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Studies of the Segregation and Chemistry of Fission-Product 

Cesium in Irradiated C A N D U * Fuel by X - R a y Photoeiectron 

Spectroscopy (XPS) 

Atomic Energy of Canada Limited, Chalk River Laboratories, Chalk River, Ontario, 
Canada KOJ 1J0 
T + + , Ht++, S3 hockingw@aecl.ca 

During operation of a nuclear power reactor, fission products with limited 
solubility in the uraninite matrix of the ceramic oxide fuel segregate to the grain 
boundaries by thermal and radiation-enhanced diffusion. Further diffusion 
along the grain boundaries is thought to be comparatively fast, and volatile 
species can be vented to the element void space through cracks and tunnels 
formed by interlinkage of fission-gas bubbles. Several fission products, notably 
I, Cs and Cd, have been implicated in fuel-element failures caused by stress-
corrosion cracking (SCC) of the fuel sheath, which tends to become more 
prevalent with extended bumup and increased power. Although distribution is 
obviously important, the activity of such S C C agents is really controlled by 
their chemical state. This problem has been virtually eliminated for the natural 
uranium fuel that is currently bumed in C A N D U reactors by introduction of the 
C A N L U B graphite coating, which acts as a fission-product chemical barrier. 
Because of its high neutron economy, the heavy-water moderated C A N D U 
reactor system also offers unique fuel-cycle flexibility, including enriched 
uranium, mixed uranium-plutoniihn oxide and thoria fuels; however, 
significantly extended bumup would be required to fully exploit these options. 

A modified McPherson ESCA-36 X-ray photoeiectron spectrometer (XPS) has 
been used over the past decade to systematically investigate fission-product 
segregation and interfacial chemistry within irradiated C A N D U fuels. This 
instrument was extensively upgraded and adapted specifically for studies of 
highly radioactive materials. It has provided high surface specificity (sampling 
depth of -2 nm), good sensitivity (detection limit of -0.1 monolayer), 
quantitative surface analytical capability, and important chemical-state 
information. Lack of capabilities for sample preparation under ultra-high 
vacuum conditions, a rather large analysis area (-2 mm^), and an upper limit on 
y-ray fields of -1 R/h measured at 10 cm have been the primary limitations. 
About 250 discrete fragments of fuel obtained by intergranular fracture and 
over 50 samples of fuel sheath cut under flowing argon have been 
characterised. The limitations as well as the achievements of these XPS studies 
will be illustrated with a wide selection of results — focussed mainly on the 
behaviour of cesium. 

' C A N D U (C ANada Deuterium Uranium) is a registered trademark of Atomic Energy of 
Canada Limited. 

mailto:hockingw@aecl.ca
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The segregation of a number of fission products to the grain boundaries in 
C A N D U fuel has been explicitly demonstrated; as expected, a strong 
dependence has been found on the linear power rating for fuels with similar 
bumup. Mechanical restraint provided by the coolant pressure acting through 
the thin-walled sheath on C A N D U fuel may strongly inhibit development and 
interlinkage of fission-gas bubbles, thereby retarding the venting of volatile 
species to the element void space. Coverage of grain-boundary surfaces by 
fission products at monolayer levels has been confirmed by sequential X P S 
analysis and argon-ion sputter etching. Although not entirely definitive, 
chemical-shift data are consistent with formation of mixed cesium uranates. 
Quantitative analyses based upon a thin-film model are in agreement with the 
X P S depth profiles. Subsequent exposure of intentionally defected fuel 
elements to a moist-air storage environment causes selective grain-boundary 
oxidation and progressive leaching of the segregated fission products. 

For normal C A N D U fuel power histories, migration of cesium and other fission 
products to the fuel-sheath interface has been shown to be quite limited. 
Progressively more significant accumulations of fission products have been 
observed with extended bumup. Deposits of mixed fuel and fission products, 
which typically include an abundance of cesium, have been found adhering to 
the sheath after high bumup. Examination of these deposits by scanning 
electron microscopy revealed diverse, intricate structures, which could not be 
analysed separately with the available X P S capabilities. Nonetheless, some 
trends and notable differences in the distribution of key fission products at the 
fuel-sheath interface have emerged. Although chemical-shift effects usually 
indicated that cesium had a +1 valence, elemental cesium was also found within 
an experimental thoria fuel. 

Based upon the wide ranging experience outlined above, a m o d e m Imaging-
X P S instrument has recently been specifically configured to allow 
microchemical analysis of highly radioactive materials. This state-of-the-art 
system will permit three-dimensional characterisation of the grain boundaries 
and fuel-sheath interface in irradiated C A N D U fuels. The detailed information 
on interfacial chemistry provided by such examinations will ultimately assist in 
the development of advanced fuels to fully exploit the fuel-cycle flexibility 
offered by the C A N D U reactor system. 
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Recent Canadian studies on the !ow-temperature oxidation of 
UO2 

DRS/SEMAR/LEMAG, CEA Cadarache, 13108 Saint Paul lez Durance, FRANCE 
(formerly at AECL WhitesheM Laboratories, Pinawa, Manitoba, CANADA) 
T++33 4 42 25 66 13, g++33 4 42 25 63 99, 63 taylor@sand.cad.cea.fr 

The oxidation of U O 2 at low temperatures (T < 400°C) has been investigated 
extensively for about 50 years. Most of the research on this topic in the past 20 
years has been motivated by the interest in dry interim storage of irradiated 
nuclear fuel. This paper will summarise some recent Canadian studies on the 
oxidation mechanism, including the effects of moisture, fission products, and 
nitrogen oxides, as well as surface preparation, on the oxidation rate and the 
nature of the oxidation products. In addition, some recent tests on irradiated 
fuel oxidation at 130°C and 170°C will be briefly described. 

The two-stage oxidation of U O 2 to an oxygen-rich fluorite-type phase with a 
composition near U3O7, and thence to U3O8, has long been known. The first 
stage is controlled by oxygen diffusion through the « U3O7 » product layer. 
The exact crystallographic nature of this intermediate product varies with 
oxidation conditions and fuel bumup. The extent of grain-boundary oxidation 
is also strongly dependent on fuel history, but the diffusion rate in individual 
grains is relatively insensitive to change, and has an activation energy near 
100 kJ/mol. The second stage of o^da6on is controlled by the nucleation and 
propagation of U3O8. The kinetics of this ̂ tage are more difficult to define, but 
recent literature reviews and experiments point to an activation energy of about 
150kJ/mol. The formation of U3OS is important, because the associated 3 6 % 
volume increase can lead to fuel splitting and powder formation if defective 
fuel elements are oxidised. 

Long-term fuel storage demonstration experiments at AECL's Whiteshell 
Laboratories have characterised the behaviour of deliberately defected, 
irradiated C A N D U fuel in contact with limited quantities of air, either 
nominally dry or water-saturated, at 150°C. To help understand the subtle 
differences in oxidation under dry and saturated conditions, the oxidation of 
unirradiated fuel was studied in aerated water and in air/steam mixtures. This 
work focused on the mechanism for formation of phases of the type (empirical 
formula) U O 3 XH2O, which represent volume increases in the neighbourhood of 
100%, depending on the value of x. 

In aerated water, U O 2 was readily oxidised to « dehydrated schoepite » (DS), 
UO3-O.8H2O by a combination of oxidative dissolution and reprecipitation, 
much as described by Aronson about 40 years ago. In air-steam mixtures, 
much more limited dissolution/precipitation occurs at relative humidity (RH) 
values above about 5 0 % ; this can be attributed to thin liquid-like films of 
adsorbed moisture on the oxide surface. At low R H values (< - 5 0 % ) , moisture 
has much less effect on the kinetics or mechanism of U O 2 oxidation, and the 
familiar two-step formation of « U3O7» and U3O8 prevails, even though the 
formation of D S is thermodynamically feasible at low R H values. A n 
interesting nuance is the back-reduction of D S by UO2/U3O7 to form U3O8 and 

mailto:taylor@sand.cad.cea.fr
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possibly also ianthinite (UC^^-yHO) when the oxygen supply is depleted. The 
dissolution/precipitation mechanism for D S formation can lead to void filling in 
fuel elements, but probably not to fuel swelling. 

Studies of the oxidation of irradiated L W R fuel, in comparison with 
unirradiated UO2, at Pacific Northwest Laboratories in the U.S.A., have shown 
that the formation of U3O8 on irradiated fuel is signiAcantly retarded. Related 
experiments at Whiteshell on the oxidation of S I M F U E L (simulated irradiated 
fuel), as well as various experiments on rare-earth-doped UO2, indicate that the 
retardation of U3O8 formation is due, at least in part, to the presence of fission 
products in solid solution in the UO2. 

The influence of nitrogen oxides on air oxidation of U O 2 fuel has received 
relatively little attention. This is a potentially important effect, because 
nitrogen oxides are formed by radiolysis of air, and thus might be expected to 
influence the oxidation of irradiated fuel in an enclosed volume of air. W e have 
examined the effect of small concentrations of N O 2 (up to 1 vol. % in air) on 
both stages of U O 2 oxidation, using a combination of X-ray photoelectron 
spectroscopy (XPS) and X-ray diffraction (XRD) to characterise the reaction 
products. Results indicated that both stages of oxidation are significantly 
accelerated by NO2. The oxidation appears to be driven by the formation of a 
surface film of U O 3 by the following catalytic process : 

U02(surface) + N O 2 = LKMsurface) + NO(g) 
2NO(g) + ( % g ) = 2N02(g) . 

One important variable in the surface oxidation kinetics of UO2, which 
complicates oxidation measurements and modelling, is surface roughness. In 
general, U3O8 formation occurs faster on rough than polished surfaces. A semi
quantitative study of this phenomenon will be discussed briefly. 

A key question in applying our knowledge of U O 2 oxidation to fuel storage is 
the possible existence of a threshold temperature below which U3O8 can not be 
formed (as opposed to a progressive diminution in the rate of U3O8 formation 
with decreasing temperature). W e have obtained no evidence for such a 
threshold. O n the contrary, we have observed the onset of U3O8 formation 
(detectable at trace levels by X R D ) on unirradiated U O 2 specimens after about 
a year in air at 170°C, and on some irradiated C A N D U fuel specimens after >5 
years at 150°C. These findings are consistent with extrapolation of the most 
reliable kinetic data obtained at higher temperatures. Formation of U3O8 at 
temperatures below 150°C is thought to be exceedingly slow, and is probably 
not accessible to experiments with existing techniques. 
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Analysis of fuel oxidation for !ong-term dry storage 

PA. D<%<MM# 
Commissariat a l'Energie Atomique, Direction des Rdacteurs Nucle^ires - D^partement 
d'Etudes des Combustibles, rue des Martyrs 38054 Grenoble Cedex 09, France 
B++33 4 76 88 33 57, § ++33 4 76 88 50 72, [=9 dehaudt@cea.fr 

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. 

Fue! 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 

mailto:dehaudt@cea.fr
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crystallochemically 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 qf/?<WMfer 
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 U02,29 
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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T versus specific area 
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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 nucieation will be encouraged by the presence of these micro-cracks. 
However, if the temperature is above 350° C, the growth of the UsOg particles 
will be sufficiently activated as to cause rapid desquamation of the particles on 
the surface. The diagram below illustrates these phenomena. 

T < - 320 °C 

Desquamation of a 
U3Og grains layer 

Superficial layer 
U<W-rU 4 O e /U 3 07 

then microcracks 

and U308 nucieation 
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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 IWg, as previously, makes oxidation non-uniform due to 
desquamation of the U^Os particles. These situations are summarised in the 
diagram below. 

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

i - 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"'. 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 pin. 

ii -the second step results in U3O8, 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.moi"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 M O 2 4 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 and^75° <̂ , confirmed that a batch of grains 
with a diameter of 7 n 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. 

Z?%A<yt%M*r c/yi*e/ ro<& 
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.f * 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 15C^ C or more. 

J!ec0wweM^;#Mf/brM?rag% 
Based on the existing data and laws, dry storage m ;A% op^n %M* 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. 

Py<%MW%%f c<w%?/2M^Hawy FA/iRey 
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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Introduction 

4 years were necessary after the TMI accident to quantify the fuel melting (62 
tons of core materials). Much efforts were made since that time on plant 
design, accident management and fuel studies. 

Yet in 1993, after the first PHEBUS test, (« FPT-0) where a bundle was heated 
up in conditions as severe as at TMI (6700 sec at T > 1930°C in FPT0 with a 
peak around 2800°C ; 3600 seconds at T > 1930°C at TMI), it was not clear to 
the experimenters nor to the analysts whether fuel was molten or not. A few 
weeks later it appeared that 50% of the fuel was molten ... (CORNU & al -
1994). 

This illustrates the gap that still existed between not only the phenomenological 
understanding of the fuel behaviour but also the code pre- and post-
calculations, and the reality! 

Central issues are thus : how the loss of cote geometry proceeds, which 
configurations are formed, how much hydrogen is generated by the Zry 
oxidation, how the oxidation rates of the different materials are influenced by 
the progressive loss of geometry, how the degradation influences the release of 
the fission products (FPs), whether the materials with a low Tm vaporise (to the 
top) or relocate to the bottom part of the core or the vessel, how the molten core 
interacts with the vessel and damages it, whether and how the molten core 
behaves if it escapes in the reactor pit, etc. 

The TMI fuel was fresh-irradiated fuel but the issues mentioned above must be 
studied also with high BU fuel and MOX: MOX produces more He and more 
FPs, and its Tm is lower. 

The role of the absorber materials in the loss of geometry and in the dissolution 
of the Zircalloy cladding (and eventually in the fuel dissolution) is important. 
Therefore not only the classical Ag-In-Cd and B4C absorbers must be studied 
but also the alternative materials (AI2O3-EU2O3). 

Facilities 

Integral tests of fuel bundle degradation and melting are done in experimental 
reactors (BR2 in Mol, PBF = Power Burst Facility at Idaho, CABRI and 
PHEBUS at Cadarache, etc.) and in out-of pile facilities like CORA(Karlsruhe). 

mailto:anne.de_bremaecker@ipsn.fr
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In-pile experiments allow to realise L O C A s (Loss of Coolant Accidents) and/or 
RIAs (Reactivity Insertion Accidents). In the following mainly L O C A s (like at 
TMI) will be envisaged. 

