8 or M 3 O 8 , have a fairly or even very slow appearance kinetics, the 
speed being mainly dependent on the surface area size of the initial products 
(the larger the specific surface area, the slower the rate). This is why many 
authors do not detect U3O8 formation on powder, without, however, extending 
the experiments over longer periods. It should be remembered though, that the 
U3O8 and M 3 O 8 orthorhombic phase, whose appearance is responsible for the 
swelling, is likely to occur if the temperature is at least 200° C. This conclusion 
is not however supported at lower temperatures where there is almost no result. 
Moreover, if the dopant content, voluntarily introduced or resulting from the 
fission, is equal to or greater than 25 at% , this phase is not formed. This level 
of doping is not, however, reached by fuel from our current reactors. 

Morphological evolution 

Case of/wwMfer 
The morphological evolution of fuel is closely linked to the nature of the initial 
product. In the case of unirradiated U O 2 powder, the transformation into U3O7 
forming the first step is controlled &y a parabolic law characteristic of an 
oxygen diffusion mechanism through a more oxidised surface layer. At the 
beginning of the reaction, it maintains a cubic structure written UO2+X, which 
changes into a quadratic structure like U3O7, as from UO2.11 and up to UO229 
depending on the temperature. The second step corresponds to the 
transformation of U3O7 into U3O8, by a nucleation-growth process, which may 
be followed by another mechanism like that described as the contracting sphere, 
when the whole surface area is covered by U3O8 particles. 

All authors note that the oxidation of U O 2 powders into U3O8 is accompanied 
by significant growth of the specific surface area up to a maximum level of 4.5 
to 4.6 m^.g *. However, they do not entirely agree on the stage of the process in 
which this material subdivision occurs. Initially credited to the formation of 
U3O8, this specific surface areas increase appears, according to the most recent 
work where the volumetric area is measured instead of the mass area, to be the 
result of the transition from cubic to quadratic, associated with the formation of 
U3O7. The diagram below summarises the situation. 

http://UO2.11
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quasi immediate nucleation and growth of 
U308 

U3O7 sublayer? 

T versus specific area 

T > ~ 300°C if > 2m2.g'1 

T>~250°Ci f<0 ,1m 2 .g - 1 

$ agregat: - 0,5 urn 
$ grain : ~ 0,05 um 

U02 

T versus specific area 

T < ~ 2 5 0 ° C i f > 2 m 2 . g 
T<~200°C i f<0 ,1m 2 . g 

Superficial layer 
IKWY-U4O9/U3O7 

U3O7 with U308 

nucleus? 

Stop at U3O7 
if T < 2 0 G * C ? 

Case of unirradiated pellets 
Oxidation only starts becoming significant after an incubation period which 
becomes shorter as temperature rises: 80 min at 400° C but 0 at 500° C. Then, 
the mass increase is initially linear. During the incubation period, the external 
surface is covered with a thin surface layer of U3O7. The tensile stresses, 
resulting from the volume reduction of the crystalline unit cell at the beginning 
of UO2 oxidation, cause many micro-cracks, through which oxygen will 
penetrate the sintered product. The oxidation can then develop more quickly 
and U3O8 nucleation will be encouraged by the presence of these micro-cracks. 
However, if the temperature is above 350° C, the growth of the U3O8 particles 
will be sufficiently activated as to cause rapid desquamation of the particles on 
the surface. The diagram below illustrates these phenomena. 

T > -350 °C 

Desquamation of a 
U3O8 grains layer 

T < ~ 320°C 

Superficial layer 
UCWT-l^Oa/UaOy 

then microcracks 

and U3O8 nucleation 
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Irradiated fuel fragments 
These are distinguished from unirradiated fuel inasmuch as the mass increase is 
immediate, with no incubation period. The oxidation is detected by the presence 
of a cubic type oxidised layer around each particle. Its growth, which limits 
distribution and its specific localisation mean that the oxygen has no problem 
infiltrating all the grain boundaries. The cubic phase that develops generates 
stress that encourages intergranular micro-cracking. Associated with the 
presence of fission gas accumulated around the grain boundaries (approx. 20% 
of the list), this phenomenon explains why, even below 250°C, the oxidation 
causes decohesion of the fuel particles. If the temperature is higher, the 
nucleation of U.̂ Og, as previously, makes oxidation non-uniform due to 
desquamation of the U^Og particles. These situations are summarised in the 
diagram below. 

