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RESUME
Dans les conditions oxydantes que Ton risque de rencontrer dans le depot de la Yucca Mountain,
la dissolution du combustible est un processus de corrosion mettant en oeuvre le couplage de la
dissolution anodique du combustible a la reduction cathodique des oxydants disponibles dans le
depot. Les oxydants qui devraient etre disponibles pour entrainer la corrosion du combustible
sont l'oxygene de 1'environnement, transporte dans la roche tufacee permeable de la montagne, et
les especes moleculaires (p. ex. H2O2) et radicalaires (p. ex. OH, Oi) produites par la radiolyse
de l'eau aeree disponible.
Le mecanisme de ces reactions anodiques et cathodiques couplees est examine en detail. S'il y a
encore des lacunes dans les connaissances, de nombreuses caracteristiques cinetiques de ces
reactions ont ete etudiees tres en detail, et Ton dispose d'un mecanisme raisonnablement justifie
pour la corrosion du combustible. La vitesse de corrosion est determinee en premier lieu par les
facteurs environnementaux plutot que par les proprietes du combustible. Ainsi, a l'exception
d'une augmentation de la vitesse due a une augmentation de la superficie, la pre-oxydation du
combustible a peu d'effet sur la vitesse de corrosion. Pour que l'oxydation a sec entrainant la
formation d'UsOg, la fissuration intergranulaire et la fragmentation des pastilles soient
importantes, une defaillance rapide du colis de dechets devrait survenir au bout de 100 a 150 ans.
La pre-oxydation dans des conditions de vapeur humide pourrait entrainer une oxydation
preferentielle des joints de grains se traduisant par une disponibilite accrue de ces endroits pour
la dissolution. Toutefois, on dispose de certaines evidences pour demontrer que ce processus
peut etre limite par 1'accumulation de depots de produits de corrosion. Encore une fois, pour que
1'oxydation en phase vapeur soit importante, la defaillance du colis de dechets devrait se produire
pendant que les temperatures du combustible sont elevees, probablement au-dessus de 100 °C.

Si des différences cinétiques ont été observées entre la corrosion de l'UO2 non irradié et le
combustible irradié, elles semblent être mineures par rapport à d'autres incidences. La raison la
plus vraisemblable de cette similarité générale dans les vitesses de corrosion est que la
pré-oxydation dans les solutions aérées entraîne la formation d'une couche superficielle mince
d'UO2.33/UC>2.4, caractéristique connue de l'UO 2 non irradié et du combustible irradié. Ceci tend
à conférer des propriétés semblables aux deux matières et à partir de là à cacher les différences
intrinsèques éventuelles dans les propriétés de corrosion des matières non oxydées.
Parmi les espèces potentielles se trouvant dans les eaux souterraines, les plus importantes sont le
carbonate, le calcium et le silicate. Le carbonate exerce un effet thermodynamique et cinétique.
Au point de vue thermodynamique, il augmente la solubilité de l'UOf """dissous, en empêchant par
là-même la formation de phases d'uranyle déposées qui peut arrêter le processus de corrosion.
Au point de vue cinétique, dans le cas de concentrations suffisamment élevées (>10"3 mol.L"1), il
peut modifier la vitesse de corrosion intrinsèque en accélérant la vitesse de transfert de l'ion
uranyle à la solution par la formation de complexes absorbés en surface.
Une bonne concordance quantitative existe, tirée de tout un éventail d'études par divers
chercheurs, sur l'influence du carbonate, de l'oxygène et de la température sur le processus de
corrosion du combustible. Les ordres et les vitesses de réaction, déterminés par diverses
méthodes expérimentales, en ayant recours soit à la technique à passe unique continue ou aux
méthodes électrochimiques, concordent relativement. Les ordres de réaction par rapport à
l'oxygène et au carbonate dissous tendent à être fractionnels à la température ambiante, une
indication évidente que la corrosion est un processus complexe mettant en jeu les espèces
absorbées sans condition évidente de limitation de la vitesse par cinétique anodique ou
cathodique.
Dans le cas des températures supérieures, le mécanisme de corrosion change quand la réaction
anodique commence à limiter la vitesse. Ceci rend difficile la spécification d'une énergie
d'activation réelle. Toutefois, il y a une bonne concordance quant à la dépendance vis-à-vis de la
température de la corrosion déterminée expérimentalement. Dans les solutions de carbonate,
quand la formation des dépôts de produits de corrosion est évitée, la dépendance vis-à-vis de la
température est bien supérieure que celle observée dans les solutions non complexantes, quand la
formation de tels dépôts arrête partiellement la corrosion. Dans les eaux souterraines granitiques,
semblables à celles prévues à la Yucca Mountain, on observe une diminution de la vitesse de
corrosion avec une température croissante. Ceci peut être attribuable à la dépendance vis-à-vis
de la température inverse de la solubilité pour le Ca/Si contenant des phases d'uranyle.
La présence de quantités relativement faibles de calcium et de silicate peut réduire rapidement la
vitesse de corrosion jusqu'à deux ordres de grandeur. On a démontré que cela est attribuable à la
formation d'une série de phases d'uranyle contenant du Ca/Si. La séquence des phases formées
est très semblable à celle observée pour la météorisation naturelle (altération sous l'action des
agents atmosphériques) des dépôts d'uraninite dans des conditions oxydantes. Le degré de
protection qui sera finalement assuré par ces dépôts de produits de corrosion n'est pas connu

actuellement au point de vue quantitatif, et dépendra considérablement des conditions diffusives
et convectives qui régnent à l'interface combustible-environnement.
On dispose de preuves irréfutables pour montrer que de nombreux radionucléides,
particulièrement les terres rares, les actinides et les lanthanides, sont intégrés dans ces dépôts de
produits de corrosion et donc retenus à la surface de corrosion du combustible.
Malheureusement, ces processus se sont révélés jusqu'ici très difficiles à quantifier suffisamment
pour pouvoir être incorporés dans les modèles d'évaluation des performances du dépôt. Comme
c'est le cas de la protection des dépôts de produits de corrosion, l'efficacité de rétention des
radionucléides par ces dépôts dépendra fortement des conditions de transport locales. Étant
donné que l'on ne connaît pas ces conditions de façon certaine pour le milieu du dépôt, il reste à
déterminer une description quantitative de rétention des radionucléides.
On a étudié l'influence de la radiolyse ß/7 et a sur la corrosion du combustible. Sur ces deux
formes de rayonnement, les champs ß/7 sont de loin les plus agressifs et sont capables de
produire des conditions localement acides entraînant une corrosion rapide, spécialement à
l'intérieur des joints de grains du combustible. Ceci fait que les études menées sur le
combustible irradié, quand les champs ß/7 sont importants, ont une valeur douteuse pour prédire
le comportement à long terme du combustible, quand ces champs se seront désintégrés à des
niveaux négligeables. Les valeurs disponibles des vitesses de corrosion du combustible en tant
que fonction du débit de dose 7 indiquent que la capacité de la radiolyse 7 à accélérer la corrosion
du combustible ne durera que quelques centaines d'années, et ainsi, ne devrait pas constituer un
facteur, à condition que le colis de déchets assure cette durée de confinement minimale.
Les vitesses de corrosion du combustible mesurées en présence de la radiolyse a ne dépassent
pas généralement celles mesurées dans les solutions aérées non irradiées, même en ce qui a trait
aux débits de dose bien supérieurs à ceux prévus à la surface du combustible irradié. La
comparaison avec la tenue à la corrosion semblable du combustible observée en présence d'H2Û2
ajouté chimiquement montre que ceci peut être attribué au tamponnage redox produit par la
décomposition rapide d'H2U2 en H2O et O2, et à la corrosion ultérieure du combustible en
réagissant avec l'O2. Étant donné que les conditions de la Yucca Mountain seront aérées
perpétuellement, ceci signifie que la présence d'une radiolyse a n'aura aucun effet important sur
la corrosion du combustible et qu'on peut l'ignorer. On doit toutefois faire une certaine réserve.
Bien qu'il soit peu probable qu'elle entraîne des corrosions rapides, l'influence de la radiolyse a
dans des fissures humides serrées du combustible reste à déterminer.
En se fondant sur cet examen, une évaluation de la base de données des vitesses de corrosion du
combustible figurant dans le Waste Form Characteristics Report (UCRL-10-108314,
Version 1.2, Section 3.2) (Stout et Leider, 1997), compilé comme une base pour prédire le
comportement du combustible dans le dépôt de la Yucca Mountain (É.-U.), a été entreprise. On
doit avoir à l'esprit que tout ajustement statistique à une base de données de vitesses de corrosion
portant sur tout un éventail de conditions sur lequel le mécanisme de corrosion du combustible
change n'est qu'empirique et comprendra de nombreuses incohérences. Malgré cet
avertissement, une comparaison des tendances observées dans la base de données des vitesses