Melting of the core materiais 

Well before the melting temperature (Tm) of U O 2 is reached, many materials 
start to melt, below their normal Tmby mutual eutectic interactions. For 
instance: the stainless steel clad of the absorber alloy with its Zry guide tube 
(940°C minimum), the B4C absorber pellet (or powder) with its stainless steel 
cladding (1150°C), the silver of the Ag-In-Cd absorber alloy with its Zry guide 
tube(1200°C). 

The interactions of the absorber elements are such that there are no left 
absorbers on three quarters of the core height (criticality risk). 
These interactions are rapid. So the equilibria predicted by the phase diagrams 
are r̂ aF/y reached and the loss of geometry starts early in the accident 
sequence. 

Liquefaction of U O 2 

The main reaction involving U O 2 is between the U O 2 pellet and its Zry clad. 
As long as this Zry clad is not completely oxidised by steam, reduction of U O 2 
by Zry occurs. 

This reaction involves the diffusion oif oxygen through the U O 2 lattice to the 
Ziy: 

U O 2 -> UO2-X + % 0 2 (+ metallic U, see below) 

This oxygen oxidises the Zirconium of the Zry clad: 

(p)Zr + %)2->(a)Zr(Ox) 

Even before any direct interaction between U O 2 and Zr there is thus an 
important modification: fue! becomes %)p#s?0/cA?ww%%fTc, with, as a 
consequence, a decrease of its Tm . Not only does U O 2 become 
substoichiometric, but above 1133°C, %%MM? ;?M%a//H: uranium precipitates a? 
;/:<? gram &0MH&ir^s. This has a detrimental effect on the stability of the pellet. 

Now, how strange it is, even the U - O binary phase diagram is not perfectly 
known in the U-rich part of the diagram ! There are discrepancies on the 
existence of a miscibility gap at high temperature (>2500°C) and even on the 
solubility limits between 1700 and 2500°C. Only by the end of 1998 
experimental proof was found by G U E N E A U & al. on a miscibility gap at high 
temperature. 

The incomplete knowledge of the U-0 phase diagram makes of more difficult 
to establish the ternary phase diagram U-Zr-O. This phase diagram is 
necessary to calculate what happens with zircalloy in contact with U O 2 because 
the interaction goes on : otZr(O) dissolves UO2-X. 



S C K * C E N Impact of fuel chemistry on fission product behaviour 21 

This reaction is slow as long as zirconium is solid but when it becomes liquid at 
its Tm (1950°C) the interaction is much more rapid. 

The equilibrium state after this reaction is not given by the pseudo-binary phase 
diagram Zr-UCh since U O 2 is becoming more and more hypostoichiometric, 
and Zr more and more Zr(O). Only the ternary phase diagram U - Zr - O must 
be considered. 

To determine this phase diagram, many teams ( O L A N D E R & al., H O F M A N N 
& al., H A Y W A R D & al) have run in the last 20 years and are still running 
parametric crucible tests. 

Generally a piece of Zr is placed inside a U O 2 crucible and heated up in a 
furnace. The difficulty of these studies is that different diffusion layers are 
formed, depending on the relative surface a?n% volume of the Zr piece and U O 2 
crucible (beside technological difficulties : continuous and well-known oxygen 
potential, precise measurement of the high temperature, etc.) 

Despite these efforts important questions remain open : for H A Y W A R D , there 
is no miscibility gap at high temperature between 0(Zr(O) and Ud-x whereas 
for all the others there is a miscibility gap whose magnitude is not yet agreed 
upon. But the construction of a complete ternary phase diagram (with 
experimental points and calculations from Gibbs free energies) progresses 
(CHEVALIER & al -1998). * 

The reactor case is even more complicated because of the fact that during a 
L O C A there is an extremely rapid oxidation (exothermic escalation) of the 
external face of the Zircalloy claddings. This oxidation progresses from the 
external face to the interior of the clad. Therefore w e have the following 
sequence of layers: 

H 2 O -> Zr02 -> 0tZr(O) -> Zry -> 0tZr(O) -^ UO2-X -> U O 2 

It is obvious from this scheme that Zry + aZr(O) are comprised between two 
layers of oxides (namely Zr02 and UO2) that are able to be reduced and 
dissolved by this Zr because Zr02 can be dissolved by Zr in the same way as 
U O 2 i.e. with the formation of liquid «metallic » otZr(O) at the grain 
boundaries of the zirconia and with the same detrimental effect on its structural 
stability. Fortunately, the Zr-O phase diagram is known and well accepted ! 

The final state will depend on the respective dissolution raf% of U O 2 and of 
Z1O2 by Zr. Until last year it was admitted that the dissolution rate of U O 2 by 
Zr was 3 times higher than the dissolution rate of ZrCh ( H O F F M A N N ) . 
Recent results obtained at F Z K contradict this. 
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The situation is far from clear and is complicated by the double-side oxidation : 
in a true L O C A , steam does not oxidise only the external face of the cladding 
but can also penetrate inside the fuel pin by a breach in the cladding and oxidise 
it along a certain height. The internal oxidation of the Zry clad transforms the 
material in contact with the U O 2 pellet from metallic Zr to ceramic Zr02. 
This has an immediate effect on the dissolution of U O 2 : U O 2 can be dissolved 
by aZr(O) from 1950°C and higher, but the temperature must rise up to 
2550°C (2800 K ) to reach liquefaction of the U O 2 by formation of the Zr02-
U O 2 eutectic. 

Therefore there is a competition between the oxidation escalation of the Zry 
clad by steam (producing Z1O2) and the dissolution of U O 2 by Zry . 

A good knowledge of the kinetics of these reactions is thus necessary to 
evaluate the final state of the fuel if the temperature of the fuel does not exceed 
2 5 5 C C (2800 K ) . 

The corium 

During the in-pile or out-of-pile experiments (like C O R A ) the hydrogen release 
(coming from the oxidation of the zircalloy by steam) is continuously 
monitored. Although this measure is not very accurate, it indicates how far the 
oxidation of the fuel pin claddings is complete. 
It is admitted that, if this oxidation is complete at the end of the oxidation 
escalation, it means that all the Zry clad has been oxidised in Zr02 ̂ ^/br^ the 
main interaction with the fuel pellet. Tt^refbrg the dissolution of U O 2 by Zry is 
not major. More U O 2 can be dissolved (by Z1O2) only if the temperature 
exceeds 2600°C. 

However, with such an hypothesis, the post-calculations of the first P H E B U S 
test (FPT-0; S E R R E + E D E R L I in December 1993) could no? represent the 
quantity of molten fuel obtained at the end of the tests. In fact for the ICARE2 
code version available in 1993 it was impossible to obtain more than 1 5 % of 
molten fuel. The fuel dissolution by Zry was suppressed in a first calculation 
because it was not compatible with the high oxidation rate of the clad. In further 
calculations this possibility was re-introduced but the result was that the fuel 
dissolution was small. In 1995 the I C A R E 2 V2modl points out the following 
features ( J A M O N D & al): 

- the oxidation escalation was much more vigorous than anticipated 
- the high temperature reached during this escalation allowed the temporary 
present Zry to dissolve U O 2 

- the steel certainly played a role during this escalation phase 
- this melt (UOZr) relocated in the central part of the bundle 
- this relocation in the centra! part modified the thermal exchanges in the centra! 
part leading to further liquefaction and relocations 

- ;/tay% %<yM^acfH7?t$ occMrr^ a? f^Hp^rafMras THMcA /twer f/;an 2800 ̂  n%fM^(y 
awM^J 2400 ̂f. 
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The Post-Irradiation Examination (PIE) of P H E B U S PPT-0 indicated that the 
molten pool relocated on the lower grid has a uniform composition of 49 m o l % 
Zr02 - 49mol% U02(+x) + 2mol% (FeCrNi)Ox ( B L A N C & a! - 1995). The 
hyperstoichiometry of the fuel was not measured precisely but is inferior to 
0,05. The grain boundaries are slightly enriched in oxides of Fe, Cr (and Y 
from the shroud material). This composition, as far as the estimated quaternary 
phase diagram U-Zr-O-Fe indicates, should have a melting temperature of 
2550°C minimum. At the Trans-Uran Institute, R O N C H I repeatedly measured 
the melting temperature of a piece of the FPT-0 corium and obtained 2550 K 
(2280°C): more than the calculated values of ICARE, but much less than the 
2800 K (2550°C) of the eutectic U02-Zr02 (-FeO*). These measures were 
submitted to the advice of experts who could not invalidate them. 

The PIE of FPT-0 further revealed that below the lower grid, some corium was 
relocated amongst metallic melts of absorber elements. This corium was 
slightly richer in FeOx (3 w t % = 4 at% Fe; 9 m o l % FeOx). Its melting 
temperature was not measured. But in 1976, H O F M A N N at KfK, in the frame 
of the S A S C H A tests on corium, measured for a very similar corium 
composition, a Tm = 2200-2300°C. 

Both these measurements confirm the idea that the melting temperature of the 
corium is well below the expectations. 

The first PIE results of the second P H E B U S test named FPT-1 and containing 
irradiated fuel indicate a molten pool composition very similar to FPT-0 
( B O T T O M L E Y at TUI - 1999 ; G A V I L L E T at PSI - 1999) and indeed the 
post-calculations with ICARE2 again indicate early relocation of fuel and a 
probable corium melting temperature of 2200°C ( B O U R D O N -1998). 

The ability of the metallic oxides (AI2O3) even in low concentrations (<lwt%) 
to form a eutectic with U O 2 and to provoke accelerated grain growth and 
eventually melting (at low temperature) had been pointed out at CEN/SCK-Mol 
already in 1969 by FLIPOT & al. 

This same ability of Fe203 to attack and destroy Zr02, even in low quantity, is 
the basis of the explanation of the strong attack of the zirconia shroud of FPT-0 
(DE B R E M A E C K E R - 1995). Similarly, in the E P R design for the spreading 
of the corium on the core catcher, deliberate addition of high quantities of iron 
oxide is foreseen to lower the corium melting temperature, improve its fluidity 
and favour its spreading. 

Until now however, these studies are more qualitative than quantitative. 

Therefore new efforts to complete and improve the ternary U - Zr - O and the 
quaternary U-Zr-Fe-0 phase diagrams, and to perform new parametric studies 
on core degradation are needed. This is done in the frame of the 4*** Euratom 
R & D Framework Program (Project «Corium Interactions and 
Thermochemistry -CIT ») and is the subject of two propositions in the frame of 
the 5^ Framework Program (1999-2002): the « Core Loss/corium progression -
C O L O S S » and the « European Nuclear Thermodynamical Data Base Project -
E N T H A L P Y ». 
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In the frame of the CIT Project it was measured at ENEA+JRC-Ispra that a meit 
containing 20 w t % FeO and 80wt% UO2 is completely liquid at 1600°C 
(PACENTI&al-1998). 

But these studies do not only concentrate on the effect of Fe oxides. Other 
interactions are envisaged and tested to explain the low temperature 
liquefaction and relocation of U O 2 : 

- It has been proven by the S K O D A team (CIT Project) that UO2 can be 
dissolved by Zr at /cw^r temperature than the Tm of pure zirconium: when 
zirconium is liquefied as an eutectic by 18wt%Fe, up to 16wt%U02 can be 
dissolved at 7600°C in the melt. The same is true when Zr is liquefied by 
eutectic reaction with silver (VRTILKOVA & at.) 

- The importance of silver could be not only due to the Zr-Ag eutectic 
formation. The ;?Mpr^M%fM>M of the UO2 pellet by liquid silver in the first 
stage of the accident, after the absorber element failure but %^/br^ the 
oxidation escalation, is suspected. It was observed in one C O R A test ( C O R A 
7) i.e. the only C O R A test terminated just after the temperature escalation. It 
was never observed in other tests because these tests terminated much later 
after the destruction of the pellets (and silver vaporisation ?). Such an 
impregnation of U O 2 by Ag has just been observed again by the S K O D A team 
in the frame of the CIT project. 

Irradiated fuel ^ 

The main differences between fresh and irradiated fuel are the microstructure of 
the U O 2 , the fission product concentration and the stoichiometry. 

The aspects related to FPs are covered in another presentadon. It is admitted 
(qualitatively) that the FPs are responsible for a decrease of the melting 
temperature of the fuel (100°C max). This has still to be verified. Inside the 
E N T H A L P Y project for instance, the CEN/SCK L H M A + U L B proposal deals 
with the precise determination of the unknown U02-Zr-Mo-Ba phase diagram 
incl. liquidus, solidus and composition of biphasic S + L domains, in order to 
explain unexpected eutectics observed at Mol in high B U fuels ( V E R W E R F T 
&al). 

The differences in microstructures (grain size, intergranular connected pores 
and channels) have not, as such, influence on the equilibrium state. But they 
greatly influence the rafay of interactions, allowing a much faster «invasion » 
of U O 2 by any wetting liquid and specially by Zr or aZr(O). 

This effect was clearly seen in the second P H E B U S test (FPT-1). In FPT-1,18 
fuel pins were BR3-irradiated fuel pins (23 MWd/t), 2 pins were fresh-fuel 
pins. These fresh fuel pins were located in the outer ring of the bundle, together 
with 10 irradiated pins. It is obvious from the post-test tomographies that the 
fresh fuel pins suffered a much lower degradation than the irradiated fuel pins. 
These latter swelled a lot and dissolved much more than the fresh pins. 
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Concerning the hyperstoichiometry favoured by the B U , it should lead to a 
decrease of the U O 2 Tm but in the course of a L O C A , it could also favour the 
oxidation of the Zircalloy clad, what counteracts the tendency of dissolution of 
the U O 2 by the Zry. 

Parametric tests on the effect of irradiation on the dissolution of U O 2 by 
Zircalloy are performed at TUI in the CIT Project. Beside the confirmation of 
the increase of the U O 2 dissolution rate, an unexpected considerable interaction 
was observed between the irradiated U O 2 and so/M? zircalloy (i.e. at T = 
1740°C) 
( B O T T O M L E Y - Dec.98). A second test is foreseen to confirm this observation. 