T > - 260 °C 

Desquamation ol 
a U3Oe grains 

layer 

T < - 250 °C 

Oxidation kinetics 
The oxidation of UO2 powders occurs in two steps. 

the first is the transformation of UO2 into U3O7. This is controlled by the 
distribution of oxygen through the more oxidised layer, which forms on the 
surface. Progression of the reaction gives a characteristic parabolic curve 
with an infinite speed at the origin. Speed increases as specific surface area 
increases. The activation energy of this process is 95.7 kJ.mol"1. For 
example: it takes less than 100 days at 200° C to transform 90 % of UO2 into 
U3O7 from particles with a radius of 5 urn. 

-the second step results in U3CV This corresponds to a nucleation-growth 
mechanism whose representative curve is sigmoid. The activation energy 
gives more varied values than those of the first step. It is high, around 200 
kJ.mol"1, at the beginning of the reaction and particularly for large specific 
surface area powders. However, it quickly tends towards 146 kJ.mol"1 for 
progression above 0.4, and for low specific surface area powders or pellets. 
As an example, the reaction progression reaches 99.9% after 10 days at 250° 
C. 
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These two steps, which correspond to the same oxygen intake, are identical in 
duration, whether at 350° C for larger specific surface area powders or 200° C 
for small specific surface areas. Beyond each of these values, the average speed 
of U3O8 formation is above that of U3O7, which explains why it is impossible to 
detect U3O7 as an intermediate compound. O n the other hand, below these 
threshold temperatures, the U3O7 oxide is always identified, and U3O8 
nucleation is not even mentioned below 200° C. 

The oxidation of pellets or unirradiated sintered disks follows a linear curve, 
whose activation energy varies from 98.6 to 163 kJ.mol*. However, authors 
have been keener to define the time required for the total transformation into 
U3O8 powder. At 200° C, it takes less than 2 months to produce 10 % of this 
compound and less than one year to complete the transformation. 

The irradiated fuel apparently behaves like a coarse grain powder. Kinetic 
constants are identical to those of the first step of unirradiated powders, leading 
not to the formation of U3O7, but to a cubic structure phase MO24. This is why 
authors define the time required for its formation: it is at 250° C for 
approximately one month. The representative straight line is quite similar to 
that corresponding to the first step of oxidation for a coarse grain powder (r = 4 
- 4.5pm). Then, the O / M ratio increases until desquamation of U3O8 whose 
moment of appearance is also formulated according to the temperature. It is at 
250° C for less than one year, representing a period longer than that of a similar 
grain size powder. 

A rapid experimental check at 250 andS75° (J, confirmed that a batch of grains 
with a diameter of 7 u m behaves in a similar way to small specific surface area 
powders. U3O8 nucleation appears after 1 and 2 days respectively. However, 
oxidation at 250° C of a large surface area powder rapidly produces U3O7, 
according to a parabolic law, but continued operation in these conditions results 
in a slow, linear evolution of the O/U ratio, which reaches 8/3 after 42 days. 
The nucleation - growth kinetics, represented by a sigmoid, are not applicable 
with the kinetic constants which were determined above 250 °C. It is essential 
to study the formation of U3O8 at lower temperatures, as this transformation has 
not yet been properly established. This is where the maximum uncertainty lies, 
making it difficult to determine limit storage temperature. 

FeAavMHr q/]/M̂ / rods 
The database concerning the behaviour of fuel rods is more limited: in all, 9 
studies covering 4 types of reactors are available, but this list is certainly not 
complete. The combustion rates remain moderate, less than 12 GWd.t * for 
C A N D U and E L 4 rods and at most, 30 GWd.t' for P W R and B W R . The rods 
or rod sections are, in most cases, perforated with one or more holes from 0.5 to 
0.8 and sometimes 2 m m in diameter; some have involuntary faults caused by 
corrosion in the reactor. 