avec V information publiee indique que les vitesses sont generalement conformes a 1'information
mecaniste et cinetique disponible. Les methodes utilisees dans l'elaboration de cette base de
donnees sont conformes a la pratique ASTM definie (ASTM 1998). Par consequent, leur
utilisation dans le modele de degradation de la forme des dechets est justifiee.
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ABSTRACT
Under the oxidizing conditions likely to be encountered in the Yucca Mountain Repository, fuel
dissolution is a corrosion process involving the coupling of the anodic dissolution of the fuel
with the cathodic reduction of oxidants available within the repository. The oxidants potentially
available to drive fuel corrosion are environmental oxygen, supplied by transport through the
permeable tuffaceous rock of the mountain, and molecular (e.g., H2O2) and radical (e.g.,
OH, O2) species produced by the radiolysis of available aerated water.
The mechanism of these coupled anodic and cathodic reactions is reviewed in detail. While gaps
in understanding remain, many kinetic features of these reactions have been studied in considerable detail, and a reasonably justified mechanism for fuel corrosion is available. The corrosion
rate is determined primarily by environmental factors rather than the properties of the fuel. Thus,
with the exception of an increase in rate due to an increase in surface area, pre-oxidation of the
fuel has little effect on the corrosion rate. For dry oxidation leading to the formation of U3O8,
intragranular cracking, and the break-up of pellets, to be significant, rapid waste package failure,
in 100 to 150 years, would have to occur. Pre-oxidation under moist vapour conditions could
lead to a preferential oxidation of grain boundaries leading to an increased availability of these
sites for dissolution. However, some evidence exists to show this process may be limited by the
accumulation of corrosion product deposits. Again, for vapour phase oxidation to be significant,
waste package failure would have to occur while fuel temperatures were high, probably in excess
of 100°C.
While kinetic differences have been observed between unirradiated UO2 and spent fuel corrosion,
they appear to be minor compared to other influences. The most likely reason for this general
similarity in corrosion rates is that pre-oxidation in aerated solutions leads to the formation of a
thin surface layer of UO2.33/UO2.4, a feature common for both unirradiated UO2 and spent fuel.
This tends to confer similar properties on both materials and, hence, to disguise any intrinsic differences in the corrosion properties of the unoxidized materials.

Of the potential groundwater species, the most important are carbonate, calcium and silicate.
Carbonate exerts both a thermodynamic and a kinetic effect. Thermodynamically, it increases
the solubility of dissolved UOf +, thereby preventing the formation of deposited uranyl phases
which can block the corrosion process. Kinetically, for sufficiently high concentrations
(>10 3 mol.L"1), it can change the intrinsic corrosion rate by accelerating the rate of uranyl ion
transfer to solution via the formation of surface absorbed complexes.
Good quantitative agreement exists, from a wide range of studies by various researchers, on the
influence of carbonate, oxygen and temperature on the fuel corrosion process. Reaction orders
and rates determined by different experimental methods, using either the single-pass flowthrough technique or electrochemical methods, are in reasonable agreement. Reaction orders
with respect to dissolved oxygen and carbonate tend to be fractional at room temperature, a clear
indication that corrosion is a complex process involving absorbed species and no clear condition
of rate control by either the anodic or cathodic kinetics.
For higher temperatures, the corrosion mechanism changes with the anodic reaction becoming
rate controlling. This makes the specification of a real activation energy difficult. However,
adequate agreement exists for the experimentally determined temperature dependence of corrosion. In carbonate solutions, when the formation of corrosion product deposits is avoided, the
temperature dependence is much higher than observed in non-complexing solutions, when the
formation of such deposits partially blocks corrosion. In granitic groundwaters, similar to those
anticipated at Yucca Mountain, a decrease in corrosion rate with increasing temperature is
observed. This may be due to the inverse temperature dependence of solubility for Ca/Si
containing uranyl phases.
The presence of relatively small amounts of calcium and silicate can rapidly reduce the corrosion
rate by up to two orders of magnitude. It has been shown that this is due to the formation of a
series of Ca/Si-containing uranyl phases. The sequence of phases formed is very similar to that
observed for the natural weathering of uraninite deposits under oxidizing conditions. The degree
of protectiveness that will eventually be bestowed by these corrosion product deposits is not
quantitatively known at present, and will depend very much on the diffusive/convective conditions that prevail at the fuel/environment interface.
Very clear evidence exists to show that many radionuclides, particularly the rare earths, actinides
and lanthanides, are incorporated into these corrosion product deposits and hence retained at the
corroding fuel surface. Unfortunately, to date these processes have proven very difficult to
quantify sufficiently for incorporation into repository performance assessment models. As for
the protectiveness of corrosion product deposits, the efficiency of radionuclide retention by these
deposits will be very dependent on local transport conditions. Since these conditions are not
known with any certainty for the repository environment, a quantitative description of radionuclide retention remains to be determined.
The influence of both p/7- and a-radiolysis on fuel corrosion have been discussed. Of the two
forms of radiation, p7y fields are by far the most aggressive and are capable of producing locally
acidic conditions leading to rapid corrosion, especially within grain boundaries in the fuel. This

makes studies performed on spent fuel, when p/7 fields are substantial, of dubious value in predicting the long term behaviour of fuel, when such fields will have decayed to insignificant
levels. The available values of fuel corrosion rates as a function of 7-dose rate show that the
ability of 7-radiolysis to accelerate fuel corrosion will only last a few hundred years and, hence,
should not be a factor, providing the waste package provides this minimal duration of
containment.
Fuel corrosion rates measured in the presence of a-radiolyis do not generally exceed those
measured in unirradiated aerated solutions, even for dose rates well in excess of those expected at
the surface of spent fuel. Comparison to the similar fuel corrosion behaviour observed in the
presence of chemically added H2O2 shows this can be attributed to redox buffering produced by
the rapid decomposition of H2O2 to H2O and O2, and the subsequent corrosion of fuel by reaction
with O2. Since conditions at Yucca Mountain will be perpetually aerated, this means that the
presence of a-radiolysis will have no significant effect on fuel corrosion and can be ignored.
One minor reservation exists. Although unlikely to lead to rapid corrosion, the influence of ccradiolysis in tight wet cracks in the fuel remains to be determined.
Based on this review, an evaluation of the database of fuel corrosion rates available in the Waste
Form Characteristics Report (UCRL-10-108314, Version 1.2, Section 3.2) (Stout and Leider
1997), compiled as a basis for predicting fuel behaviour in the Yucca Mountain Repository
(USA), was undertaken. It should be borne in mind that any statistical fit to a database of corrosion rates covering a range of conditions over which the fuel corrosion mechanism changes is
only empirical and will encompass many inconsistencies. Despite this caveat, a comparison of
the trends observed in the database of rates to the available published information shows that the
rates are generally consistent with the available mechanistic and kinetic information. The procedures used in the development of this database are consistent with the defined ASTM practice
(ASTM 1998). As a consequence, their use in waste form degradation models is justified.
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1. INTRODUCTION

The predominant form of high level nuclear waste available for disposal is the spent fuel bundle
discharged from reactor. While the prospects for the development of long-lived nuclear waste
containers are promising (Shoesmith et al. 1995), their failure will eventually lead to the
formation on the fuel surface of the wet, potentially oxidizing conditions which could lead to fuel
degradation and the release of radionuclides. If the release of these radionuclides is to be
predicted, and overall repository performance assessed, then a clear understanding of potential
fuel degradation processes is required.
Over the past 20 years or more a substantial effort has been expended to study fuel dissolution
and radionuclide release processes under, a range of proposed waste vault/repository conditions.
A review of the early understanding has been published (Johnson and Shoesmith 1988). The
present report will summarize the basic chemistry of UO2 and how this is affected by factors
expected to influence fuel corrosion under waste vault/repository conditions. These factors are
the intrinsic corrosion rate, pH, O2 concentration, HCO3/CO3" concentration, temperature, water
radiolysis, other potential ground water constituents (especially Ci+, SiO?"), the relative
reactivities of unirradiated UO2 and spent fuel (including in-reactor burn up), and the formation
of secondary phases and their ability to trap radionuclides. Subsequently, the database compiled
to predict the performance of spent fuel waste forms in the Yucca Mountain (NV, USA)
repository will be assessed in the light of this general understanding. This database is compiled
and discussed in the Waste Form Characteristics report (Stout and Leider 1997).
While the primary goal of this review is the evaluation of the data available to predict fuel
behaviour under anticipated waste disposal conditions at Yucca Mountain (USA), the
information gathered and critically evaluated is of universal value to other national waste
management programs.

2. BASIC FUEL PROPERTIES

Commercial nuclear fuel is basically uranium dioxide (UO2) (natural or enriched) fabricated by
sintering pressed compacts of very fine-grained powder at ~1700°C under a reducing
atmosphere. These sintered ceramics typically have 92 to 99% of the theoretical density with
grain sizes of 2 to 15 urn. The as-fabricated fuel is a slightly hyperstoichiometric oxide, UO2+X,
where x < 0.001. The presence of excess oxygen, as interstitial ions (O^~), requires further
ionization of a small fraction of the Unions, to the U v and/or UVI valence state, leading to the
creation of holes in the narrow occupied U5f sub-band. These holes can migrate by a small
polaron-hopping process with a low activation energy, and confer a moderate conductivity on the
oxide. The band structure and conductivity of UO2 have been reviewed (Shoesmith et al. 1994a).
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solubilities in the host matrix are created. These radionuclides can be separated into a number of
distinct categories, Figure 1:
1)

Fission products (Cs, I) which separate to the fuel sheath gap;

2)

Fission products which migrate to grain boundaries in the fuel to occupy either fission
gas bubbles or solid fission products such as perovskites ((Ba, Sr)ZrO3) and the metallic
s-phase (Mo, Ru, Rh, Pd, Tc); and

3)

Fission products and actinides and lanthanides that are retained in the fuel matrix.