N e w chaHenges 

The importance of the stainless steel of the absorber rod and of the silver as 
absorber element has been pointed out. But in many P W R , absorber rods 
contain B4C. 

It was proven by different teams ( H A G E N & a. at FZK-1994, U E T S U K A at 
JAERI-1995, B E L O V S K Y & al at NRI-1997) that B4C liquefies around 
1200°C as well its stainless steel clad sensu stricto and the stainless steel clad + 
Zry guide tube. C O R A tests have shown that the general appearance of the 
degradation of the fuel bundles with B4C or AglnCd as absorber, is similar. 
However the mass ratio between steel and B4C was so high (5,1) that steel 
dissolved a// the B4C , allowing an early and complete relocation of them in the 
bottom part of the bundle. These tests were rather representative of the 
B W R design. 

In a P W R the mass ratio Fe/B4C is not so high (2,7). Therefore some part of the 
B4C will remain in place up to the beginning of the oxidation escalation. The 
reactions that are likely to occur during oxidation escalation (and later on in the 
course of the L O C A if the atmosphere remains steam-rich) are the oxidation of 
B4C in B2O3, the release of C O and/or CO2, some « organic » reactions between 
carbon and iodine + other PPs, etc. It is presently assumed that these last ones 
have no impact on U O 2 or Zr02. But the influence of B2O3 on these two 
essential components of the corium is unknown. From previous out-of-pile tests 
performed at O R N L by O S B O R N E & al in 1986, it seems that B2O3 although 
very volatile is trapped inside the corium from 1800°C and higher. Does it have 
an influence on the melting temperature of the fuel or of the conum? Boron 
oxide is known to be a flux in slags and it was proven (by W I N Z E R in 1931 !) 
that B2O3 « strongly attacks » Zr02 crucibles (whereas iron oxide « destroys » 
them !). Therefore an effect of B2O3 on corium is expected. 

The phase diagram U02-(Zr02)-B203, completely unknown, together with the 
reaction rates have thus to be studied. 

In this respect many European teams are making proposals of parametric tests 
inside the C O L O S S and E N T H A L P Y projects of the 5*" European R & D 
Framework Programme. 

The fifth P H E B U S test (FPT-3) foreseen in 2002 will be the global experiment 
producing the most indications on the behaviour of a P W R . 
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Another challenge is the behaviour of M O X fuels because experiments with Pu 
can be performed only in hot cells or in-pile. For the establishment of phase 
diagrams no good PuQrsimulator has been found although Ce02 is sometimes 
used to replace PUO2 in fissium compounds. 

Since TMI, much progress has been done. Many excellent PIE of T M I corium 
pieces were made and greatly improved our knowledge on fuel behaviour (see 
Nucl. Technology - Aug. 1989 pp.57-293). Many post-calculations of the fuel 
relocation were done, with the most recent versions of codes (see in CIT 
Project, the M A A P 4 calculations on TMI by M A R G U E T - 1999). But... the 
liquefaction temperature of the fuel at T M I is not known: the melting 
temperature of the T M I corium was never measured ... 
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Introduction 

During a nuclear accident with disruption of confinement barriers, fission 
products and uranium oxides are ejected into the atmosphere. Simulation 
experiments were started in our laboratory in order to reproduce the conditions 
of emission and to analyse the physico-chemical properties of the FP of 
radiological interest (radio-Ru, Sr, Cs). Different parameters determine the 
physico-chemical speciation of these compounds. During the emission itself, 
burn-up of the fuel, its porosity, temperature, duration of heating and the nature 
of the atmosphere in contact with the fuel have a strong influence [1]. In the 
plume of the damaged reactor, reactions occur between particles, or between 
particles and gases (from the reactor or the ambient atmosphere). This 
constitutes the so-called maturation stage. Such reactions have a significant 
influence on the final speciation of the radioactive effluent [2-3], Deposition is 
followed by solubilisation of the particles. These processes are of prime 
importance because they are the first stage of the transfer of radionuclides into 
the food chain. Solubilisation is dependents the nistory' of the aerosols [4]. 

All these parameters have to be taken into account in order to understand the 
behaviour of radionuclides in the environment in relation with the conditions 
occurring during a nuclear accident. The fission product investigated in this 
study is ruthenium. Different reasons justify the study of this element (i) 
ruthenium presents a large variety of oxidation stages (0-VIH) and 
consequently a complex chemistry, (ii) has been found in a lot of particles after 
the Chernobyl accident, (iii) ruthenium particles have a high specific activity 
[51-

Experimental part 

Reconstituted fuel pellets are prepared by mixing UO2.00 and Ru02 powders 
(typically 5 % of Ru w/w). The mixture is carefully homogenised and pellets 
(0.1-0.2 g) of 4 mm diameter, 1 to 2 mm thick are pressed at 4.7 t/cm2. 

The generator used for simulation experiments was made of a slightly modified 
graphite oven from an atomic absorption spectrometer [6], It allows to heat UO2 
- RUO2 pellets (0.2 g) up to temperatures of about 2400°C under argon, i.e. 
almost up to their melting point. Oxidising atmospheres can be used if a quartz 
tube is placed in the centre of the graphite oven, but in this case, temperatures 
are limited to 1600°C. 
The aerosols released by the emission oven are carried away by the gas flux and 
transferred to a second (quartz) oven where they are allowed to react with 
oxidising (air) or inert (Ar) atmosphere at 700-900°C. This stage ('maturation 

mailto:Froment@inan.ucl.ac.be
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stage') simulates the physico-chemical conditions existing in the plume or in the 
confinement building of a damaged reactor. 

The aerosols are then collected by membrane filters or by a different type of 
impactors for further tests and analyses. Pellet residues from the oven were also 
collected. Chemical speciations of the samples were determined mainly by X-
ray diffraction (XRD), X P S and electron microscopy. Solubilisation tests are 
performed on the aerosols and on the pellet residues. These were performed by 
replacing, 10 ml of de-ionised water (pH-5,5) or solution of H N O 3 pH3 or 1 at 
regular intervals. 

Emission phase 

Emission of R u is temperature and 
atmosphere dependent. Under air, Ru is 
emitted as RUO3 and RUO4. Temperature 
increases emission yields. Under argon, 
there is a partial dismutation of RUO2 in 
RUO3+RUO4 and in Rum- Decomposition of 
RUO2 is also to be considered. As w e can 
see on figure 2, emission of R u is time 
dependent. A n activation energy cannot be 
estimated from figure 1 because of this 
prompt emission. Emission of U occurs 
mainly as U O 3 under air. Under argon, the 
oxidation stage of U varies as a fitnction, of 
time. 
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Figure 2a. Emission under air at 1500°C Figure 2b. Emission under argon at 1900°C 

In the case of U O 2 alone, this prompt emission is due to (i) higher oxidation 
stage at the surface of the pellet (UO2+X), (ii) densification of the pellet (from 
5,5 to 9,3), (iii) surface structure and (iv) a very small re-liberation from the 
graphite oven (less than 1%). 

The chemical composition of the matrix also plays an important role in the 
emission yields: oxidation stages as well as the presence of other fission 
products. Ruthenium affects greatly the melting point of the matrix. 

Uranium and ruthenium are emitted as vapours and as particles. Size 
distribution after emission is dependent on the chemical species being present, 
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temperature and atmosphere. The chemical composition of these aerosols is 
time-dependent, due to preferential emission of volatile elements (see figure 2). 
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Aerosols are also collected in the emission oven as condensed deposition areas 
or as small particles mechanically expelled from the pellet during the thermal 
shock. 

Maturation phase 

Temperature and atmosphere influence j 
maturation. The influence of 
temperature is mainly observable by 
the variation of size distribution of 
aerosol particles. In the following j 
pictures, emission from a complex 
matrix (U-Ru, Sr, Cs, Mo, La, Eu, Ba) ! 
was performed at 1500°C under air: j 
the aerosols collected just after ! 
emission are shown on the left of the 
picture. If maturated at 900°C under 
air, the agglomerates are larger (right j 
picture, same magnification). 
The atmosphere in the maturation chamber influences mainly the chemical 
composition of the aerosols. If air is added, the aerosols are more oxidised. This 
can have a direct effect on the mobilisation of the radioelement after deposition. 

, 
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Solubilization 

Ruthenium is poorly soluble even in a highly acidic medium. After emission 
and maturation, the uranium matrix is slightly soluble in water and more 
soluble in nitric acid. As an average, all the uranium present in the aerosols has 
been solubilised after 3 months of treatment. Small differences in uranium 
solubilisation rates are observable due to the presence or not of ruthenium in the 
first stages of water treatment. Maturation has an effect on uranium 
solubilisation by the fact that the oxidation stage of uranium varied as a 
function of the maturation atmosphere. Moreover, the higher the temperature, 
the lower the solubilisation yield. Ruthenium solubilisation is not influenced by 
the maturation phase. 
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Conduslon 

The accidental emission of fission products in the environment not a simple 
process. A lot of parameters influence the physico-chemical speciation of the 
radioelements and of the uranium-matrix. Temperature and atmosphere are of 
prime importance in the emission phase as well as the chemical composition of 
the fuel. Temperature influences mainly the size distribution in the maturation 
phase, while atmosphere influences chemical composition. Sequences of 
emission and different vapour pressure also change the speciation of aerosols. 
Those display different solubilisation behaviours as a function of the 'history' of 
the accident. 
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All of the world's power reactors rely on uranium dioxide for fuel. During 
fabrication and operation, every effort is made to insure that the "2" in UO2 is 
as exact as possible. Even slight deviations to U02+x change the fuel from a 
benign refractory oxide to a highly reactive compound with undesirable 
properties as a reactor fuel. 

Chief among the adverse effects of UO2+X are: highly corrosive reaction with 
the Zircaloy fuel-element cladding; reduced thermal conductivity leading to 
higher fuel temperatures during operation; greatly reduced ability to retain 
fission products in the crystal lattice, which is one of the principal reasons for 
the original choice of uranium dioxide 50 years ago; and oxidation of the 
fission products such as iodine, with increased probability of release. 

The presentation concentrates on four related topics: 

- thermochemistry of UO2+X 
- kinetics of oxidation of UO2 to UO2+X 
- volatilisation of UO2+X during a severe fuel-damage accident 
- enhanced fission product Mease from UO2+X during normal 

operation 

Fuel oxidation occurs over a wide range of temperatures at corresponding rates 
with time scales of years to minutes. At low temperatures (< 150°C), air ingress 
into spent fuel in a storage facility can cause powdering by U3O8 formation 
with concomitant release of volatile fission products. This process may require 
months or years. During normal reactor operation, steam in the fuel-cladding 
gap of a defective fuel rod may oxidise the fuel as well as the cladding. Typical 
fuel surface temperatures in this situation are 500 - 600°C and the time scale of 
the reaction is days to weeks. In the course of a severe core accident, bare fuel 
exposed to steam at T > 1400°C oxidises in minutes to hours. 

In any of the above situations, the rate of oxidation and the equilibrium O/U 
ratio is determined by the oxygen potential of the gas contacting the fuel. The 
oxygen potential of the gas is fixed by its temperature and composition (e.g., 
the H2O/H2 ratio in steam that has been diluted by hydrogen produced by prior 
oxidation of fuel or cladding). The condition of chemical equilibrium is the 
equality of the gas oxygen potential and the oxygen potential of the fuel. 
Consequently, knowledge of AG0a as a function of temperature, 

stoichiometry, and burnup is essential. 

mailto:fuelpr@socrates.berkeley.edu
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Thermochemical analyses range from ideal solution models to ab initio 
calculations. In the ideal solution models, UO2+X is represented as an ideal 
mixture of U O 2 and a higher oxide UaOb. The ratio of the concentrations of the 
two species are connected to the oxygen pressure by an equilibrium constant 
containing two parameters. The method consists of fitting all available oxygen 
potential data for UO2+X to determine the best values of the parameters 
characterising the solution species and those for the equilibrium constant. 

Other approaches include mean valence models, in which the oxygen pressure 
controls the ratio of U"** to U ^ (or U^*), and point-defect models. The latter are 
based on known point defects on the oxygen sublattice and simple point defect 
clusters. The most sophisticated technique combines statistical-mechanical 
methodology with computer calculation in an atomistic simulation of the urania 
lattice, including point defects and defect clusters. Even here, though, some 
data fitting is required to complete prediction of A G 3 . 

Several groups, with generally good agreement have investigated the kinetics of 
U O 2 oxidation to UO2+X. The oxidation process (in steam) is controlled by a 
slow surface chemical reaction step involving water or one if its decomposition 
products. Surface chemical steps during reduction of UO2+X by H2, on the other 
hand, are fast compared with diffusion of oxygen in the solid. Experimental 
evidence shows that the oxidation rate increases with the square root of the 
steam pressure. The effect of % in the steam on the kinetics of oxidation 
appears to be confined to Axing the equilibrium O/U ratio. Despite the 
generally good experimental understanding, there remains substantial 
disagreement on the detailed mechanism of the U O 2 oxidation reaction in 
steam. 

Matrix stripping is a potentially important mechanism of fission product release 
in severe accidents. Fuel in contact with steam at temperatures above 1300°C is 
volatilised as U03(g) and U02(OH)2(g). As the fuel evaporates, the exposed 
volatile fission products are released. Refractory fission products, on the other 
hand, accumulate at the surface. This depletes the surface of uranium and 
reduces the rate of fuel volatilisation compared to that measured with pure UO2. 

Like fuel oxidation, the rate of fuel volatilisation may be influenced by a 
surface chemical step in series with another potentially rate-limiting process. In 
the case of fuel volatilisation, the other process is mass transfer of uranium 
vapour through the steam boundary layer. Experiments were conducted in the 
T G A to determine the contribution of these two processes to the overall kinetics 
of volatilisation. The mass transfer properties of the system were determined by 
vaporising pure metals into inert gases in the same flow geometry used for the 
fuel volatilisation tests. Weight loss measurements of fuel volatilisation could 
then be corrected for mass transfer limitations and the kinetics of the surface 
chemical step determined. The results demonstrated that fuel volatilisation is 
mass transfer controlled; surface chemical reactions are rapid and not rate-
limiting. 