The swelling associated with the formation of the compound U3O8 causes 
deformation of the cladding around the tightness fault. If the diameter increase 
reaches at least 2 % when the temperature is above 250 °C, or 6.5 % in any 
other case, the fault spreads. These two thresholds correspond respectively to 8 
and 27 % of U O 2 transformed into U3O8, proving that partial oxidation is 
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sufficient to trigger the fuel degradation process. However, similar tests 
performed on unirradiated rods did not cause serious damage, as the ductility of 
a new cladding tolerates the maximum deformation produced by complete 
oxidation in U3O8, without fault spreading. 

The different authors define the incubation time before fault spreading. The few 
results are relatively varied. The small involuntary faults (< 0.037 m m ) spread 
later than the holes made (0.2 - 0.8 m m ) . T w o relationships between incubation 
time and temperature can be suggested, one concerning all types of rod with 
"large" voluntary faults, and the other for P W R rods with faults of any size. The 
first relationship is quite close to that giving the time required for the O / M ratio 
to be equal to 2,4: this result is logical, as a fraction of U3O8 must be produced 
for the deformation to take place. The second relationship shows that above 
270° C the incubation period exceeds the time required for U3O8 desquamation 
of the surface of fragments outside their cladding. This means that the oxidation 
of pellets in a rod is slower than in the open air: there is now confinement in the 
rod. However, this does not occur at low temperature. 

The average spreading speed of the initial fault is determined from its 
elongation or by monitoring the progression of the oxidation front by measuring 
the diametrical deformation. As before, a relationship between this average 
speed and the temperature exists, but cannot be used above 360° C, as the 
ductility of the cladding is restored gradually. O n the contrary, extrapolation at 
low temperature - with all the reservations made concerning the nucleation of 
U3O8 below 200° C - shows that a crack of 1 m would be produced in less than 
100 years if the temperature was 150^ C or more. 

J!ecwMmeM^H#WM/&rsf#7Wge 
Based on the existing data and laws, dry storage m f%e opgn a:r cannot be 
recommended for a period sharply longer than 50 years at a temperature above 
150° C. However, below this temperature it can be considered as fuel oxidation 
no longer constitutes a means of degradation. 

This temperature is not reached before a few years for U O 2 and several decades 
for M O X , after leaving the core. A n initial solution could be to store the 
assemblies in an inert atmosphere to cover this initial period. 

A second solution could be based on the detection and isolation of certain 
assemblies with failed rods. Therefore, those remaining, i.e. more than 99.5% 
of assemblies, would be safe and could be stored without any particular 
precautions. Better still, this proportion could be increased to 99.998 % by 
extracting defective rods, i.e. 2 for 100 000. Initial storage in neutral gas, would 
be limited to isolated assemblies or rods. 

Prcposecf c<WMp/e;we/i%wy sfM<#%y 
The critical temperature of 150 °C is obtained by extrapolation of laws 
established from tests performed above 200 °C and more often above 250 °C. 
However, w e do not have sufficient arguments to categorically state that U3O8 
nucleation occurs between 150 and 200° C approx. or that the growth is then 
sufficiently quick as to reach an unacceptable proportion within 100 years. 
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Consequently, the main efforts should be concentrated on understanding the 
physical-chemical parameters and the kinetic data of nucleation - growth of the 
U3O8 oxide, related to unirradiated and irradiated fuel, in the temperature range 
175 - 250 °C. This is research work that will require a fundamental approach 
sufficient to compensate for the slow process that is to be observed. 

The second research direction should be concentrated on the creation of a more 
complete database than the existing one, concerning the oxidation of irradiated 
fuel, UO2 and particularly M O X , in the form of fragments out of the cladding 
and fuel rods. Attempts should be made to monitor the fraction of radionuclides 
emitted by the progression of the oxidation front. 

The third area of reflection corresponds to the integration of all these data into a 
simulation code, associating a new formalism of kinetics laws and the 
mechanical stress states linked to the evolution of the compounds formed. 
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