The great majority of radionuclides (>90%) are in category (3) and are expected to be released at
a rate governed by the dissolution (corrosion) rate of the uranium oxide matrix. The release rate
of those radionuclides in category (2) will also be controlled, to some degree, by fuel matrix
degradation processes.

3. CORROSION OF UP,

3.1

ELECTROCHEMICAL BEHAVIOUR

3.1.1

General Electrochemical Features

The parameters which control the dissolution rates of oxides have been reviewed by (Segall
et al. 1988). A characteristic of oxide dissolution processes is the wide range of rates, which can
vary by many orders of magnitude, even for the same oxide. For slowly dissolving
semiconducting oxides, the category into which unoxidized UO2 fits, Figure 2, the ratecontrolling process is either charge transfer to the surface to form surface ionic species (M"+, O2")
which can subsequently transfer to solution, or surface alterations to produce these transferable
ionic species. Thus, properties such as solid-state conductivity, ion formation at surface defect
sites, and the solution redox potential are major factors that determine the kinetics of dissolution.
For UO2, the solution redox potential is the critical variable, since the solubility of UO2 increases
by many orders of magnitude when the solid is oxidized, Figure 3. Reaction with an oxidant
(e.g., O2) can be considered as the injection of a hole into the U5f band, which will increase the
conductivity of the oxide surface as well as produce the solution soluble UO2+ species
(Shoesmith et al. 1994a). This sensitivity to oxidation makes fuel dissolution, and the release of
radionuclides, dependent on repository redox conditions. Consequently, it is necessary to treat
fuel dissolution as a corrosion process.
The redox potential (EOX/RED) for most oxidizing agents expected in a repository will be more
positive than the equilibrium potential (E UQ2+ / U O ) for the oxidative dissolution of the fuel,
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the fuel/environment interface. For normal aerated conditions, the equilibrium potentials for a
range of fuel oxidation reactions (to U4O9, U3O7, U3O8, UO3»2 H2O) are well below ECORR and
complex surface chemistry would be anticipated as fuel corrosion progresses, Figure 5.
In the sealed vaults anticipated under granitic conditions (Shoesmith et al. 1996a), the
equilibrium potential for the fuel will increase and Eh (= E OX ^E D ) of the environment will
decrease, since the amount of available oxidant is limited. As oxidants are consumed, Eh will
approach the H2O/H2 potential boundary, Figure 5, and UO2 would become the stable matrix.
For these conditions the driving force for fuel dissolution would be proportional to UO2
solubility, and the rate of dissolution would be controlled by processes such as those described
by Segall et al. (1988), and discussed above. For unsealed vaults such as Yucca Mountain,
where oxidizing conditions can prevail indefinitely, EOX/RED will not decrease with time and the
driving force for corrosion will be maintained.
A second major potential source of oxidants to drive the corrosion of fuel is water radiolysis.
Figure 6 shows the calculated alpha, beta, gamma dose rates calculated at the fuel surface
(Sunder 1995). While the dose rates shown are for a CANDU® fuel bundle (burnup,
720 GJ (kgU)"1; 10 years since discharge from reactor), similar profiles would be obtained for an
LWR bundle. It is worth noting that the concentration of radiolytic oxidants will not necessarily
be independent of environmentally-established redox conditions. The presence of dissolved O2
while radiation fields endure (particularly p/y fields) will lead to a significant increase in the
production of radiolytic oxidants. Also, if radiolysis of a moist air environment occurs,
radiolytic processes leading to the fixation of nitrogen (as NO, NO2) and the development of
acidity (HNO3) are possible (Reed and Van Konyhenburg 1988). The presence in the repository
of alternative sinks for the reduction of radiolytic oxidants, such as carbon steel waste package
liners or the inner walls of a copper container, could significantly reduce the concentration of
oxidants available to drive fuel corrosion (Loida et al. 1995, Neretnieks 1997, Sunder
etal. 1997a).
The corrosion potential, ECORR, is determined by the kinetic balance of the anodic
UO2 -> UOf + 2e

(1)

and cathodic
Ox + 2e -» Red

(2)

reactions which make up the overall corrosion reaction, Figure 7. At ECORR, the anodic current,
IA, is equal and opposite in sign to the cathodic current, I c and equal to the corrosion current,
ICORR. The value of I c is the sum of the individual currents for all the oxidant reduction reactions
supporting fuel corrosion (i.e., I c = IC1 + 1^ in Figure 7). Using Faradays Law, ICORR can be
expressed as a rate of mass loss,
® CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).
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t

nF

(3)

where
W
A^,
n
F
t

is the mass loss in grams,
is the molecular weight of UO2,
is the number of elections involved (2 in reaction 1),
is the Faraday constant, and,
is the duration of the corrosion period.

Using a density for the material corroding and a measurement of the area of the surface, this
mass loss can then be converted into a rate of penetration into the surface. Due to the
complications and uncertainties introduced by the presence of grain boundaries and macroscale
fractures the measurement of the surface area of UO2, and especially spent fuel specimens, is
fraught with difficulties. These problems in accurately measuring surface areas have been
addressed in detail a number of times (Gray et al. 1993,1994, Tait and Luht 1997).
The two half reactions, (1) and (2) will be influenced by a range of properties of the fuel and its
environment. A major feature of the fuel corrosion reaction is the evolution in surface
composition with potential, Figure 8. This relationship between surface composition and
potential was determined by x-ray photoelectron spectroscopy (XPS) on electrochemically or
naturally corroded surfaces (Shoesmith et al. 1989, Shoesmith and Sunder 1991, de Pablo
et al. 1995, 1996). For electrochemical conditions the potential represents the applied potential
while, at the fuel surface, for natural corrosion conditions it is the corrosion potential (EC0RR) of
the fuel. The various stages of oxidation can be appreciated by the variation of electrochemical
current with potential seen in a cyclic voltammetric experiment as illustrated in Figure 9.
Peak (or shoulder) 1 in Figure 9 occurs over the potential range -0.8 V to -0.4 V (vs SCE). At
these low potentials, oxidation should not be thermodynamically possible. This oxidation
process is reversible, 100% of the charge being recoverable when the potential scan is reversed
for E < —0.4 V. This is consistent with photothermal deflection spectroscopic (PDS)
measurements which show no laser beam deflection indicating a change in refractive index of the
solution adjacent to the electrode surface indicative of dissolution (Rudnicki et al. 1994) and
with photocurrent spectroscopic (PCS) measurements which show no loss of photocurrent signal
due to the destruction of the space charge layer in the oxide which would accompany the
irreversible oxidation of the p-type UO2 surface (Shoesmith et al. 1994a). Since only small
amounts of charge are involved, oxidation appears to be confined to submonolayer areas of the
surface. It has been proposed that oxidation occurs at grain boundaries where enhanced hyperstoichiometry could exist due to an inefficient reductive sintering process during fabrication.
Peak II is attributed to the oxidation of the UO2 electrode matrix involving the incorporation of
O2~ ions at the interstitial sites in the fluorite lattice until a stoichiometry close to UO2 33 is
achieved. The oxidation becomes irreversible beyond —0.4V as indicated by the loss of a
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detection of dissolution by PDS at potentials as low as —0.3 V. (Rudnicki et al. 1994).
As the potential is increased beyond -0.4V, the thickness of this oxidized surface layer increases
under both electrochemical and natural corrosion conditions (Shoesmith et al. 1994a, 1989). A
surface composition close in stoichiometry to UO 233 to UO24 is achieved around -100 mV.
Beyond this potential, dissolution as UO2+ begins to dominate over the thickening of the UO233
surface oxide layer, which reaches a steady-state thickness of 5 to 10 nm, region III in Figure 91.
At higher temperatures, (100°C to 200°C) this layer reaches a constant composition but continues
to increase in thickness with time. The depth of oxidation also increases with temperature
(Matzke and Turos 1991, Matzke 1996).
Before proceeding to discuss the chemistry/electrochemistry under steady-state corrosion
conditions, it is worth discussing the claim that oxidation occurs preferentially at
hyperstoichiometric sites, most probably in grain boundaries. PDS and voltammetric
experiments performed on single crystals, in which grain boundaries are absent, showed no
significant oxidation current in region 1, extremely small currents in region 2, and no dissolution
(Rudnicki and Russo, private communication, 1996). Voltammetric experiments with specially
prepared hyperstoichiometric UO2+X specimens exhibit a very large enhancement of the oxidation
current in both regions I and II (Figure 9) (Betteridge et al. 1997). The rate and depth of
oxidation increased with the degree of hyperstoichiometry.
Clearly, the presence of hyperstoichiometric UO2+X in grain boundaries would enhance the
reactivity of these sites. Preferential oxidation at these sites is likely to be attenuated by the
slight shrinkage in unit cell parameters as UO2 oxidation occurs. This shrinkage has been noted
to weaken the grain boundary regions in spent fuel, introducing a friable nature to the fuel pellets
(Gray and Strachan 1991, Einziger et al. 1992). This would be a particularly important process if
it occurred during the corrosion of spent fuel since many fission products reside at the grain
boundaries.
Once dissolution commences there is the possibility of precipitating UVI-containing phases on the
fuel surface leading to some degree of blockage of the corrosion process. Whether or not such
phases form will depend on the ratio of the surface area of the fuel to the volume of available
solution, the solubility of the UO2+ in the solution, and the local solution transport regime.
Figure 10 shows electrochemically determined dissolution currents as a function of applied
potential in neutral non-complexing solution. These results have been discussed in detail
elsewhere (Sunder et al 1998, Shoesmith and King 1998) and only their relevance to the present
discussion will be included here.
In region A (<300 mV), the fuel is undergoing alteration and close to 100% of the UVI produced
accumulates on the fuel surface, as UO3xH2O, blocking dissolution. As a consequence, the
current which is the rate of the alteration process under electrochemical conditions, decreases
1

The reduction processes shown on the reverse potential scan in Figure 9 are not of immediate importance to this
discussion. Their assignment and discussion is given by Luht (1998).