Previous studies of fission product release from UO2+X utilised fine powder 
specimens and did not employ active stoichiometry control. The results of these 
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early works are in substantial disagreement concerning both the effect of the 
O/U ratio on release and on the magnitudes of the fission product diffusivities. 
In the present work, release experiments were conducted on trace-irradiated 
UO2.00, UO2.08, and UO2.20 in the form of disk-shaped specimens with 
thicknesses ranging from 0.5 to 2.0 m m . Appropriate gas atmospheres and the 
use of the T G A insured maintenance of specimen stoichiometry during 
annealing at temperatures from 1200 - 1600°C. Gamma-ray spectroscopy 
before and after annealing gave fractional releases of Xe, I, Te, M o and Ru. 

In addition to temperature and time, the effect of specimen thickness (L) was 
studied. The Booth model predicts release fractions independent of L. If release 
is controlled by a long-range diffusion process terminating at the free surface, 
the release fractions should vary as L"\ Candidate long-range transport 
pathways are grain boundaries, dislocations, and open porosity. 

The results showed significant increases in the fractional release as the O/U 
ratio was increased from 2.00 to 2.08, but only minor differences between 
UO2.08 and UO2.20. Extensive grain growth occurred during the release anneal in 
the hyperstoichiometric specimens. For all O/U ratios, X e exhibited the lowest 
mobility. In UO2.00 Te had the largest fractional releases, while in UO2+X, M o 
and Ru were the most readily released. This behaviour is attributed to the 
enhancement of the volatility of the refractory metal fission products by 
formation of volatile oxides in the high oxygen potential of UO2+X. 

All release fractions varied as t'^, indicating control of the rate by one (or 
more) diffusional processes. However, the measured release fractions varied 
roughly as 
L * , which conforms to neither of the theoretically-expected thickness effects 
discussed above. N o theoretical model was able to explain the simultaneous 
observation of t*^ and L**'̂  dependencies of the release fractions. 

W h e n interpreted by the Booth model, diffusion activation energies of the 
fission products are 110 + 10 kcal/mole in UO2.00 and 70 ± 10 in UO2+X. These 
values are higher than those reported in the literature. Similarly, the magnitudes 
of the Booth diffusion coefficients are lower than those of previous 
investigations. 

In summary, the thermochemistry, oxidation kinetics, and volatilisation of U O 2 
are reasonably well understood. Fission product release, whether from UO2.00 or 
UO2+X, continues to be a perplexing subject. 
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We are all aware that computing power and memory have increased very 
considerably over the last decade. This has allowed a corresponding increase in 
the complexity of problem that can be tackled using atomistic computer 
simulation methods. In particular, quantum mechanical techniques are being 
used ever more frequently. Unfortunately, when modelling nuclear fuel the 
large number of electrons surrounding a uranium nucleus still presents us with 
considerable difficulties. Consequently parameterised pair potentials are still 
the most commonly used description of forces for the computer simulation of 
nuclear fuel. However, when using approximate methods, care must be taken 
not to over-interpret results. Relative rather than absolute energies should be 
emphasised. 

In this presentation we shall consider the solution and migration of a range of 
volatile fission products including iodine, cesium and ruthenium in 
stoichiometric and nonstoichiometric UO2 and thOg. In this way we can begin 
to build a consistent picture of their behaviour. For example, in U3O8 iodine is 
predicted to have the lowest migration enthalpy, followed by cesium and 
ruthenium, with each species being transported via a different mechanism. The 
simulations also predict an increase in the migration activation enthalpy for all 
these ions as L̂ Og-z becomes oxidised to U3O8. In addition, all ions are 
predicted to be less soluble in the stoichiometric material than in U3O8-2. 
Similar pictures emerge with UO2. For example, cesium and iodine are 
practically insoluble in the stoichiometric material but show a potentially 
important reduction in their solution enthalpies upon oxidation to UO2+X. In 
this regard, iodine is expected to exhibit a variable oxidation state that is 
naturally accompanied by a change in its solution site. In UO2-X for example, 
this ion is associated with one or two oxygen vacancies which 
are instrumental in its migration through the lattice. However, the oxygen self 
diffusion is not the rate determining step. Oxidation to UO2+X results in an 
increase in the charge state of this ion and solution at a uranium vacancy. The 
activation energy for migration is then actually controlled by the uranium self 
diffusion. 

In addition to models of bulk materials, the surface energies of UO2 will be 
reported. From these it has been possible to predict the morphology of ideal 
UO2 crystallite powders from which green bodies are produced. This is, of 
course, only a first step and at the present time we are attempting to predict the 
effect of hypo and hyper stoichiometry on crystallite morphology. The longer 
term aim is to bring these two aspects of modelling together and predict what 
effect fission products have on surface energies and understand the effect of 
surfaces on fission product migration, that is, model segregation. 
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The physico-chemical behaviour of fission products in nuclear fuel during and 
after irradiation has been studied extensively during the past decades. In spite of 
the large amount of chemical, crystallographic and thermodynamic data 
available, the knowledge on the very complicated U02-fission product system 
is still far from complete. In this paper, the multivalent character of uranium in 
cesium uranates will be assessed by a systematic X-ray Photoelectron 
Spectroscopy (XPS) study of a series of cesium uranates. 

Cesium is generally considered to be an important, yet peculiar fission product 
in view of its high fission yield, its high reactivity with and mobility in nuclear 
fuel and its relatively long half-life (~30y for Cs). Its mobility in a UO2 
matrix is studied in relation to final disposal [1], interim storage of spent fuel 
[2], environmental issues in case of severe accidents [3, 4, 5] and changes in 
physical properties of fuel pins during service operation [6, 7, 8, 9]. Although 
the environmental parameters (mainly temperature and oxygen potential) differ 
for the above-mentioned domains, the mechanisms that govern cesium 
migration inside the oxide fuel are a common interest. In the study of migration 
of fission products, the chemical valence of uranium is considered to be an 
important parameter. The diffusion coefficients are known to depend strongly 
on the fuel stoichiometry [10, 11] arid hence on the local uranium valency (e.g. 
the uranium diffusion coefficient in fuel changes five orders of magnitude when 
going from UO2.00 to UO2.10) [12]. The influence of cesium on this valency 
being important, an XPS investigation on the chemical valency of uranium in 
cesium uranates was performed. 

The valence state of uranium has been studied before in simple uranium oxides 
[13, 14] (UO2, U3O8, U4O9, UO3, ...) as well as in alkali and alkaline earth 
uranates [15, 16, 17] (Na-U-O, Li-U-O, ... systems). Due to the multivalent 
character of uranium (Uni in some organic phases, UIV, Uv and UVI are possible 
oxidation states of uranium), it is often not a straightforward task to determine 
the valence state of uranium in its compounds. XPS is in principle capable of 
discerning the different oxidation states. Although several uranate systems have 
been investigated by XPS, a systematic study of the uranium valence in cesium 
uranates has not been performed yet. 

It is well known [13, 14, 17, 18, 19] that both the position of the U4f core lines 
and the shake-up satellites at the high binding energy side of the same U4f lines 
are affected by the valence state of uranium. The chemical shift of the U4f core 
lines between UIV and UVI is of the order of 1.7 eV [13]. Since the FWHM of 
the U4f lines is of the order of 2 eV, mixed valency compounds will show 
broad main peaks that present the convoluted signal of the valencies present 
[15]. Shake-up satellites are small peaks (5-10% of the intensity of the main 
peak in this case) that are produced by photoelectrons that have lost part of their 
initial energy to a valence band electron. When a photoelectron is created, the 
valence electrons experience an electrostatic potential [19, 20]. Via the 
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electrostatic field, part of the energy of the photoelectron may be lost to an 
electron in the metal-oxygen bonding band to transfer it to an empty or partially 
filled energy level. The energy difference between these latter levels defines the 
difference in position between the satellite peak and the photoelectron peak to 
which it is associated. Since changes in valency have their effect on the valence 
band and the conductance band, they will show up in the satellite structure as 
well. For uranium, both U4f core level peaks show a satellite at 6 eV for U*\ at 
8 eV for t f and two satellites, one at 4 eV and the other at 10 eV for U ^ [21]. 
The shake-up satellite positions are always expressed relative to the associated 
photoelectron peak position. 

Several mono-phasic, pure cesium uranates were prepared and measured with 
X R D and XPS. Prom the X R D measurements, it could be deduced that the 
compounds were mono-phasic. The series of cesium uranates included three 
compounds in which uranium has a valence state VI (CS2U4O13, CS4U5O17, 
CS2U2O7), and one phase (CS2U4O12) with multivalent uranium. O n the basis of 
the U4f peak and satellite analysis, it was shown that the uranium atoms are 
present as U ^ and U^. The formula for the compound should therefore be 
written as Cs2(U^U^2)Oi2. It could also be evidenced that the U4f peak 
position not only depends on the valence state of uranium, but also on the Cs/U 
ratio. Within the series of cesium uranates with monovalent uranium (U^), the 
U4f peak position varies by 0.4 eV when the Cs/U ratio goes from 0.5 to 1. 

Valence band spectra clearly show the difference between pure U ^ compounds, 
where the U5f line is absent since the U5f shell is empty, and compounds with 
a lower uranium valency, which jshdw the U5f peak. Valence band analysis 
should be performed with care, since surface reduction can occur simply 
through exposure to the U H V in combination with the X-ray irradiation and it 
certainly occurs when the surface is sputtered. If the surface is reduced, the 
satellite structure and U4f peaks are modified too. 

The primary objective of our study was to investigate to what extent X P S can 
contribute to uranium valency determination in cesium uranates. Our 
investigations have confirmed the sensitivity of the U4f peak parameters to the 
uranium valency, but it has also been proven that the chemical shifts are minute 
and that some care must be taken when compensating for charging effects. 
Regarding the future application of X P S for the determination of the uranium 
valency in nuclear irradiated fuel, both of the matrix and of the uranate phases 
formed, the prospects are ambiguous. O n the one hand, it is clear that X P S is 
technically capable of providing important information, but on the other hand, 
experiments will be complicated by the numerous factors that influence the 
spectrum details. 

The results of this investigation have been submitted to Journal of Nuclear 
Materials. 
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The local analysis of retained noble gas in nuclear fuel is inherently difficult 
since the physical form under which it is stored varies from atomically 
dispersed to bubbles with a diameter of several hundreds of nm. One of the 
techniques that has been applied since more than twenty years is Electron 
Microprobe Analysis (EPMA). Although many important results were obtained 
with this technique, its application to the analysis of highly inhomogeneous 
materials is limited. The EPMA technique indeed is difficult to apply to 
samples that are not homogeneous on the scale of the electron-solid interaction 
volume. In this paper, a method is developed to analyse a system of gas 
bubbles distributed in a solid matrix. It is based on multiple voltage EPMA 
measurements combined with a Scanning Electron Microscopic analysis of the 
bubble size distribution. 

1. Introduction 

The rising costs associated with either long term storage or reprocessing of 
spent nuclear fuel compel nuclear power management to increase the average 
fuel burnup. With increasing burnup, a higlramount of fission products is also 
accumulated in the fuel matrix. One particular class of fission products consists 
of the noble gases xenon and krypton. They have a high fission yield and tend 
to escape from the matrix as they are insoluble in either UO2 or MOX. At low 
operating temperatures, the mobility is limited and the noble gas atoms are 
believed to remain atomically dispersed. With increasing temperature, the gas 
atoms form bubbles of increasing diameter both at intragranular and 
intergranular sites, and a fraction escapes to the free volume of the fuel rod. 
Important information on the fission gas behaviour is obtained from retained 
gas concentration profiles of individual pellets. Although several analysis 
methods have been applied to study the fission gas behaviour, if entire cross 
section analysis with subgrain resolution is needed, only EPMA can provide the 
necessary information. In this paper, we will focus on the problems of electron 
microprobe analysis of gas bubbles in a solid. 

2. Electron Probe Analysis of Xe. 

2d Experimental set-up. 

The Xe profiles were acquired with a CAMEBAX-R Microbeam adapted for 
the analysis of radioactive samples. It is run under the XMAS controlling 
software of SAMx. Its spectrometers are internally shielded to reduce 
background due to the high gamma activity of irradiated fuel. Analyses are 
performed with high probe currents (typically 50nA to 200nA), and the 
analysers are operated in differential mode. It is possible to obtain acceptable 
detection limits even on highly active samples. 
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W h e n analysing the X e concentration on cross section samples from rods that 
have been subjected to high linear power regimes, one always observes a 
pronounced concentration drop at the centre (figure 1). The release of volatile 
fission products is a well-known phenomenon, and when one measures the 
composition of the gas in the free volume of a fuel rod, X e is indeed found. O n 
basis of Xe-profiles such as represented in figure 1, one may in principle 
calculate the amount of released gas and compare the result with a direct 
analysis of the gas contained in the rod's free volume. If one does as such for 
the present fuel rod, one obtains on basis of E P M A measurements an estimated 
release of X e of more than 5 0 % , while the direct measurement shows a release 
of only 4 % . Other microanalysis methods also indicate that electron 
microprobe analyses systematically underestimate the true retained gas content. 
This of course limits the applicability of the method to fission gas analysis. For 
reasons cited in the introduction, E P M A results are still widely used and it is 
therefore interesting to investigate in detail the problem of this systematic 
underestimation. 

2.2 TMwAqy/c w?Aag% <wt#(ys%s 

In general, one chooses the accelerating voltage such as to minimise correction 
factors, and in general an overvoltage ratio between 2 and 3 is recommended. 
Light element analyses are accordingly performed at much lower accelerating 
voltages (3kV to 5kV) than standard analyses (15kV to 25kV). In nuclear fuel, 
one is usually concerned with characteristic lines of energies between 2kV and 
6kV, in which case an accelerating voltage of lOkV to 15kV would in theory 
yield best results. If however one Would perform the same analysis at different 
accelerating voltages, one expects identical result apart from minor deviations 
due to the limited accuracy of X-ray correction models. For the present 
samples, this is not the case however. In figure 2, three X e profiles are 
reproduced, which are all acquired exactly along the same path, but at different 
accelerating voltages: lOkV, 15kV and 30kV. 
At radial positions r/ro > 0.75 (rO = pellet radius), the apparent X e 
concentration is independent from the accelerating voltage. At positions r/ro ̂  
0.5, the X e concentration approaches zero, again irrespective of the 
experimental conditions. In the transition zone however, the apparent X e 
concentration largely depends upon the apphed accelerating voltage: the 
higher the apptied potential, the higher the measured X e concentration. The 
difference between an analysis performed at 30kV and one performed at lOkV 
is maximal at relative radius r/ro = 0.65 and amounts to more than 5 0 % . 
Qualitatively, one may understand this by looking at the difference between 
S E M images acquired at different applied voltages. At low accelerating 
voltages (figure 3a), only those bubbles are visible which intersect with the free 
surface, at higher voltages on the other hand (figure 3b), one also observes sub
surface bubbles. Since the bubbles that intersect with the free surface obviously 
do not contain any Xe, there is a concentration gradient between the very 
surface where the X e content is zero and depths larger than the bubble 
diameter, where the average X e concentration remains constant. Since at 
higher accelerating voltages, one probes the concentration deeper into the 
material, it is clear that increasing the accelerating voltage will result in a 
higher apparent X e concentration. A quantitative analysis of such a structure 
however is less straightforward. 
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23 X-ray correction procedure for a bubble distribution 

The system we are dealing with, is that of a polydispersed system of spheres 
filled with a noble gas mixture at high pressure in a ceramic matrix (figure 4a). 
Apart from the gas spheres, numerous other precipitates are present in the UO2 
matrix, and a number of elements remain atomically dissolved. We will 
however consider only the gas filled spheres and the UO2 matrix, the other 
effects are considered as higher order disturbances. 

Conventional quantitative electron microprobe analysis is limited to samples 
that are homogeneous at the scale of the electron-solid interaction volume. This 
interaction volume depends on the applied acceleration voltage and the density 
of the sample. Recently, the analysis of layered structures (2D homogeneous 
systems) has become possible by EPMA techniques at least to a certain extent. 
There exist however no universal technique to analyse systems which are truly 
inhomogeneous in three dimensions. 

It is not the X-ray signal of a point analysis close to a single bubble that is of 
interest, but the statistical average of a zone with a specific bubble distribution. 
Experimental electron probe analyses of such a bubble distribution are therefore 
generally performed with a defocused beam in order to average the signal over 
a substantial volume of material. In the usual case of normal electron beam 
incidence, one needs to consider the average concentration variations along the 
normal direction. The structure will thus further be simplified (figure 4b) in 
order to implement it in an X-ray cdrrectiosn code. 

In order to describe the structure properly, one also has to include its 
intersection with the free surface. Since in an EPMA experiment one does not 
probe the bulk but rather the surface down to a depth of a few pm, it is the 
intersection with the free surface that will govern the measured X-ray intensity. 
To account for the influence of the free surface, one must calculate the X-ray 
intensity for all possible intersection configurations (figure 5, middle and right). 
In practice, the number of different configurations that is considered (typically 
a few hundred), is determined by the accuracy that is aimed at. 

The intersection with a free surface has the consequence that any bubble that is 
cut by the free surface no longer contains Xe (figure 5, middle). Taking into 
account that the sample preparation involves grinding and polishing, which 
damages the top layer, Xe will also be lost from bubbles which are entirely 
closed, but which intersect with the damaged zone. If the bubbles are moreover 
at high pressure, they can only remain intact if the covering layer is strong 
enough to counteract the internal pressure. To account for these effects, a 
parameter 8 is introduced, which expresses the thickness of the depleted layer. 
For each configuration, the emerging X-ray intensities of uranium, oxygen and 
xenon is calculated and the result is averaged: 

1 *W 
/ a = T " S / a ( A U » cc = U,0,Xe (1) 

In this expression, /„(p(-(z))is the calculated K-ratio for the considered 
element of each configuration. These calculated X-ray intensities (expressed as 
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K-ratios) are used as input to determine the apparent X e concentration for a 
given bubble distribution. 

Essential to a correct calculation of the X-ray intensities of an inhomogeneous 
sample, is the use of a model that correctly describes the depth distribution of 
the generated primary X-rays. The conventional Z A F methods, which were 
based on the depth distribution profile of Philibert (1964), provide satisfactory 
results for homogeneous samples with weak absorption effects. For samples 
which are inhomogeneous in depth, or in which absorption is very important, 
such as for light element analysis, the Z A F corrections are not appropriate since 
the profiles calculated on basis of the Philibert model are too crude a 
representation of the true depth distribution of primary X-rays. The evolving 
requirements in materials research necessitating e.g. the analysis of light 
elements in a heavily absorbing matrix and the characterisation of multilayer 
systems has led in the eighties to the development of more advanced depth 
distribution models. The latter methods are often referred to as the 'phi-rho-z' 
models. Several researchers (Packwood and Brown, 1980; Tanuma and 
Nagashima, 1983; Love et al., 1984; Bastin et al., 1986; Pouchou and Pichoir, 
1984a, b) have developed models that improve on the Philibert approach. 
These X-ray depth profile models were then incorporated (often by the same 
authors) in commercial X-ray correction codes. Unfortunately, the 
commercially available X-ray correction codes do not provide the necessary 
flexibility to calculate a system as the one described above. For the actual 
problem, w e have chosen the parabolic P A P method (Pouchou and Pichoir, 
1991). 
W e have implemented the hypothetical ID,layer structure with the following 
variables: 

- density of the matrix (paieJ 
- bubble diameter (<D>) 
- bubble volume fraction (Vv) 
- number of configurations (NJ 
- density of the gas (pga) 
- thickness of the depleted top layer (8) 

The calculations are performed using the theoretical value for the density of 
U O 2 ( p M = 10,96g/cm^). The local bubble diameter < D > and the porosity 
volume fraction V v are determined by S E M observations. The number of 
configurations (NJ is imposed by convergence criteria. For a known 
concentration of gas and bubble volume fraction, the gas density may in theory 
be calculated using the equation of state of noble gases X e and Kr at elevated 
pressures. The gas concentration however is the unknown parameter and must 
thus be calculated iteratively. The parameter 8 is estimated on basis of a 
comparison of X-ray intensities acquired at different acceleration voltages. 
Typical calculated results are shown in figure 6. 

3. Comparison of calculated and experimental X e profiles 

In order to perform quantitative calculations, one must introduce the true values 
of the bubble size distribution as a function of the radial position. In particular, 
one has to determine the average diameter < D > and the bubble volume fraction 
Vv. 
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In figure 7, the experimental X e profiles are compared to calculated ones in the 
assumption of total retention. The calculated curves are generally in good 
agreement with the experimental data series for the three applied accelerating 
voltages. Systematic deviations are however observed at radial positions 
0.750 > r/ro > 0.675 and at positions 0.600 > r/ro. 
In the zone 0.750 > r/ro > 0.675, the calculated concentrations systematically 
underestimate the measured values. This might be due to the presence of a 
bubble population fraction that is invisible in a S E M analysis. The observed 
bubble volume fraction indeed is too low to accommodate all gas at pressures 
below that of solid Xe. Other studies also have shown that in the early stage of 
bubble growth, only a fraction of the bubbles coarsen, while another fraction 
stays at the (sub-)nm scale. In such a case, the present calculations fail since 
only the size distribution of the bubbles that are visible by S E M observations, is 
taken into account. 

In the zone 0.600 < r/ro, the calculations systematically overestimate the 
experimental results, which indicates release of intragranular Xe. It should be 
stressed that the E P M A results do not allow one to determine towards which 
sinks the X e diffuses (grain boundaries, grain boundary bubbles, intergranular 
pores,...). This has to be assessed by e.g. systematic S E M observations. Those 
observations indeed show a distinct change in intragranular porosity at the point 
where massive fission gas release starts. 

4. Condusions and s u m m a r y 

Electron probe microanalysis probes the surface rather than the bulk 
concentrations. In this specific ̂ ase pf analysing gas bubbles in a solid, a 
concentration gradient exists due to sample preparation. If this influence on the 
apparent gas concentration is neglected, large errors are made. In order to 
account for this, w e have performed model calculations. The parameters of this 
model are either directly determined by S E M observations, or adjusted through 
a full exploitation of multiple voltage analyses. The advantage of performing 
analyses of the same area but at different voltages lies in the fact that one can 
judge the validity of the model itself. In this particular case, w e have 
extensively used the multiple voltage analyses to separate the geometry related 
effects on the X-ray signal from the decrease due to bulk release. 
The most important result that can be obtained from the present analysis, is the 
determination of the point at which true gas release occurs. If one would e.g. 
interpret the 15kV data directly, one would have to accommodate a fission gas 
release as high as 3 0 % in a structure where intergranular bubbles are still closed 
and represent only a very small fraction of the total bubble volume fraction. 
This would mean that one has to accept the possibility that gas is stored at very 
high pressures on grain boundaries and in grain boundary bubbles. After 
correction for the influence of the geometry on the apparent X e concentration, 
one may conclude that massive gas release from the bulk of the grains occurs 
with the simultaneous development of large, interconnected pores, which may 
directly vent to the pre-existing intergranular pores. 
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Figure 1 Xe concentration variation as a function of radial position. The 
electron beam accelerating voltage was chosen as 15kV. 
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Figure 2. Variation in apparent Xe concentration as a function of radial 
position for different accelerating voltages. The drop of Xe 
concentration occurs first for the lower accelerating voltages. 
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Figure 3. S E M images of an identical zone, but imaged at different accelerating 
voltages: (a) 7kV, (b) 30kV. The sub-surface, Xe-filled bubbles are 
only visible at higher accelerating voltage. 
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Figure 4. a. Schematic representation of the bubble configuration; the ceramic 
matrix is dark grey, closed bubbles are iight grey and open bubbles 
are white. 
The free surface is at depth z - 0. 
b. Average linear intersection, with a schematic representation of 

the linear parameters Z^ and A, and the repeat period a. 
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Figure5. Three different configurations of the same ID representation of a 
bubble distribution. 
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Apparent concentration variation as a function of bubble size 
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Figure 6. Calculation of the apparent Xe concentrations as a function of 
bubble diameter. The absolute concentrations are plotted against 
the left axis, and the difference is plotted against the right axis. 
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Introduction 

The influence of stoichiometry deviations on the behaviour of fission products 
in nuclear fuel [1] can be accounted for at several stages in a model for fission 
product release. As pointed out in the work of Dr. Grimes and co-workers [2], 
we can include its effect on the bulk diffusion coefficient of the fission 
products. In the second stage of the release of the products from nuclear fuel, 
which is at the grain boundaries, we can account for the fuel chemistry in 
several ways: 

• the geometry of the intergranular bubbles, more precisely their dihedral 
angle is dependent on the fuel chemistry; 

• the chemical stability of secondary phases, such as cesium uranates which 
are supposed to exist under certain circumstances, could affect the behaviour 
of fission products at or in the vicinity of the grain boundary; 

• the intergranular diffusion coefficient can vary in a similar way as the bulk 
diffusion coefficient when the local fuel chemistry changes, e.g. due to 
deviations from stoichiometry; 

• the trapping or precipitation rate^coefficient for each fission product can also 
vary with the composition in addition t6 the temperature; 

The present paper focuses on the trapping rate of different fission products in 
the grain boundaries of nuclear fuel. In general, reactions of point defects or 
fission products with sinks, such as or voids or dislocation loops, and 
consequently also the growth or shrinkage of these sinks, are usually described 
in terms of chemical rate equations [3]. For this purpose a rate coefficient is 
required (k or rate constant, though k is not always constant in time), for the 
description of the sink strength of each sink type involved. 

The principle concern of our investigation is the derivation of a relationship for 
the capture rate coefficient as a function of the geometrical parameters of the 
trapping centres, their grain boundary diffusion coefficient and the efficiency of 
the sinks at trapping fission products impinging on their surface. 

We start by introducing assumptions in order to simplify the mathematical 
problem at hand. In the following section we develop the new model for the 
rate-theory representation of diffusion controlled precipitation of point defects 
or fission products in a grain boundary and extend some of the models from the 
open literature in order to account for a varying trapping efficiency on the sink 
surface. Subsequently we compare the predictions of the different approaches in 
steady-state or quasi steady-state conditions with various trapping conditions on 
the sink surface. Furthermore we will establish interrelationships among the 
models and discuss their limitations and range of validity. 
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Approach 

W e have developed a model for the rate-theory representation of diffusion 
controlled precipitation of point defects (e.g. dissolved fission products) in a 
grain boundary. The approach is based on the cell model of H a m [4]. 
Subsequently, w e have compared the model with models from the open 
literature and some extensions thereof in order to account for a varying trapping 
efficiency rather than purely absorbing sink conditions: 

Isolated particles* 
Smoluchowsky theory [5,6,7] 
Mean Field Approach [4,5,7] 
3-DmodelofKogai[10] 

Competition between sinks^ 
Cell model without source term [4] 
Cell model with source term 
Effective medium approach [8,9] 

: models based on the isolated particle principle 
:̂ models based on the competition between neighbouring sinks 

The comparison of the different expressions for the capture rate coefficient was 
% 

made in terms of the dimensionless trapping rate coefficient %'= in 

steady-state or quasi steady-state conditions. The analysis encompasses three 
variable parameters: the trap density, their aerial coverage of the grain face (({)) 
and their efficiency at trapping fission products impinging on their surface. The 
latter is characterised by the intrinsic reaction rate coefficient (%',„) on the 
surface of the sinks. In the event of an infinite intrinsic reaction rate, the 
absorption of the fission product on collision with a sink occurs 
instantaneously. Under those circumstances the Smoluchowsky boundary 
condition (SBC), sometimes referred to as the black-sphere approximation, 
applies: 
q,(R„,;) = 0 
where C ^ corresponds to the concentration of fission products dissolved in the 
grain boundary and 7???; represents the sink or bubble radius in the grain face. 
In the case of a finite intrinsic reaction rate w e obtain the so-called radiation 
boundary condition (RBC), corresponding to a partial reflection of the particle 

flux from the reaction surface 
<*^W) 

<%? 
= ,"C-(R„) 

where u is related to the intrinsic rate constant %;,, at the sink surface, which in 
tum is defined by 

<*^(R,;) L/ 
and 

^ <n = 

-&/$ = 

*„ 
2 ^ , 

2xR„,D^ 

= /^?N 

cN 

is defined as the dimensionless intrinsic rate coefficient on the sink surface. The 
R B C enables us to assess the influence of a variable intrinsic capture rate on the 
precipitation rate of fission products in grain boundaries. Such a variation of % ̂  
could result, for instance, from a modification of the local fuel chemistry. 
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Resuhs and discussion 

W h e n the sinks operate as perfect absorbers, that is when & /n —^ °° * the 
dimensionless capture rate coefficient under steady-state or quasi steady-state 
conditions is only a function of the sink surface fraction (<))). In addition, the 
dimensionless capture rate coefficient for fission products is independent of the 
corresponding intergranular diffusion coefficient. 