-6continuously with time and steady-state is not achieved. This accumulation of corrosion product
is general across the whole of the exposed dissolving surface (Luht 1998), indicating that general
solution saturation occurred under these conditions. In region B (E >300 mV), steady-state
dissolution currents were obtained and are logarithmically dependent on potential; i.e., Tafel
behaviour was obtained. The reason for this switch in behaviour is that, at these very positive
potentials, the rate of anodic dissolution of UO233
UO2 33 + 0.33 H2O -> UO22+ + 0.66 OH" + 1.34 e

(4)

is sufficiently rapid that extensive hydrolysis to produce local acidity occurs at occluded
dissolution sites; i.e.,
xUOT + yH2O -> (UO2)X (OH)f "y) + + yH+

(5)

The pH is suppressed to <5, leading to dissolution of even the UO 233 layer (Sunder et al. 1991)
and, hence, a further acceleration in dissolution rate. Also, at these low values of pH the
solubility of UOf is increased (Figure 3), thereby preventing its precipitation and the blockage of
the fuel dissolution process. Under these conditions severe etching of the fuel surface,
penetration of grain boundaries and the formation of pits is observed (Luht 1998). Similar
surface etching, grain boundary penetration and formation of pits was observed by Bottomley
et al. (1996) at very positive potentials in 3% Na2CO3 solutions.
3.1.2

Influence of pH

Attempts to determine the influence of pH on the mechanism of fuel corrosion have been
undertaken by a number of authors (Nicol and Needes 1973, Sunder et al. 1991,
Torrero et al. 1997). XPS analyses showed that for pH < 5, the UO 233 layer, which grows as a
precursor to dissolution in neutral to alkaline solutions, is not observed. This leads to an increase
in dissolution rate (r) with pH, Figure 11, and a fitted rate equation of the form.
r = 3.5 (± 0.8) x lO"8 [H + ] 037 ± om [O2]031 ±002

(6)

for the pH range, 3 < pH < 6.7, where r has the units of mol. m'V 1 . The absence of an oxidized
surface layer indicated that the proton-mediated transfer of UVI species to solution was too fast to
allow the incorporation of O2" species into the UO2 lattice (Torrero et al. 1997).
The partial reaction order with respect to [H+] was interpreted as an indication that complexed
surface species were involved in the dissolution step. This is consistent with impedance
spectroscopy data which clearly showed a response attributable to the presence of surface
intermediates in the dissolution process in acidic solutions (Shoesmith, unpublished data). Based
on steady-state electrochemical dissolution currents, Nicol and Needes (1973) showed that both
anions (in their case SO4") and cations affected dissolution. While the chemical identity of these
intermediates remains obscure, and their nature is likely to change with solution composition,
their presence appears well documented. The fractional dependence of dissolution rate on [O2],
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0.7 claimed for MgCl2 solutions with a pH = 4.5 (Casas et al. 1993), an environment in which
XPS also showed an the absence of an intermediary UO233 layer (de Pablo et al. 1995). In
electrochemical terms, a fractional reaction order is an indication that no clear anodic or cathodic
rate controlling step can be assigned, a concept not at odds with the qualitative argument offered
by Torrero et al. (1997); that O2 (involved in the cathodic reaction 2) and H+ (involved in the
anodic reaction 1) +compete for key surface sites.
3.1.3

Influence of Carbonate

Of all the potential groundwater species, the one most likely to accelerate UO2 dissolution under
the neutral pH conditions expected in a repository is carbonate, a strong complexing agent for the
UO22+ ion (Grenthe et al. 1984),
+ 2CO 3 2 -«UO 2 CO 3 (aq) log K, + 9.5 ± 0.4

(7a)

UO22+ + 2 CO2 • <» UO2(CO3)22' log p2 = 16.6 ± 0.3

(7b)

UO22+ + 3 CO 2 " <» UO2(CO3)43 • log (33 = 21.6 ± 0.6

(7c)

On the basis of electrochemical data it appeared carbonate had no influence on the initial
oxidation of UO2 to UO233. However, XPS analyses of UO2 surfaces after long (100 day)
exposures to carbonate solutions showed a stoichiometry of UO205 (de Pablo et al. 1996), good
evidence that dissolution was not mediated by a significant UO2 33 layer, at least for carbonate
concentrations of ~10~2 mol L"1. As for acidic solutions, de Pablo et al. (1996) interpreted this as
an indication that the transfer of oxidized U species to solution, as UO2+, was sufficiently
accelerated by complexation with carbonate that the incorporation of O2" into a stable oxidized
surface layer did not occur. Such a conclusion is consistent with the PDS and photocurrent
observations which show dissolution can occur as soon as the irreversible oxidation of the
surface commences. As demonstrated by de Pablo et al. (1996) and Torrero et al. (1997),
whether or not an oxidized layer forms is subsequently determined by the relative rates of the
incorporation of O2" to produce UO233 and the ion transfer of UO2+ to solution.
Figure 12 shows anodic dissolution currents measured at different carbonate concentrations.
Line 1 is the fit to the triangular points in Figure 10 and the dashed line 2 is of similar slope but
shifted up by two orders of magnitude in current to illustrate the major influence on dissolution
currents exerted by carbonate. That both the slopes of these log current-potential relationships
and the reaction orders with respect to carbonate concentration change with both potential and
carbonate concentration is a good indication that the mechanistic influence of carbonate is
complex. The presence of surface adsorbed intermediates has been clearly demonstrated by
impedance spectroscopy experiments (Shoesmith et al. 1994a) for concentrations >10"2 mol L"1.
Originally these intermediates were thought to be formed on the surface of an underlying UO233
film but the recent XPS evidence of de Pablo et al. (1996) indicates this is not so. The most
appropriate mechanism for dissolution involving uranyl carbonate intermediates appears to be
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according to the schematics shown in Figure 13:
1)

In the absence of carbonate, corrosion product deposits can accumulate and suppress the
dissolution rate (line 1 in Figure 12);

2)

At low concentrations (< 10~3 mol I/ 1 ) the predominant influence of carbonate seems to
be the thermodynamic ability to increase U O ^ solubility and, hence, to prevent the
deposition of corrosion product deposits (line 2, Figure 12);

3)

For intermediate concentrations (10 3 mol L"1 to KT1 mol L"1), HCO3/CO3" is kinetically
involved, via the formation of surface intermediates, in the dissolution process; and

4)

For high concentrations, the presence on the surface of a phase such as UO2CO3 begins to
limit the rate of dissolution and the reaction becomes much less dependent on carbonate
concentration.

3.1.4

Influence of Other Potential Groundwater Species

The other critical groundwater species are those which will retard dissolution by enhancing the
formation of corrosion product deposits with extremely low solubilities. Of the potential
groundwater species the ones most likely to lead to the formation of insoluble deposits are Ca
and Si.
Electrochemical experiments followed by XPS analyses show that the incorporation of these two
species into corrosion product films at oxidizing potentials (i.e., in region A of Figure 10) leads
to the rapid suppression of dissolution currents. Figure 14 shows values of the charge associated
with the subsequent electrochemical stripping of these corrosion product deposits. This charge is
an effective measure of the thickness of the corrosion product deposit assuming it to be evenly
distributed across the surface. At all potentials in region A (< 0.4V in this case), the films formed
in Standard Canadian Shield Saline Solution (containing 3.7 x 10 1 mol. L"1 of Ca2+ and
5.4 x 10"4 mol. L"1 of Si4+) are thinner (meaning less alteration has occurred) than those formed in
simple electrolytes not containing Ca2+ and Si4+, and, although not apparent from this figure,
more able to protect the underlying UO2 from dissolution (Luht 1998). They also continue to
thicken at very positive potentials (indicative of extreme oxidizing conditions) thereby
preventing the transition to region B (> 0.4V) and the development of aggressive local acidic
conditions.
Based on the above discussion, we can define the behaviour to be expected on the surface of fuel
as a function of potential, whether this potential be applied electrochemically, as was the case in
most of the experiments described, or achieved naturally by exposure of the fuel to an
environment of known redox condition.
1)

-800 mV <E <-400 mV; oxidation of sub-mono layer quantities of surface material,
possibly concentrated in grain boundaries.
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2)

-400 mV < E <-100 mV; irreversible oxidation of the UO2 lattice to UO2+X occurs with
both x and the depth of oxidation increasing with potential to a limiting composition of
~UO 2.33/UO2.4 at -100 mV. Dissolution as UO2+ begins at —300 mV (in neutral to
slightly alkaline solution). Both oxidation and dissolution appear to start preferentially in
grain boundaries if these sites are hyperstoichiometric.