The results reveal the underestimation of the capture rate coefficient of the 
trapping rate coefficient in the fission gas release model of Kogai [10] due to 
the application of a three dimensional approach to the grain boundary bubbles. 
They also exhibit the underprediction of the models based on the isolated 
particle approximation (first column in the table above) in comparison with the 
theories that account for the competition between the neighbouring sinks 
(second column in the table above). 
In the event of a variable trapping efficiency, there appears to be a critical value 
for the influence of %^ (namely %^ =1) especially for values of <))<50% which is 
of most practical interest. At values for % in in excess of 1, which is believed to 
be representative for real situations, the influence is reduced significantly. 

From the results, the cell model including a source term appears to provide the 
most appropriate expression for the steady-state capture rate coefficient in a 
model for the fission product release for several reasons: 

* the model accounts for both the influence of overlapping diffusion fields and 
the source term effect. However^ the former effect is more important in 
comparison with the latter; 

* it accounts for direct capture of a fraction of the fission products reaching 
the grain boundary from the adjacent grains; 

* the cell model can account for both S B C and R B C though it is less 
insensitive to the intrinsic dimensionless rate coefficient when &';„ ̂  1, which 
is beneficial since this parameter is not well characterised. 

The cell model could thus be employed in the macroscopic module of the 
fission product release model in order to account for the local fuel chemistry 
and the specific characteristics of each fission product. 
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An important problem in the nuclear fuel cycle is how to handle high level 
nuclear waste. A possible solution is (1) to encapsulate the hazardous 
radionuclides in a glass canister, and (2) to dispose this canister in deep 
geological layers. In Belgium, the Boom Clay layer is studied as a candidate 
for hosting nuclear waste. Interactions between ground water and the glass 
canister lead to the dissolution of the glass and the release of the radionuclides 
in the surrounding clay. For a safety analysis, it is important to know the rate 
of this process. Experiments allow to measure this rate on time scales of the 
order of days to years. However, because the safety of the storage must be 
guaranteed for hundreds of thousands of years, one also needs reliable models 
that can extrapolate the experimental results to such large time scales. 

Essential in the development of models predicting the glass dissolution rate, is 
to know the basic processes governing glass dissolution. Because nuclear 
waste glasses contain many components, each of them interacting with the 
ground water, one should try to look for a process, determining some overall 
glass dissolution rate. A good candidate for such a process is the dissolution of 
the major glass component, silica. *The Grambow model, which describes glass 
dissolution in a water solution, is based on this idea: (1) glass dissolution is 
determined by silica dissolution, (2) all glass components leach at the same rate 
(congruent dissolution), (3) the glass dissolution rate is proportional to the 
concentration of dissolved silica in solution and stops when the solution is 
saturated with silica. Although experiments confirm that the concentration of 
dissolved silica is crucial for determining the glass dissolution rate, there are 
many problems associated with the Grambow model. First, for many glasses, 
not all glass components leach at the same rate and glass components as boron 
or sodium simply keep on dissolving when the solution is saturated with silica 
(a so called 'final rate of dissolution'). Besides, the concept of silica saturation 
seems too simple. Recent experiments indicate that the silica saturation 
concentration evolves as a function of time: the initial pristine glass silica 
saturation concentration is higher than the final silica saturation concentration. 
During glass dissolution, a surface layer (called 'gel layer') develops at the 
interface between the glass and solution. This gel layer is depleted in easily 
dissolving glass components like boron or sodium. Besides, in this layer, silica 
depolymerisation and repolymerisation take place, which leads to silica 
condensation and thus different silica energy states than in the pristine glass. 
The final silica saturation concentration, measured in experiments, is associated 
with the silica saturation concentration of this gel. Another problem associated 
with the gel is that it can be 'protective': the gel can make it harder, or even 
prevent, glass components dissolving from the pristine glass to reach the 
solution. The protection provided by the gel depends on the circumstances in 
which it is formed: temperature, solution composition, pH,.... 
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Having an idea about the phenomena that occur during glass dissolution, how 
can w e make a reliable model that predicts the dissolution rate as a function of 
time? From the discussion of the previous paragraph, it is obvious that a simple 
analytical model will not be able to do this. Model parameters, like those in the 
Grambow model, change as a function of time and it is not clear how they 
evolve. Of course, it remains possible to ignore the time dependency of the 
parameters and perform a fit anyway. In that case, it can be possible to 
reproduce the experimental points, but this is only valid within the measured 
range. Such a model can never be used for an extrapolation that makes reliable 
predictions. A possible remedy of the problem of varying macroscopic 
parameters is to model glass dissolution on a microscopic scale. It seems a 
good approximation that the interaction between neighbouring particles does 
not change as a function of time. The time dependency of macroscopic 
parameters can then be explained by a restructuring of particles on the 
microscopic scale. This idea is at the basis of for instance molecular dynamics. 
Although molecular dynamics provide much insight in the glass structure, w e 
chose not to use it for describing glass dissolution because it only describes 
phenomena on extremely small time scales. Instead, w e developed a Monte 
Carlo technique, which, although less accurate than molecular dynamics, allows 
to describe phenomena on larger time scales. 

W e first explain how w e represent a glass in our Monte Carlo model. W e start 
by dividing the glass in two classes: (1) easily dissolving components like 
boron and sodium, and (2) slowly dissolving, solubility limited components like 
silica. For simplicity, w e call the first class of components 'sodium', and the 
second class 'silica'. W e consider^ glass * as a random mixture of silica' and 
'sodium'. Besides, w e also assume that all glass components are on a lattice. 
This assumption is not crucial, but it makes it easy to find neighbouring 
particles and to include volume exclusion in the model. W e choose a diamond 
lattice because (1) it is three dimensional and (2) a coordination number of four 
represents best the tetrahedral silica network. 

Silica dissolution is simulated in the next way. W e assume that the silica 
dissolution reaction SiCh + 2H2O -> Si(OH)4, is the sum of four elementary 
reactions, where in each elementary reaction a Si-O-Si bond is broken by a 
neighbouring water particle. Because in each elementary reaction, a Si-O-Si 
bond is broken, it is a good approximation that all these elementary reactions 
have the same reaction parameters. A chemical reaction can be characterised 
by two parameters, for instance (1) the free energy difference between both 
sides of the reaction (which is usually converted into the equilibrium constant), 
and (2) the initial reaction rate. In our model, w e convert both reaction 
parameters into microscopic probabilities: a probability P* for the forward 
(dissolution) reaction and a probability P for the backward (condensation) 
reaction. Next, Si-O-Si bonds in the system are broken and restored according 
to these probabilities. If a silica particle has no remaining Si-O-Si bonds 
anymore, it is dissolved. Then, it diffuses onto water bearing sites with a 
probability P%y. The diffusion of a dissolved silica particle stops, when it is 
trapped again (with probability P") by a neighbouring silica particle. It can be 
shown that (1) the ratio P*/P determines the equilibrium constant of the silica 
dissolution reaction and thus also the silica solubility, (2) the diffusion 
probability P%y is proportional to the diffusion coefficient of silica in water, 
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and (3) with the ratios P^/P and P%#/P* Sxed, the probability P* determines the 
initial rate of the silica dissolution reaction. In this way, all three parameters of 
our simulation can be related to the experimental values. Other reactions, like 
the dissolution of sodium (ion exchange) can be simulated in a similar way. 

With this Monte Carlo method, w e obtain several results that agree, up to n o w 
qualitatively, with experimental observations. First, like in the experiments, w e 
observe silica condensation during the dissolution process. The model also 
leads to silica saturation at sufficiently long times. Contrary to the Grambow 
model, w e observe that during the evolution to saturation, the silica 
concentration in solution can become higher than the final saturation 
concentration. This behaviour is consistent with an initially decreasing silica 
saturation concentration. The simulations also show that glass dissolution is 
always congruent for a high fraction of silica in the pristine glass. In this case, 
the dissolution of sodium needs to stop at silica saturation (no final rate of 
dissolution). For a lower silica fraction in the glass, this is not the case: glass 
dissolution is not congruent and sodium dissoludon can go on at silica 
saturation. Depending on the parameter values, w e also observe that a 
protective or non protective gel layer can be formed. In agreement with 
experiments, the gel layer is less protective in dynamic tests (with a flowing 
solution) than in static tests (no flowing solution). 

^ 
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Thin films of UO2, prepared by sputter deposition, were used to study the 
dissolution of UO2. The method of thin film production gives great control over 
the properties of the films, for example, films of known stoichiometry may be 
prepared, and it is also possible to dope these films with fission products. 
Dissolution reactions are surface reactions, thus surface analysis is particularly 
well suited for this study. To follow the dissolution, impedance measurements 
were performed. In these measurements, thin films of UO2 on a gold electrode 
were used as the working electrode. 

mailto:maertsen@sckcen.be


SCIOCEN Impact of fuel chemistry on fission product behaviour 58 

Sputter Deposition of U-Ni films 
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Thin films of UNix have been prepared by sputter deposition from a UNi5 
target. The aim of this work was to assess the suitability of sputter deposition 
for the preparation of thin film replicates of complex actinide materials. We 
were therefore interested in the composition of the films as a function of 
deposition conditions, primarily to produce films as close to stoichiometry as 
possible, but also to vary the film composition continuously. 

For film deposition a modified 'triode' sputter source was used, which works at 
lower gas pressures and with smaller amounts of target materials than 
conventional sputter sources. Both of these improvements are particularly 
valuable when considering actinide compounds. X-ray Photoelectron 
spectroscopy, Auger Electron spectroscopy and Low Energy Ion Spectroscopy 
were used to determine surface composition. 

Analysis showed that the composition of the deposited films varied between 
UNi3 and UNiio by carefully changing the deposition parameters, (ion current, 
target voltage, sputter gas pressure and length of deposition). A gas pressure of 
40 mTorr together with a target voltage of 800 V and an ion current of 4 mA 
was found to produce stoichiometric UNis'films. 
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About The Roie Of Cesium Uranates in The Fuei Mechanical 

Behaviour At High B u m u p 
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Cesium is one of the most abundant fission product in P W R nuclear fuel or in 
fast reactor fuel as well. In the rim region, because of the self shielding effect, 
fission products have a higher concentration than in the rest of the fuel. In this 
region, the U O 2 lattice distortion is so high that elements are able to move even 
at low temperature. This migration of lattice defects is accompanied by a pore 
build-up and a material restructurisation (grain subdivision). From E P M A one 
evaluates, that more than 30 % of the gaseous fission products are swept out 
from the matrix. In this condition, one can assume that part of the cesium is 
able to migrate and accumulate in preferential locations such as grain 
boundaries. Is this cesium able to react with oxygen an uranium to form mono-
uranates in very small amounts? In this eventuality, this compound could have a 
role in the mechanical behaviour of the rim. For the fuel modelling it then 
becomes of major concern to know the conditions of formation and stability of 
such compounds and their physical properties. 

A few years ago, a work program has been performed at the TUI Karlsruhe, in 
collaboration with E D F Etudes et Recherches, to characterise CS2UO4. 

The cesium mono-uranate was ob&ned by a chemical reaction between Cs^O^ 
and U3O8 powders mixed together, pressed and heated at 670°C for 24 hours. 
The compound was found stable up to 830°C. 

Mechanical compressive hardening tests allowed to evaluate the elastic 
modulus versus temperature in the range 200 to 800 °C. Furthermore the 
viscous behaviour of the compound above 400°C was confirmed. 

The thermal expansion coefficient of CS2UO4 was found somewhat 40 % higher 
than the thermal expansion coefficient of UO2. The thermal conductivity is 
about 1.5 to 1.8 W/m/K for temperatures ranging from 100 to 700 °C, a value 
very similar to the U O 2 fuel thermal conductivity at high bumup in the same 
temperature range. 
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During the last decade, the Grambow model has been the major model in glass 
dissolution. In the Grambow model, silica dissolves at the pristine glass/gel 
boundary according to a linear rate law (the Grambow rate law). Next, 
dissolved silica diffuses through the gel layer into solution. 

We first study the dissolution of a simple glass with a random gel on top of it. 
Here, we only allow two kinds of particles in the system: silica and water. 
First, we relate the microscopic parameters of our model with the macroscopic 
parameters of the Grambow model. Next, our simulations show that the silica 
concentration in solution evolves towards a constant value (silica saturation). 
Contrary to the Grambow rate law, during the evolution towards saturation, the 
concentration in solution can be higher than the (final) saturation concentration. 
Second, due to the changing structure of the gel during dissolution, a constant 
time and place independent diffusion coefficient of silica in the gel (like used in 
the Grambow model) does not exist. The simulations clearly prove that silica 
particles that are sorbed by the gel, can block the way out' for other dissolved 
silica particles by forming a 'diffusion barrier*. Finally, in the simulations, the 
flux of dissolved silica particles entering the solution, is not proportional to the 
silica concentration in solution. 

With a modified version of our model, in which we allow three kinds of 
particles (silica, sodium and water), we handle another problem of the 
Grambow model: the final dissolution rate. If the concentration of sodium in 
the glass is low enough, then after some time, sodium stops leaching at silica 
saturation. For a higher sodium fraction in the pristine glass, sodium continues 
leaching at silica saturation, although not at a constant rate but at a diminishing 
rate. In this case, dissolved silica particles which are trapped again by the gel 
form a surface layer at the gel/water interface, which acts like a diffusion 
barrier for further sodium dissolution. 
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Introduction 

Part of the Belgian spent nuclear fuel possibly will not be reprocessed, and 
would be directly disposed in a geological Boom Clay formation. The presence 
of radio-isotopes in spent fuel gives rise to radiolysis due to a, P et y radiation. 
Alpha-radiolysis is the most important phenomenon for the long term (t >600 
years). It is generally accepted that the long term dissolution rate of UO2 in 
spent fuel will be proportional to the alpha dose rate at its surface. 