3)

- 1 0 0 m V < E < +300 mV. Oxidation, dissolution and the accumulation of corrosion
product deposits occurs. The balance between dissolution and the formation of corrosion
product deposits varies with pH, solution composition and the local transport regime.
a) In non-complexing neutral solutions, corrosion product deposits accumulate and block
fuel dissolution;
b) For pH <5, corrosion product deposition no longer occurs, oxidation to UO 233 is
prevented, and, hence, dissolution accelerated.
c) In neutral solutions containing sufficient HCO3VCO3" (> 10"3 mol. L"1), UO 233 does not
form, corrosion product deposits are avoided, and dissolution accelerated.
d) In Ca/Si containing groundwaters the formation of protective corrosion product
deposits is reinforced.

4)

E > + 300 mV; rapid dissolution leads to the development of local acidity causing grain
boundary etching and pitting. The dissolution rate increases since corrosion product
deposition is prevented.

3.2

CORROSION BEHAVIOUR OF UP,

The corrosion behaviour of UO2 in near neutral to alkaline solutions, the environment expected
to prevail in most waste repositories2, can be summarized in terms of the schematic of EC0RR as a
function of time shown in Figure 15. The reaction sequence shown has been demonstrated for
open-circuit corrosion conditions by electrochemical and XPS experiments and is identical to the
sequence determined electrochemically and summarized above (Shoesmith et al. 1989, Sunder
et al. 1992, de Pablo et al. 1996). This relationship between ECORR and surface composition is
clearly shown in Figures 16 and 17, which show the cathodic film charge (directly proportional
to film composition and thickness)3 and the stoichiometry of the UO2 surface as a function of
ECORR. These values were determined after exposure to gamma irradiated solutions in which each
experiment was stopped at a different value of ECORR, irrespective of whether this value was
achieved quickly at high dose rates or slowly at low dose rates (Sunder et al. 1992). The growth
and change in composition of the film (up to ~ UO2 33/UO24) over the potential range —400 mV
to ~ 0 mV is clearly shown. For higher values of EC0RR the accumulation of a predominantly U^
deposit (i.e., high values of the U^/U™ ratio) occurs once a steady-state value of ECORR is
achieved.
2

Repositories with Mg - containing brines, when the pH could be <5, may be the only exception.
A charge, Qc ~8 mC, on the electrode used would be equivalent to a surface film thickness of 4 ran to 8 nm,
depending on the film composition assumed.
3
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This form of ECORR - time curve has been obtained in a wide range of environments including
aerated solutions (Shoesmith et al. 1989, Sunder et al. 1991), H2O2 solutions (Shoesmith
et al. 1985), gamma and alpha radiolytically-decomposed solutions (Sunder et al. 1992, Sunder
et al. 1997b) and on spent fuel (Shoesmith et al. 1996b) and SIMFUEL electrodes (Shoesmith et
al 1994b). The rate at which the steady-state EC0RR value ((ECORR)SS) is achieved is a measure of
the kinetics of the fuel oxidation reaction (UO2 -» UO2.33/UO2.4). This evolution of EC0RR with
time was determined on UO2 specimens cleaned of air-formed surface oxides by cathodic
reduction. Real fuel surfaces would be expected to be covered by air-formed films, and the
evolution of ECORR would not proceed from such a negative value of ECORR. However, the steadystate condition, represented by (ECORR)SS, would be the same for all surfaces, whether unprepared
or cathodically reduced.
The value of (ECORR)SS is an indication of the relative balance of the kinetics of the anodic and
cathodic half reactions (reactions (1) and (2)). Values of (ECORR)SS can be used with appropriate
values of electrochemically -determined steady-state dissolution currents (as plotted in
Figures 10 and 12) to determine fuel dissolution rates. The procedure, the well-known Tafel
extrapolation, is illustrated in Figure 18.
One point worth noting at this juncture is that the electrochemically determined reaction order for
a particular reactant (e.g., carbonate from Figure 12) will not necessarily translate, by an
extrapolation as shown in Figure 18, to an identical reaction order for the overall corrosion
process. This is because the log current-potential plot represents the kinetics of the particular
half reaction (anodic or cathodic) while (ECORR^ is determined by the relative kinetics of both
half reactions. This issue has been dealt with in more detail elsewhere (Shoesmith and
King 1998).

4. MECHANISM OF REDUCTION OF VARIOUS QXIDANTS

The rate of fuel corrosion will be dictated predominantly by the nature and concentration of
environmental and radiolytic oxidants. The primary oxidants will be O2, supplied to the
repository by transport from the external environment, and the products of the alpha, beta and
gamma radiolysis of water contacting the fuel. A significant amount of effort has gone into the
determination of the mechanism of reaction of these various oxidants with UO2 fuel.
4.1

REDUCTION OF O2

The cathodic reduction of O2 is a notoriously slow reaction (Hocking et al. 1991), due to the need
to break the strong O-O bond, and on oxide surfaces inevitably involves catalysis by mixed
oxidation states available in the surface of the oxide (0'Sullivan and Calvo 1987). Based on the
theory of Presnov and Trunov (1975), developed to explain the reduction of O2 on transition
metal oxides with p-type semiconductivity, these mixed oxidation states are donor-acceptor sites.
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above U (V) or U (IV).
The process is illustrated schematically in Figure 19 A. The oxidized U atom in the surface
accepts an electron from the bulk of the oxide and subsequently donates it to an O2 atom
adsorbed under Langmuir conditions. The first-order dependence of the overall reduction
reaction on [O2] and large Tafel slopes (dE/dlogi) clearly indicate that the first electron transfer
step is rate-determining. Subsequent reduction of the adsorbed superoxide ion to hydroxide ion
then proceeds rapidly via a series route involving single electron and proton transfer steps.
The large measured Tafel slope (180 to 240 mV), and the variation of this slope with potential,
suggest a dependence of O2 reduction kinetics on the surface composition of the fuel and its
variation with potential (Hocking et al. 1994). Consequently, we would expect the kinetics of O2
reduction to change with redox conditions since the composition of the fuel surface (i.e., the
number of available UIV/UV or UV/UVI sites) varies from UO2 to UO2 33 as the oxidant
concentration varies (Sunder et al. 1992). This is confirmed by the observed increase in O2
reduction current as the number of these sites is increased by oxidation of the fuel surface after
natural corrosion in aerated solutions (Hocking et al. 1991) as shown in Figure 20. This
influence of surface oxidation on O2 reduction is illustrated schematically in Figure 19B. More
extensive oxidation of the surface leading to the accumulation of deposited corrosion products
causes a suppression of the O2 reduction current (Hocking et al. 1991) suggesting blockage of the
donor-acceptor sites.
Enhanced non-stoichiometry of the fuel, due to either incomplete sintering during fabrication or
changes induced by in-reactor exposure, can also change the kinetics of O2 reduction (Betteridge
et al. 1997). If this non-stoichiometry is inhomogeneously distributed, i.e., located within grain
boundaries or present as derivative phases throughout the structure (e.g., U4O9.y), then the rate of
O2 reduction will vary from site to site (Shoesmith et al. 1996b). This is particularly noticeable
under oxidizing conditions since the rate of fuel oxidation (and, hence, the number of donoracceptor sites) increases rapidly with an increase in degree of non-stoichiometry (Betteridge
etal. 1997).
Two effects of in-reactor fission are expected to influence the kinetics of O2 reduction: (i) the
formation of rare earth (RE) elements (e.g., Y, Nd in the 3+ oxidation state) in solid solution with
U (predominantly in the 4+ state); and (ii) the formation of noble-metal particles (Ru, Mo, Rh,
Pd) predominantly present as segregants on the grain boundaries. These particles, known as the
s-phase, are present as a hexagonal close-packed alloy with an average composition (in at.%) of
Ru-47/Mo-28/Pd-22/Rh-3. The introduction of RE3+ species leads to the conversion of an
equivalent amount of U4+ to U5+ (i.e., the creation of donor-acceptor sites), as shown
schematically in Figure 19C.
The influence of these effects on the kinetics of O2 reduction has been studied using a range of
SIMFUEL specimens in which the chemical effects of fission products were replicated by
incorporation of 11 stable elements (Ba, Ce, La, Mo, Sr, Y, Zr, Rh, Pd, Ru and Nd) in suitable
proportions to simulate various burnup levels (Betteridge et al. 1997). The results of these
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on the kinetics of O2 reduction, the presence of the noble metal segregants has a very major
effect, Figure 19D. This enhancement suggests the noble-metal particles have similar
electrocatalytic properties to the metals incorporated in the alloy. The elements Pd, Rh and Ru
all possess greater reactivity than UO2 for O2 reduction by factors ranging from <102 (Ru) to
>10 4 (Pd).
Since corrosion of fuel will proceed most rapidly for the most oxidizing conditions, the critical
surface state is that present under these conditions. Consequently, the current-potential
relationships recorded on the naturally corroded surfaces are the most relevant. However, while
natural corrosion leads to the catalysis of O2 reduction on UO2 it suppresses this reaction on
SIMFUEL surfaces, Figure 21. The currents turn out to be approximately the same on both
oxidized surfaces. This suggests that the ability of the noble metal s-particles to catalyze O2
reduction is lost by the formation of a passive film. An attempt to represent these conflicting
effects on UO2 and the s-particles is shown in Figure 22. Based on these observations, the
presence of s-particles in spent fuel specimens would not be expected to exert any significant
influence on their dissolution properties under oxidizing conditions.
Measurements of ( E C O R ^ as a function of O2 concentration show a dependence on O2
concentration which translates, via the extrapolation shown in Figure 18, to a prediction that the
fuel corrosion rate in neutral non-complexing solutions will be close to first order with respect to
O2 (Shoesmith and Sunder 1991).
4.2

REDUCTION OF H,O2

There is good evidence to indicate that H2O2 reduction is a significantly faster reaction than O2
reduction. Thus, measurements of the rate of change of EC0RR in neutral solutions show that the
oxidation of UO2 to UO2 33 is ~200 times faster in H2O2 than in a solution containing an equal
concentration of O2 (Shoesmith et al. 1985). Also, the current for H2O2 reduction is one to two
orders of magnitude larger than for O2 reduction at the same applied potential, Figure 23.
Despite this clear evidence that H2O2 reduction is fast and able to drive the oxidation of UO2
much faster than O2 reduction, the next step in the overall corrosion process, the oxidative
dissolution of UO2 33 to soluble UO2+, appears to proceed at roughly the same rate irrespective of
which oxidant is present. This is based on the observation that (ECORR)SS does not vary with H2O2
concentration over the range 10"4 mol. L"1 < [H2O2] < 10'2 mol. L'1 (Shoesmith and Sunder 1991),
Figure 24. The most probable explanation for these observations is that the reduction of H2O2
couples more readily to H2O2 oxidation (to yield the decomposition products, H2O and O2) than it
does to the oxidation of UO233 to yield UO2+. That H2O2 decomposition can occur has been
demonstrated under corrosion conditions by Christensen et al. (1990) and under electrochemical
conditions by Needes and Nicol (1973).
According to this scheme, H2O2 would be rapidly decomposed on the fuel surface and the
corrosion rate subsequently determined by reaction of the fuel with the decomposition product,
O2. Since the local concentration of O2 at the fuel surface will be regulated by its solubility it is
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attempt to represent this situation schematically is shown in Figure 25 A. That such a reaction
should occur on a UO2 33 (U2IVUVIO7) surface is not unexpected since H2O2 decomposition is
known to be catalyzed on oxide surfaces containing mixed oxidation states, as illustrated
schematically for UO2+X in Figure 25B (Shoesmith and Sunder 1991).
The redox buffering of the fuel surface by hydrogen peroxide is lost under a number of
circumstances. For concentrations >10"2 mol. L"1, (ECORR)SS increases with peroxide concentration
suggesting that the fuel corrosion reaction is becoming more important than H2O2 decomposition,
Figure 24. The rate of corrosion for this concentration range is predicted to have a first order
dependence of H2O2 concentration, consistent with the observations of Gimenez et al. (1996).
Again, in agreement with the above observations, they measured the rate to be independent of
[H2O2] between 10"2 and 10"3 mol. L"1.
Interestingly, this positive shift in (ECORR)SS is prevented by the addition of carbonate, and the
(ECORR)SS remains effectively independent of [H2O2] to concentrations up to nearly 1 mol.L"1
(Shoesmith and Sunder 1991). The accumulation of a corrosion product deposit, indicated by an
increase in U(VI) to U(IV) ratio measured by XPS, observed in this concentration range when
carbonate is not present, is prevented when it is. Also, when carbonate is present, the
accumulation of gas bubbles on the fuel surface confirms that H2O2 decomposition is occurring
rapidly for [H2O2] >10"2 mol.L1. This last observation indicates that, when carbonate is present,
the condition of redox buffering of the UO2 surface persists to very high [H2O2]. This suggests
that, in the absence of carbonate, the accumulation of a corrosion product deposit blocks those
surface sites required to catalyze H2O2 decomposition, Figure 25A. The very positive potentials
achieved at high [H2O2], Figure 24, approach those for which local acidic conditions are
anticipated, Figure 10. When carbonate is present, not only would the deposition of corrosion
products be prevented, but any attempt to decrease the pH at the electrode surface would be
neutralized.
Some support for this argument that the positive shift in ECORR may be attributable to the
development of local acidity underneath a corrosion product deposit comes from the effect of pH
on (ECORR)SS measured in H2O2-containing solutions. As the pH is decreased, ECORR becomes
much more positive, achieving values of ~200 mV for pH ~7 and >400 mV for pH < 2
(Shoesmith and Sunder 1991). In the pH range 4 to 6.5, Diaz-Arocas et al. (1995) observed
aggressive attack of UO2 in H2O2 solutions as well as the accumulation of a corrosion product
deposit. This deposit was identified as studtite (UO4. 4H2O2).
4.3

REDUCTION OF RADICAL OXIDANTS PRODUCED BY
THE B/v-RADIOLYSIS OF WATER

Given that the rate of H2O2 reduction (a 2 electron process) is fast compared to that of O2
reduction (4 electrons), we would anticipate that the reduction of radical species (OH% O^
( 1 electron), produced by the p/y-radiolysis of water, would be even more rapid. Corrosion rates
as a function of y-dose rate, predicted using the procedure shown in Figure 18, demonstrate that
this is indeed the case (Shoesmith and Sunder 1991). These results show, Figure 26, that, for a
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i.e., approximately proportional to the sum concentration of radiolytic oxidants.
A possible explanation for this first-order dependence is that the reaction of radical oxidants with
UO2 is diffusion-controlled with all the radicals produced within a thin reaction layer directly
adjacent to the fuel surface reacting with it, as illustrated schematically in Figure 27. The
thickness of this reaction layer (x) is determined by the diffusion coefficient of the radical (Dr)
and its effective lifetime (x),
x=(2,Dr,x

(9)

where x represents the kinetic balance between the rate of radiolytic production of the radical and
its rate of consumption by homogeneous reactions in solution. The thickness of this reaction
layer will vary with the nature of the species and the dose rate. Thus, for the OH radical, x varies
from -16 |im to ~44 urn for a change in dose rate from 280 Gy.h"1 to 5 Gy/h (Christensen
et al. 1994). As indicated in Figure 27, P is a low-linear energy transfer (LET) form of radiation
whose range in aqueous solution will not be substantially greater than the reaction layer
thickness.
In a number of experiments at high y-dose rates ( ~102 Gy.h"1) (ECORR)SS values >300 mV were
obtained (Sunder and Shoesmith, unpublished data). The attainment of these positive potentials
was accompanied by the accumulation of corrosion product deposits (indicated by XPS
measurements) and the generation of a bulk solution pH <4. It would appear that sufficiently
high Y-dose rates can drive EC0RR into the potential range (region B hi Figure 10) when local
acidic conditions can be sustained in cracks, fissures, grain boundaries, and pits created by
missing grains.
4.4

REDUCTION OF MOLECULAR OXIDANTS PRODUCED BY
THE a-RADIOLYSIS OF WATER

By contrast to p/y-radiation, a-radiation is a high LET (linear energy transfer) form of radiation
which deposits all its energy in a layer of solution ~25 um thick adjacent to the fuel surface to
produce predominantly the molecular oxidants H 2 0 2 and O2. A combination of measurements
(Bailey et al. 1985, Sunder et al. 1997b) and calculations (Wren et al. 1998) show that the
corrosion behaviour of the fuel exposed to a-radiolytically decomposed water is very similar to
that observed in the presence of H2O2. For oc-source strengths >250 uCi, (ECORR)SS becomes
independent of source strength Figure 28. Calculations of the [H2O2] generated at these source
strength values in the cell used to make the measurements show they are in the concentration
range where (ECORR)SS is expected to be independent of [H2O2] (Figure 24). This similarity
appears to confirm that the radiolytically produced H2O2, and its decomposition to O2 and H2O,
will be the dominant effects on fuel corrosion in the presence of a-radiation.
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>130 mV and increasing was obtained (Wren et al. 1998) suggesting that there is a possibility of
local acidification at sufficiently high ct-dose rates.