To verify the proportionality between the alpha dose rate and the spent fuel 
dissolution in a Boom Clay environment, we propose to simulate the alpha dose 
and to determine the corrosion rate of fuel. This alpha dose rate will be obtained 
by irradiating uranium dioxide in contact with Boom clay water. The alpha dose 
rate is replaced by prompt fission products. These fission products will be 
generated in situ (in UO2) by the fission of 235U during irradiation with thermal 
neutrons in the BR1 reactor (SCK-CEN, Mol, Belgium). The simulated dose 
rate is in the same order of magnitude or greater than the expected spent fuel 
dose rate for UO2 and MOX fuels (33 et 47 MWd/tU). At the laboratory scale, 
these high simulated activities could present the advantage to accelerate the 
different processes. To take into account the variation of alpha dose rate with 
time, irradiation will be done with various percentages of23 U and at different 
neutron fluxes. The dissolution of spent fuel will be determined by post-
irradiation analysis of the activation product 239Np (y spectrometry) in solution 
and uranium (ICP-MS) after the decay of the solution. The detection limit for 
fuel dissolution based on the measurement of this activation product has been 
estimated around 3.9xl0"4 um/year for an irradiation time equal to 7 hours and 
the highest flux. 

The irradiation of the system UO2/ Boom Clay water produces some radiolysis 
gases and generates heat due to the 235U fission reaction. This has been take into 
account for our irradiation of 100 mg UO2 powder mixed with 10 ml of water. 
Because of sodium species, present in Boom Clay water, would create 
perturbations for activation product detection, the Boom clay water will be 
substituted by a lithium carbonate solution. This gives rise to an additional 
alpha dose from prompt alpha's due to the 6Li (n, a) reaction which is however 
small in comparison with the dose for prompt fission products. The experiments 
will be conducted with irradiated uranium dioxide doped with 235U to simulate 
the alpha dose and lithium carbonate water to replace the Boom clay water. 
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Experiment 

To perform the experiments, 100 mg of UO2 powder with different percentages 
of "5U (5%, 0.72% and 0.2%) will be mixed with 10 ml of water in a closed 
silica tube that will be placed in an aluminium container. Three types of water 
will be synthesised SW (simple water: HLPLC water), UHCO3 (carbonate of 
lithium water) and SCWM (modified synthetic clay water : water without 
sodium). The compositions are given in table I. To obtain reducing conditions 
like in the Boom clay environment, a sulphide concentration equal to 10 ppm 
will be added to the water composition and the pH of the solution will be fixed 
at 8.2. 

Table 1 : Water compositions for 1 litre 

LiHC03 

U2SO4 
LiCl 

MgCl2 

CaC03 

Li2S 

SW 

-

0.0144 

LIHCO3 
Weight (g) 
0.9446 

0.0144 

SCWM 

0.9446 
0.0308 
0.0474 
0.0114 

1 
0.0144 

The irradiation time in the BRi reactor has been fixed at 7 hours. The thermal 
neutron flux will be between 109 and 2.9xl0n n.cm"2.s''. To measure the 
irradiation temperature, one or two temperature recorders will be added into the 
aluminium container. After irradiation, the pH and Eh will be determined and a 
solid/solution separation will be realised. To determine the corrosion rate of the 
fuel, the solution will be analysed, first by y-spectrometry ( Np), in afterwards 
by ICP-MS (U). To identify the secondary phases, observations with optical 
microscopy and SEM could be performed. The experimental set-up of the tests 
is presented in figure i. 

Figure 1 : Set-up of experiments 
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Introduction 

To assess the performance of the possible final disposal of spent fuel in the 
Belgian Boom Clay layer, it is important to know the maximum uranium 
concentrations in the interstitial Boom Clay water upon contact with spent fuel 
The objectives of the proposed experimental programme are (1) to measure the 
uranium solubility in real Boom Clay Water, with unirradiated UO2 as the solid 
phase and (2) to assess the impact of dissolved organic matter and carbonate 
concentration on this solubility. The tests are supported by calculations with 
geochemical codes, to suggest possibly solubility controlling solid phases. 

Experiment 

Depleted UO2 powder was immersed in Teflon® containers with real and 
synthetic clay waters for various test durations, at a target SA/V (= UO2 surface 
area/leachant volume) of 1000 m"1. Four types of clay water were used: real 
Boom Claywater ("RIC", sampled in the underground laboratory), synthetic 
Boom Clay water without humic acids ("SCW"), synthetic Boom Clay water 
with humic acids ("SCWHA") and synthetic Boom Clay water with humic 
acids, but with low carbonate content ("SCWHAVC"). Typical compositions of 
the blank test media are presented in Table I. Only the main elements are 
presented. 

Table I: Composition range of the blank test media (main elements) 

RIC 
SCW 
SCWHA 
SCWHA\C 

Na 
mg/1 

380/420 
344/345 
547/611 
239 / 256 

CI 
mg/1 

25/110 
51/56 

335 to 428 
11 

S04 
mg/1 
0 /7 

22/26 
t* 

« 

HCCV 
mg/1 

800/900 
11 

11 

30 ! /42 

DOM3 

mg/1 
131/167 

<10 
160/177 

» 

U 
mole/1 

2xl0_9/7xl0-9 

5xl0~lu / lxlO"8 

Ixl0"9/7xl0-9 

2xl0"9 / 4xl0"8 

first test series; second test series; Dissolved Organic Matter 

Two test series have been performed. The first test series was performed in 
anoxic conditions, in a glove box with argon atmosphere, at 25 °C. No reducing 
species were added. Attempts to stabilise the pH by HC1 addition were 
ineffective. 
The second test series was performed in reducing conditions, at 20°C. The tests 
with the medium with low carbonate content were performed in an argon glove 
box; the other tests were performed in a glove box with an atmosphere 
consisting of argon with 0.4 % CO2. Small volumes of a solution of 10 mg/1 
sulphide in degassed HPLC water were added at regular time intervals, to keep 
the measured redox potential lower than -150 mVsHE. The pH in the carbonate 
rich media was stabilised by the high CO2 content of the box. 
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The uranium, carbonate and organic matter in the ieachates were measured after 
ultrafiltration over 30 000 M W C O filter membranes. Before the solubility tests 
were started, the oxidised layer of the U O 2 powder was removed by frequently 
washing in the so called "predissolution". 

Results and Conctusions 

Within 2 months or less in anoxic conditions, the uranium concentrations 
appear to approach a steady state. The observed "near steady-state" 
concentrations are all between 2.4 and 7.8x10^ M . They tend to be higher than 
the concentrations found in literature for similar Eh and/or p H conditions; the 
difference is an order of magnitude at most, and can probably be explained by 
small differences in experimental conditions. The concentration in RIC is 
similar to the solubility, calculated with uraninite as the solubility controlling 
solid phase. The influence of the carbonate concentration and humic acids on 
the uranium concentration was apparently small, but the interpretation is 
hampered by uncontrolled p H and Eh variations. 

In reducing conditions, the uranium concentrations reach a maximum, followed 
by a steep decline (Figure 1). The m a x i m u m is reached after about 10 days in 
the real B o o m Clay water (RIC), and after about 100 days in the synthetic clay 
waters. Afterwards, the uranium concentrations decrease to values between 
5x10"^ and 7x10*^ M . For the medium with low carbonate content, the decrease 
was not yet clearly demonstrated. We-assume that the decrease is caused by the 
reduction of U(VI) species to U(IV) species. The observed concentrations agree 
with the solubility of er)stalJine D O 2 , but the measured and calculated redox 
potentials are different. The humic acids seem to have an impact on the kinetics 
of the reduction, but not on the final uranium concentrations. 
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Figure 1: Uranium concentrations in real and synthetic B o o m Clay water in 
reducing conditions 
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Fission product deposits on ciad specimens and their 
thermal stability. Results from the S176 experiments. 

Studsvik Nuclear AB, S-61182 NykOping 
^++46 155 22 16 70, B++46 155 26 31 56, ̂  karLmalen@studsvik.se 

Introduction 

In a series of experiments (S176) in 1975 to 1980 at Studsvik the migration of 
volatile fission products was studied. Some of the results have been reported [1-
4]. These experiments were followed by a series of projects at Riso (see for 
instance [5] with references to earlier reports) which in some aspects 
complemented and expanded the experimental results in Studsvik. Further 
experiments of this type have later been done in Studsvik [6-7] in particular 
with the intent to expand the bumup range. 

The experiments have been called "bumps". The intent of a bump is to increase 
the power to a level where fission product migration occurs - without failing the 
rod. In a "ramp" the intent is to study the PCI/SCC failure threshold. 
Surprisingly the power range usually studied is the same, 40-45 kW/m. 

In the early experiments in Studsvik the fission products were monitored by 
g a m m a scanning. The nuclides studied were Cs-137, Cs-134,1-131, Te-132 (I-
132) and Ba-140 (La-140). In later experiments at RisS and in Studsvik radial 
distributions were measured by E P M A . 

It was found that the iodine and cesium releases are comparable to the rare gas 
releases (xenon and krypton). Most probably the channels formed by the gases 
are used by the volatiles. Also tellurium (monitored as 1-132) behaves similarly 
although its higher boiling point (990°C) influences the behaviour [4]. 

Barium (monitored as La-140) migrates in the lattice with a high coefficient of 
diffusion (as for barium oxide) up the temperature gradient [2]. This occurs 
below the boiling point of barium of 1640°C. Barium also forms inclusions in 
the high temperature region where it is mobile in the lattice. The inclusion - and 
bubble - formation sometimes presents difficulties for interpreting the 
experiments. 

In this presentation some experimental results of the properties of the fission 
products deposits on the cladding after the bumps in these early Studsvik 
experiments will be discussed. 

Fission product deposits on clad specimens and their thermal stability. 

The aim of the S176 series of experiments was to obtain basic data on the 
migration of fission products in intact irradiated fuel rods. Rods irradiated in the 
R 3 (Agesta) reactor were reirradiated (bumped) in the Studsvik R 2 reactor. 
After the bump the rods were transported to the Studsvik Hot Cell Laboratory 
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and non-destructive and destructive examinations were performed. The 
principal experimental technique applied for the study of the resultant migration 
of fission products was high-resolution gamma spectrometry using Ge(Li) 
detectors. A feature of the experimental series is that after the reirradiation in 
the R 2 reactor, the rods were transported within a few hours to the hot-cell 
laboratory such that their inventories of short-lived nuclides was still 
substantial. 

After the R2-bumps examinations were performed on clad specimens. The fuel 
had been removed and the specimens were axially gamma scanned using an 
energy channel width covering the 1-131 364 keV peak and in some cases also 
around the Cs-134 peak at 796 keV. Peaks were seen at the inter-pellet gaps as 
expected. 

T w o of the rods were base irradiated in the R3(Agesta) rector at relatively high 
power, 50-55 kW/m, to about 30 MWd/kgU. In this case there was a substantial 
amount of cesium in the gap. This made it possible to study the thermal stability 
of cesium when heating the clad specimens. The clad specimens were heat-
treated in flowing pure argon at increasing temperatures between 400°C and 
1200°C, time at temperature being 5-7 hours. The thermal stability of tellurium 
and iodine formed in an R 2 bump could also be studied using Te-132 
(monitored as 1-132) and 1-131. 

Concerning iodine it was observed in this experiment - and also in a later 
experiment [7] - that iodine to somq extent is lost from a cladding sample when 
it is stored at room temperature for some d&ys. 

It was found in the heating experiments that iodine and cesium were released 
in the range 400-800°C (boiling point of cesium 290°C and iodine 184°C). This 
is in agreement with deposition from vapour also in this temperature range 
[8,9]. Tellurium was not released up to 1000°C. This should be related to the 
high boiling point (990°C) and/or to the formation of a zirconium telluride [10]. 

Experiments were further performed heating, out of pile, fuel rods which had 
seen a relatively high power (45-55 k W / m ) in the R3 (Agesta) irradiation. T w o 
of the three rods heated to 1200°C were first bumped in the R2-reactor. 

The rods were heated in a furnace in flowing argon. Each rod was supported so 
that the plenum was outside the furnace, and the gas flow was directed first 
over the plenum and then down over the heated rod, such that the plenum was 
significantly cooler than the fuel. The heating was made in steps up to 1200°C 
and the gamma activity in the plenum was monitored. The volatility of cesium 
and iodine was lower than expected. Only at temperatures of 1100-1200°C 
could cesium migration be detected. N o iodine reached the plenum even when 
most of the rod was at 1200°C. 
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Research on Spent Nuclear Fuel Rod Behaviour during Interim 
Storage. 
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The total amount of spent fuel accumulated world-wide was over 155,000 tHM 
at the end of 1994 and is projected to reach 300,000 tHM by the year 2010. [1] 
Pending the decision whether direct disposal or reprocessing will become the 
fuel cycle back end strategy, interim storage is the primary spent fuel 
management option world-wide within the next 20 to 100 years. Therefore, the 
assessment of the materials properties of the spent fuel and its cladding, 
especially those of importance for safety evaluation of extended storage 
facilities, has become an essential subject of study. The licensing of the interim 
storage facilities requires that the spent fuel does not systematically develop 
defects in the course of storage. 
Among the (LWR) nuclear fuel rod materials characteristics, of primary 
importance to interim storage safety [2], there are: 

• cladding creep from internal gas overpressure which might constitute the 
rate-determining degradation and failure mechanism for the fuel rod 
cladding, and hence the criterion for maximum allowable storage 
temperature limits; % 

• clad corrosion giving rise to: 
> a reduction of the residual metallic wall thickness and hence to an 

increase of the hoop stress on the cladding, possibly resulting in creep 
rupture; 

> hydrogen pick-up and hence hydrogen embrittlement (caused by 
hydride formation and being promoted with increasing volume fraction 
of hydrogen as well as by lower temperatures in the course of storage) 
and delayed hydride cracking (caused by preferential hydride 
precipitation at pre-existing crack-tips); 

• the effects of the presence of moisture (storage in humid air atmospheres) or 
water (wet storage); 
> ions such as iron, nickel and copper, all elements found in crud, might 

be detrimental to the protective Zry oxide film and hence give rise to 
pitting corrosion or crud induced localised corrosion; 

> radiolysis of water molecules produces hydrogen that is embrittling Zry; 
• galvanic corrosion which might occur due to the dissimilar metals which are 

present in the storage casks; 
• fuel oxidation [3] giving rise to: 

> ultimately the U3O8 phase, i.e. producing a considerable increase in the 
volume of the original fuel which cannot be accommodated by the fuel 
rod and often results in a longitudinal split in the cladding; 

> enhanced diffusion of fission products, e.g. fission gas release and hence 
internal pressure rise as well as the release of corrosive fission products 
(e.g. I and Cs known to be able to cause localised attack at pellet-clad 
contacts or at points of higher local stress = PCI named form of SCC). 
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In general these degradation mechanism have been addressed and mitigated by 
the fuel designers in view of the (more severe) in-reactor service life (where 
higher temperatures, stresses and radiation fields are persistent). However, the 
effects of the storage specific ttme-temperature-environmental conditions have 
to be assessed. 