5. THE INFLUENCE OF VARIOUS PARAMETERS ON FUEL CORROSION

A wide range of studies of fuel dissolution have been published. Since potential repository
environments range from wet to dry, oxidizing to anoxic, and from dilute to saturated saline
groundwater conditions, the results of all these studies are not directly applicable to all repository
environments. In many cases, specific parameters deemed important for a particular
environment were studied. In this section the influence of various parameters on fuel dissolution
will be reviewed with the predominant influence being on fuel corrosion as opposed to
radionuclide release, since the release rate of the majority of radionuclides will be controlled by
the matrix dissolution process. In this regard, this review deals primary with those parameters
most likely to influence the release of radionuclides in categories (2) and (3) of Section 2.
The following specific areas and parameters are discussed; the intrinsic fuel dissolution rate, fuel
preoxidation, pH, O2 concentration, dependence on carbonate concentration, temperature,
radiolysis, a comparison of unirradiated UO2 and spent fuel (including the influence of spent fuel
burnup), and the formation of secondary phases as corrosion product deposits.
5.1

INTRINSIC CORROSION RATES

The intrinsic dissolution rates of unirradiated UO2 and spent fuel have been determined using a
single-pass flow-through method described by Gray et al. (1994). The advantage of the singlepass, flow-through technique is that flow rates and specimen size can be controlled so that the
UO2 dissolves under conditions that are far from solution saturation. This minimizes the effect
of the precipitation of dissolved products on the rate. Under such conditions, the steady-state
dissolution rates are directly proportional to the effective surface area of the specimen and,
subsequently, the dependence of UO2 dissolution kinetics on parameters such as pH, temperature,
O2, and HCO3/CO3' can be evaluated. Besides Gray et al. (1994), this experimental technique
has been successfully applied by Tait and Luht (1997), de Pablo et al. (1996, 1997), Bruno
et al. (1995), and Steward and Mones (1997).
Using carefully prepared UO2 powders from the same source in three different laboratories
(Pacific Northwest National Laboratories (PNL, Richland (USA)), Lawrence Livermore National
Laboratories (LLNL, Livermore (USA)) and Whiteshell Laboratories (WL, Pinawa (Canada)),
the measured rates were 2.2 ± 0.5 (PNL), 5.5 ± 2.7 (LLNL) and 1.5 ± 0.9 (WL) mg. m^d 1 . The
predominant source of error was the accurate determination of fuel surface area, a measurement
complicated by uncertainty over the extent of solution penetration into grain boundaries (Gray et
al. 1993). While not a major problem for this comparison of measurements of UO2 from the
same source, it is a problem when attempting to compare rates on fuel specimens from different
sources.
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5.2

PRE-OXIDATION OF FUEL

Early waste package failure could lead to the dry oxidation of UO2. For disposal scenarios in
which fuel temperatures are high (i.e., »100°C), which is the proposed condition for the Yucca
Mountain (USA) repository, fuel oxidation could be extensive. Oxidation of the fuel to U3O8
would lead to break up of the fuel grains and to a substantial increase in volume (by a factor of
1.35). This expansion would place stress on the fuel cladding which could lead to its unzipping,
and to the eventual exposure of a large surface area of fuel to water. Gray and Thomas (1994)
estimated this increase in fuel surface area to be approximately a factor of 150. The mechanism
of this process, including the all important temperature dependence, has been reviewed in detail
in the Waste Form Characteristics Report (Stout and Leider 1997) and by Hanson (1998). While
potentially a dangerous situation, Siegmann (1997) has presented calculations to show the
process is avoidable providing waste package containment is assured for only 100 to 150 years.
A more likely possibility is that waste package and cladding failure will expose the fuel to
aerated moist environments and that preoxidation will occur by reaction with aerated steam.
Johnson and Taylor (1998) have reviewed Canadian spent fuel storage tests in which this process
occurred (at 150°C), and Taylor and coworkers have studied the oxidation of unirradiated UO2 in
air-steam mixtures (generally above 200°C) (Taylor et al. 1989,1991, 1995). A critical finding
of these studies was that oxidation occurred preferentially in the grain boundaries, a process that
could eventually lead to breakup of the fuel pellets. This preferential grain boundary attack
seemed particularly evident in spent fuel specimens in which it may have been exacerbated by
radiolytic effects (Wasywich et al. 1993).
In the fuel storage experiments at 150°C, the oxidation product was not U3O8, as observed after
oxidation in dry air at higher temperatures, but a thin layer of U3O7 followed by fuel alteration to
U(VI) oxide hydrates. In both the short term tests with unirradiated UO2 and the long term tests
with spent fuel these alteration products accumulated within the reactive grain boundaries. In the
spent fuel tests some evidence existed to suggest their formation in the confined volumes within
grain boundaries stifled the fuel oxidation/dissolution process.
Under fully immersed conditions, the effect of preoxidation on the fuel dissolution rate appears
to be minor (Gray and Thomas 1994). Prior to immersion, spent fuel specimens (ATM-105, a
moderate burnup, low fission gas release fuel, and ATM-106, a high burnup, high fission gas
release fuel) were pre-oxidized in air at 110 to 200°C to give surface stoichiometrics of ~UO 24
(U4O9+X with no indication of U3O8 formation). The influence on the corrosion rate of ATM-105
was minor and that of ATM-106 increased by a factor of ~5. It was proposed that this increase
was due to the greater accessibility for preoxidation of the grain boundaries in this high fission
gas release fuel. For unirradiated UO2 the increase in corrosion rate on oxidation to U3O7 and
U3Og was only a factor of two to four once the increase in surface area on oxidation to U3Og was
accounted for. More recently, Gray (1998) showed there was little difference in the dissolution
rates of three different preoxidized (up to U4O9+ X) spent fuel specimens.
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UO3H2O, measured using the single-pass, flow-through system. The order of rates was
R
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For UO3.H2O the rate was at least an order of magnitude higher than for U3Og, while that for UO2
was only a factor of two less than for U3O8. The rate for UO3.H2O was also strongly dependent
on [CO3], consistent with the strong dependence on carbonate of the dissolution of soddyite,
another fully oxidized uranium oxide ((UO2)2 SiO4 2H2O)) (Perez et al. 1997).
This marginal effect of preoxidation up to the U3O8 stage is not surprising in view of the
mechanism for UO2 dissolution presented above for oxidizing conditions. The preoxidation of
UO2 to UO233/UO24 (Section 3.1) guarantees that, irrespective of the surface stoichiometry prior
to exposure to water, the fuel surface achieves effectively the same composition that would be
established by the aqueous oxidation of non-preoxidized fuel before dissolution commences.
Since corrosion potential measurements indicate that this preoxidation step (UO2 —> UO2 33) also
occurs on spent fuel (Shoesmith et al. 1996c) prior to dissolution, it is unlikely that unirradiated
UO2 and spent fuel will exhibit significantly different corrosion rates. This issue will be
addressed in more detail below.
It can be concluded that preoxidation will not lead to an increase in the intrinsic dissolution rate
of spent fuel under oxidizing conditions, although the overall U release rate could increase if
preoxidation in moist air leads to preferential oxidation of the grain boundaries and, hence, to the
exposure to groundwater of a greater surface area of fuel.
5.3

EFFECT OF pH

Based on the discussion in Section 3.1.1 above, no significant influence of pH on corrosion rate
would be anticipated in the range 5 < pH <10 likely to prevail in all repositories except those
inundated with saturated Mg-containing brines (when a pH <5 is obtained). Within this pH
range, the solubility of the U(VI) corrosion product is at a minimum and independent of pH
(Grenthe et al. 1992), Figure 3. This independence of corrosion rate on pH is clearly shown in
the measurements of Thomas and Till (1984) using UO2 fuel pellets, as well as in the more
extensive series of experiments in which dissolution rates measured on U3O8 were compared to
previously measured rates on UO2 and spent fuel (Steward and Mones 1997). Based on
regression fits to their data set obtained in a statistical set of experiments over the pH range 8 to
10, the latter authors obtained the following relationships for dissolution rates (r in mg.m'M"1).
log ru

0

= 7.951 + 0.6492 log[CO3 ] + 0.1065 log[H+] - 1333 T"1

log rUO2 = 5.825 + 0.2260 log[CO3 ] - 0.1571 log[H + ] - 1734 T 1
+

(11)
1

log rSF = 7.202 + 0.2260 log[CO3 ] + 0.0905 log[H ] - 1628 T"
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dependence on pH is minor to insignificant.
5.4

DEPENDENCE ON O, CONCENTRATION

Figure 29 shows the dependence of corrosion rate on dissolved oxygen concentration determined
by different researchers for a range of solution conditions. In neutral carbonate solutions, Tait
and Luht (1997) and Steward and Weed (1994) obtained a reaction order of ~0.7 and a similar
value was obtained for pH = 4.5 in MgCl2 brine (Casas et al. 1993), although, in the last case the
actual corrosion rates are significantly lower. Based on electrochemical measurements of
current-potential relationships in carbonate solutions, a reaction order between 0.67 and 0.8 is
predicted (Shoesmith and King 1998), in excellent agreement with measurements. At odds with
these values is the reaction order measured electrochemically (based on the procedure in
Figure 18) in non-complexing neutral solutions, Figure 29, when a reaction order of ~1 was
obtained. Thomas and Till (1984) in neutral granitic groundwater, Grambow et al. (1996) at pH
= 7.7 in NaCl and Grandstaff (1976) in neutral water, also measured a first order dependence on
O2 concentration.
There appears to be a clear distinction in these measurements between the reaction order
determined in complexing and acidic solutions, when dissolution of UO2+ occurs directly from a
"clean" UO2 surface and that recorded in non-complexing neutral solutions, when dissolution
occurs from a UO2 33 surface and there is a strong possibility that the corrosion product deposits
could, at least partially, block the fuel surface. Exposure of a "clean" UO2 surface allows O2
reduction to be catalyzed by the U(VI) and/or U(V) sites present in the fuel surface (Figure 19A).
If these sites are partially blocked, then it is possible this could lead to the polarization
(retardation) of the O2 reduction reaction, which would be manifested in a decrease in the log
current-potential slope and, hence, an increase in the reaction order. Such a retardation of the O2
reduction reaction has been observed electrochemically when small amounts of corrosion product
deposit are present on the fuel surface (Hocking et al. 1991). While this argument for a first
order dependence on [O2] due to partial blockage of surface sites is reasonable, it must be
acknowledged that the accumulation of corrosion product deposits affects the anodic fuel
dissolution reaction (reaction 1) also. As a consequence, there is a possibility that widely
varying, and not simply interpretable, reaction orders could be obtained.
The reaction order with respect to O2 for spent fuel is lower than for UO2, Figure 29. This is due
to the increased rate measured at the lowest O2 concentration. Tait and Luht (1997) attribute this
to the support of corrosion by radiolysis which is more apparent at the lower O2 concentration.
An even more marked suppression of any dependence on [O2] was observed for the corrosion of
LWR fuel by Steward and Gray (1994). At room temperature, the rate was almost independent
of O2. While a suppressed reaction order with respect to O2 is consistent with a radiolytic effect,
the total absence of any dependence suggests a possible influence of corrosion product deposits
as suggested above.
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DEPENDENCE ON CARBONATE CONCENTRATION