The S C K ' C E N disposes of a wide variety of fuel rods ( P W R & B W R of 
different designs, intact & segmented rods, from low up to high burnups) being 
stored for up to 30 years in both "dry" (in closed capsules with normal air 
atmosphere filling) and wet storage conditions. Moreover, most of these rods 
have been characterised prior to storage in former fuel performance 
programmes. As such they are well suited for the purpose of interim storage 
related studies. The scope of the actual contractual programmes (with as 
principal partners B N from Belgium, CREEP! and NF1 from Japan and E D F 
from France) includes visual examination, puncturing for fission gas release 
assessment and microstructural analysis (optical microscopy - e.g. fig. 1, and 
scanning electron microscopy) of fuel rods, being retrieved from their - 20 
years storage. 

Fig. 1: Both outer (- 2 n m ) and inner (- 5 }im) clad corrosion as originating 

from irradiation (a) is found to be unchanged after - 20 years of storage 

(b). 



S C K ' C E N Impact of fue! chemistry on fission product behaviour 70 

In addition to the standard set of examination techniques, as available at the 
Laboratory of High and Medium Activity in the frame of its nuclear fuel 
performance research, i.e.: 

+ non-destructive testing of fuel rods, including visual examination, eddy 
current evaluation of clad integrity and corrosion, metrological 
measurements, y-spectrometric methods and X-ray radiography; 

+ physico-chemical testing, including rod puncturing for fission gas release, 
fuel density and open porosity, clad hydrogen content and a variety of 
chemical analysis; 

* microstructural analysis, including optical microscopy, a- and p,y^ 
autoradiography, scanning electron microscopy (SEM) and electron probe 
micro analysis (EPMA); 

more dedicated techniques are at present under development (e.g. X-ray 
Diffraction Analysis, enabling the analysis of the occurrence of higher U-
oxides, and up-to-date clad mechanical test systems). 

In view of the spent fuel interim storage, the S C K ' C E N applies both 
appropriate archive materials and research infrastructure to conduct 
international research programmes addressing the licensing requirements. 

References: 

[1] H. Spilker, M . Peehs, H.P. Dyck, G. Kaspar, K. Nissen, "Spent L W R ^ e J 
dry Fforage fn Azrg^ frg?Hporf andf storage <%y&s %/i%r extended ̂ M/TtMp", J. 
Nucl. Mat. 250 (1997) 63-74. ̂  

[2] A S T M C26.13, L W R Commercial S N F Task Group, ".RanJarJ CHM?e./br 
tne Afatena/^ Eva/nation of /ntenw <%*ent MtcJear Fae/ Dry Storage 
Sy-ytenM^br Extended Serwce", in preparation. 

[3] R.J. McEachem, P. Taylor, "yt Revfew of ;Ae OjcMfaffon of (/ra/MMnz Dfoxfde 
at 7ewperatMrey ̂ e/ow 400 °C", J. of NucL Mat. 254 (1998) 87-121. 



SCK-CEN Impact of fuel chemistry on fission product behaviour 71 

Subdivision of nuclear fuel: a comparison between rim effect 
and oxidation. 
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With the increase of the quantity of "defects" in nuclear fuel a specific 
phenomenon called subdivision can occur. Subdivision is observed when a 
grain is divided in a great number of sub-grains of smaller size. Concerning 
nuclear fuel behaviour, subdivision is emphasised in two cases : when the fuel 
is irradiated with a local burn-up higher than -60 GWd/tM and when it is 
oxidised. In the one hand the defects are irradiation induced, in the other hand 
they are chemical defects. Is subdivision the same phenomenon for both types 
of defects ? That is the question we tried to answer by observing the 
morphology of sub-grains formed on several fuels. 

Two UO2 PWR fuels irradiated in a French power reactor with an average burn-
up of 48 and 57 GWd/tM respectively, a MOX PWR fuel irradiated in another 
French power reactor and a FBR fuel irradiated in Ph6nix with an average burn-
up of 99 GWd/tM were used for this study. Unirradiated UO2 pellets were 
oxidised with several oxidation levels. Cross section either polished or broken 
were prepared for high resolution SEM examination. 

In all the analysed samples two different types of sub-grains were distinguished 
by their morphology, either round or polyhedral. 

Round sub-grains were associated to surface subdivision, because they were 
observed on polished cross sections in pores on the side of grains which were 
not subdivided. It was noticed that round sub-grains can describe a regular array 
on grain surface, likely matching the crystallographic array. The number of sub-
grains increases by dividing the former sub-grains, and the initial regular array 
can vanish when subdivision induces an expansion of sub-grains creating a 
cauliflower-like structure. Round sub-grains formation was interpreted with 
Greenfeld' formalism which predicts the apparition of a wavy surface when in a 
solid this surface is stressed compared to the bulk. 

Polyhedral sub-grains were associated to bulk subdivision. Their edges are 
sharp and their sides are geometrical figures : squares or hexagons for irradiated 
fuels and rectangles for oxidised fuel. In the case of oxidation, the formation of 
sub-grains can be associated to cleavages because the original shape of the 
former grains sometimes remains after oxidation. No definitive mechanism is 
known for bulk subdivision in irradiated fuel. 

The apparition of subdivision, either round or polyhedral sub-grains, was found 
to be correlated to a chemical evolution of the fuel. In the case of round sub-
grains, EPMA analysis shows that the chemical composition of a grain changes 
from the surface to the bulk. In the case of polyhedral sub-grains, EPMA 
cartography shows the precipitation of metallic clusters in the rim area. 
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Some of the more interesting photographs wiH be presented on the poster. From 
these observations, w e conclude: 
* Subdivision seems to be a general phenomenon with common features on 

irradiated fuels and oxidised U O 2 pellets. A n evolution of the chemical 
composition of alt samples was always observed correlated with 
subdivision. 

* In U O 2 fuel, both round and polyhedral sub-grains are observed in the rim 
area. However rim effect should be understood as polyhedral sub-grains 
formation, because round sub-grains are found to be formed independently 
from the rim. That is why a special care should be given to the shape of sub-
grains when studying rim effect. 

* M O X and P B R fuels also exhibit round and polyhedral sub-grains. They 
can provide some useful information on rim effect. 
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Slowing down effect of oxygen on the release of cesium from 
uranium oxide matrices at medium and high temperatures 

J. Vanhorenbeek, J, Vanbegin and C. Ronneau 
Laboratory of Nuclear Chemistry, University Catholique de Louvain, Louvain-la-Neuve, 
Belgium 
»++32 10 47 31 33, 1++33 1047.31.15, £9 Vanbegin@inan.ucl.ac.be 

Although very volatile (b.p. 678.4°C), cesium may be efficiently retained by 
uranium oxide matrices heated up to temperatures as high as 2300°C, 
depending on oxygen activity. This effect is attributed (i) to the formation of 
relatively stable Cs-uranates (up to about 1400°C), and also (ii) to the 
dissolution of Cs in uranium dioxide. Laboratory experiments were devoted to a 
chemical approach of the reactions involved in the release of Cs from U-oxide 
matrices. The oxygen potential of the atmosphere in contact with the oxide is of 
paramount importance in the retention of Cs. 
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Out of pile study of equilibria between BaO-Zr02-Mo03-
(U02>compounds 
KMwamba andP.H. Duvigneaud 
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Applique^s, University libre de Bruxelles, Belgique 
«++32 2 650.36.51, I++32 (02) 650.29.52, £9 kmwamba@ulb.ac.be 

Under accidental conditions in PWR nuclear reactor , the oxygen potentiel 
inside the zircalloy cladding can be dramatically increased with subsequent 
formation of new solid , liquid and gaseous phases between the main fission 
products of UO2 or MOX nuclear fuel. Barium zirconates and molybdates and 
solid solutions of those compounds are expected to occur. "Out of pile" 
experiments have been performed in order to complete the system BaO-ZrCV 
M0O3 -(UO2) as a function of p02. 

The results of the first step , i.e the study of the pseudoternary system BaO-
Zr02-MoC>3 in air and in reducing atmosphere are summarized below. 

In air, the following compounds , i.e Z1O2, BaZrC>3, Ba3Zr207, Ba3MoOe, 
Ba2MoC>5, BaMoC>4 and BaMo2<>7 have been identified as the main phases of 
the system at 1600°C. Relevant compatibility lines of these components have 
been determined. At temperatures below 1000°C , Zr(Mo04>2, BaM0207 and 
M0O3 components have also been detected. 

All those Mo compounds show that the stable Mo valence is 6+ in these 
conditions. 

Mo compounds or solid solutions with Mo44 have not yet been detected, even in 
C-reducing atmosphere where M0O2 is in its stability area [ pC>2 ( M0/M0O2) > 
10"7'35atm]. 

Ba3MoOe melts incongruently with formation of ( BaO + BaMoCM) in low rate 
air cooling conditions. 

In MoCVrich mixtures, an important M0O3 weight loss has been observed at 
temperature below 800°C in air as a consequence of the decomposition of both 
the Mo compounds (Zr(MoC>4)2, BaMo207) and of the volatility of free M0O3. 

In C-reducing atmosphere, BaO volatility is evidenced in Zr02-rich mixtures 
subjected to low p02 ( >10'735 atm ) at 1600°C.In BaZr03-BaMo04 mixtures, 
BaZr03 is decomposed while BaMo04 remains stable. 

It is clear that BaO has a greater thermodynamic affinity for M0O3 than for 
ZrO2atpO2>10"735atm. 
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On the thermal evolution of Pu-rich agglomerates in MOX. 
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Introduction 
From the experience accumulated so far on irradiated MOX fuel, its overall 
behaviour under irradiation is generally well predicted by existing fuel models. 
It appears however that additional data are still welcome to properly benchmark 
fission gas release models, mainly at elevated burnup. To this aim, an 
international research project was initiated ("FIGARO": Fission Gas Release of 
MOX). Its goal is to provide thermal and fission gas release date of MOX at 
high burnup. Two MOX fuel rods irradiated to a high burnup (50GWd/tM peak 
pellet), but at low power (<200W/cm) were selected to be segmented (giving in 
total four segments) and instrumented (with central thermocouple and pressure 
gauge). The instrumented segments were subjected to irradiations at variable 
linear power in the HALDEN MTR. Both temperature and internal pressure 
were on-line monitored during the ramp test. Afterwards, the rod segments 
were transported to SCK»CEN and extensively investigated. The present paper 
focuses on the evolution of the microstructure of Pu-rich agglomerates as a 
function of temperature. 

Observations 
The post-irradiation analyses included the analysis by scanning electron 
microscopy (SEM) of intentionally fractured fuel. In this way the true grain 
structure can be investigated directly (figure la). We present here observations 
of the Pu-rich agglomerates at different radial positions, hence at different 
temperatures. In colder zones the Pu-rich agglomerates are recognised through 
their specific morphology characterised by submicron grains arranged around 
large, micron size pores ('cauliflower structure1) (figure lb). On going more 
towards the pellet centre, the porous structure of the Pu-rich agglomerates 
disappears (figure lc). Since the present fuel segments were equipped with a 
central thermocouple, the temperature evolution of the fuel rod during the ramp 
test could be established experimentally. It appears that the thermally induced 
transformation of the agglomerates takes place around the 1200°C isotherm 
(figure la). 

Discussion. 
It is well known that the burnup in Pu-rich agglomerates locally exceeds that of 
the pellet average. As a result of the accumulation of a high amount of fission 
products and radiation damage inside the agglomerates, a rim-type structure 
(also called 'cauliflower structure') may develop in the agglomerates as long as 
the temperature is low enough. Radiation induced recrystallisation was 
originally thought to be unique to the peripheral regions of high burnup LWR 
U02 fuels, where it has been studied most extensively [see e.g. 1,2]. It is 
generally accepted that it occurs spontaneously when the locally accumulated 
energy is high enough [3]. A subdivision in small grains would yield a net 
decrease of the free energy of the material. In high burnup UO2 fuel a rim 
structure nucleates homogeneously at the pellet periphery, while in MIMAS 
MOX, it is developed only inside Pu-rich agglomerates, which themselves are 
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embedded in an unchanged, dense U-rich matrix (where the bumup is much 
lower than the average). Since the pores visible inside the Pu-rich agglomerates 
are known to contain considerable amounts of fission gas, the evolution during 
irradiation of the morphology of these agglomerates is important to understand 
fission gas release of these fuels. Therefore, it is interesting to see that the 
temperature at which the morphology of the Pu-rich agglomerates changes is 
equal to the temperature at which fission gas starts being released in U O 2 fuel 
also. This observation might explain why fission gas release models that were 
developed for homogeneous fuel microstructure, still predict quite well the 
fission gas release in heterogeneous fuels. It would also indicate that the fission 
gas of the Pu-rich agglomerates in colder zones (where the porosity is 
observable), is effectively locked inside the Pu-rich agglomerates, and that it 
starts contributing to the global internal gas pressure only when the temperature 
exceeds the same isotherm that applies for U O 2 fuels. 
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Figure 1. SEM image of the grain structure at the 1200°C isotherm, (a) 
overview image (b) and (c) details from image (a). 