Figure 30 shows a comparison of corrosion rates as a function of carbonate concentration
measured using the single-pass flow through apparatus and electrochemically using the
procedure outlined in Figure 18. Except for the early preliminary electrochemical data
(Shoesmith et al. 1989) the reaction order with respect to carbonate is 0.4 to 0.6. The value
predicted electrochemically by the same procedure used to predict the reaction order with respect
to O2 (Shoesmith and King 1998) is 0.33 to 0.4. Both measured and predicted values are
consistent with the previously published literature values of 0.53 (Hiskey 1979) and 0.46
(Hiskey 1980). In single-pass flow-through experiments at very low O2 concentration (2 ppb),
Tait and Luht (1997) clearly showed there was no dependence of the corrosion rate on carbonate
concentration.
While this agreement between experiment and prediction is gratifying, it hides a host of issues
when trying to define a single reaction order to express the dependence of corrosion rate on
carbonate concentration. Since carbonate is a strong complexing agent for UO^, but not for U4+,
which is preferentially hydrolyzed (Table 6.1 in Shoesmith et al. 1994), it would not be expected
to accelerate corrosion significantly under marginally oxidizing conditions, as observed.
However, this means that the dependence on carbonate will change with redox conditions;
i.e., the rate of oxidation to produce UO^ will become more rate determining as these conditions
become less oxidizing and the dependence of the overall corrosion rate on [CO3] will decrease.
A second well documented change in the dependence of the rate on carbonate concentration
occurs with temperature. An increase in temperature to only 40°C changes the reaction order
from the room temperature (20 to 25°C) value of 0.4 to a value of 0.6 to 0.7 (Thomas and
Till 1984, de Pablo et al. 1997). This has been shown by de Pablo et al. (1996) to be due to a
switch in the rate determining step from the rate of surface oxidation to the rate of UO2+ ion
transfer to solution, the latter being a step aided by complexation with carbonate. In corrosion
science terms it would be said that control of the overall corrosion process had switched from the
cathodic (O2 reduction; reaction 2) to the anodic (UO2* dissolution; reaction 1) reaction.
These complications are undoubtedly reflected in the relatively low dependence of the corrosion
rate on carbonate obtained by Steward and Mones (1997), Eq. (11), based on a fit to a data set
which encompasses many of these mechanistic changes within the range of the experimental
design of parameters (i.e., 25°C < T < 75°C; 2 x 10"4 mol.L1 < [HCO3] < 2 x 10"2 mol. L"1).
As expected, Steward and Mones (1997) found that the dependence on [CO3] of the corrosion
rate increased in the order,
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This combination of a lower dependence of spent fuel corrosion rate on both [CO3] and [O2] (see
previous section) compared to those obtained on unirradiated UO2 suggests the rate of oxidation
of spent fuel may be lower than that of UO2. However, the similarities in corrosion rates for
these two specimens suggest this different balance in the kinetics of the anodic and cathodic
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reactions does not have a major effect overall. The difference in reaction orders with respect to
carbonate between UO2 and U3Og suggests that the anodic reaction (UO2+ dissolution) is slower
than the cathodic reaction (O2 reduction) for U3O8 at room temperature. This is not surprising
considering oxidation of only one in three U atoms is required for corrosion in the case of U3O8.
Additionally, for this solid the two oxidized uranium species already exist within the solid as
UO2+ entities (Shoesmith et al. 1994) and their transfer to solution in a reaction involving
carbonate would be expected to be rapid, a process that could subsequently facilitate oxidation of
the remaining U(IV) atom. This would suggest that the observed increase in corrosion rate of
U3O8 compared to UO2 (a factor of 3 to 5) is a real difference in intrinsic dissolution rate.
The extremely high (relatively speaking) dissolution rate of UO3»H2O and the strong dependence
on carbonate concentration reflect both the thermodynamic driving force provided by the
increased solubility due to complexation of UO2+ by carbonate, reactions (7a) to (7b), and the
absence of any need for an oxidation step; i.e., this is a chemical dissolution not a corrosion
reaction. A similar strong dependence of dissolution rate on carbonate concentration was
observed for the U(VI) containing phase, soddyite (Perez et al. 1997). This particularly strong
dependence of dissolution rate for fully oxidized U phases on carbonate illustrates that the
primary influence of carbonate will be to prevent the formation of corrosion product deposits.
The influence of carbonate on the intrinsic corrosion rate of the fuel is less marked but still a
significant influence over the concentration range 10"1 to >10~' mol L"1.
5.6

INFLUENCE OF TEMPERATURE

An early review of the literature (Sunder and Shoesmith 1991) showed that the activation energy
(EA*) for UO2 corrosion depended very much on the environment in which the measurements
were made. When measured in acidic solutions, generally with oxidants such as Fe(III), V(V)
and H2O2, values in the range 50 to 67 kJ mol"1 were obtained. For carbonate solutions in the pH
range 8 to 10, and usually with the oxidant O2, the range of values covered 42 to 63 kJ mol"1. In
non-complexing neutral solutions, the range of measured values was significantly lower, 29 to
34 kJ mol"1. Recent measurements have proven consistent with these classifications. Tait and
Luht (1997) obtained an activation energy of 47 kJ mol"1 measured in aerated carbonate solutions
using the single-pass flow through technique. Thomas and Till (1984) and Park and Lee (1996)
obtained values of 20 kJ mol"1 and 26 to 31 kJ mol"1 in distilled water and in a borate buffered
granitic ground water (pH = 6), respectively. In granitic ground water (containing 2130 mg L 1
of Ca2+) Thomas and Till actually found a suppression of the corrosion rate with temperature, an
observation attributable to the formation of a mineralized deposit. The formation of such
adherent mineral deposits leading to the blockage of fuel dissolution at 90°C in a Mg2+
containing groundwater was also observed by Lahalle et al. (1990).
The evidence for the formation of secondary deposits at higher temperatures suggests that the
low activation energy obtained in non-complexing neutral groundwaters can be attributed to the
partial suppression of dissolution by the accumulation of a corrosion product deposit. The
acceleration of dissolution by an increase in temperature would be counter balanced by the
increased accumulation of U(VI) phase deposits, especially if the latter have an inverse
dependence of solubility on temperature (Plyasunov and Grenthe 1994). An attempt to depict
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corrosion product deposition is prevented and activation energies more typical of an uninhibited
oxide dissolution process are obtained (40 to 100 kJ mol"1, Segall et al. 1988, Gorichev and
Kyprianov 1984), Figure 3 IB. It should be noted that, in the figure, dissolution in carbonate
solutions is depicted as proceeding through a surface layer of UO233. This would be anticipated
at relatively low [CO3], but not at higher concentrations.
This explanation, however, ignores the changes shown to occur in the underlying layer as the
temperature increases. Using Rutherford Back Scattering, Matzke and Turos (1991) and
Matzke (1996) showed that the thickness of the UO233 layer increased from 5 to 8 nm at room
temperature to a few hundred nm (100 to 500 nm, depending on temperature and time of
exposure) for temperatures between 150°C and 200°C. These film thicknesses were not
measured under steady-state conditions and it is likely that even thicker films would eventually
form. A dependence of thickness on the square root of time (t) was observed at these
temperatures, consistent with control of the oxide growth by O2~ diffusion through the surface
UO2 33 layer. Unfortunately, no estimate of film thicknesses have been made for the intervening
temperature range of most interest to fuel dissolution processes.
In carbonate solutions, the influence of temperature is more complex than illustrated in the
simple schematic in Figure 3 IB. Steward and Mones (1997) noted when fitting a large data set
obtained from a statistical design of experiments that temperature and carbonate concentration
showed a significant interaction and that the addition of cross terms for these interactions
substantially improved their data fit. They also noted that the influence of carbonate increased
with temperature. This is not surprising since de Pablo et al. (1996, 1997) have shown that a
number of mechanistic features of the dissolution process change with temperature and carbonate
concentration. For a sufficiently high carbonate concentration, the intermediate UO2 33 layer does
not form, a feature not incorporated in the simple schematic in Figure 3IB. They have also
shown that a change in mechanism occurs over the temperature range 20°C to 75 °C, making any
activation energy determined over this range only an apparent value.
5.7

EFFECT OF WATER RADIOLYSIS

5.7.1

p/y-Radiolvsis

Figure 32 compares corrosion rates for unirradiated UO2 measured as a function of y-dose rates
in aerated/oxygenated solutions. This plot includes data from electrochemical experiments
(Shoesmith and Sunder 1991), single-pass flow-through experiments (Tait and Luht 1997) and
data from the literature (Gromov 1981, Christensen et al. 1990). Although included in the figure
the data of Gromov in alkaline carbonate solutions seem unrealistically low, and they are not
considered further. The dependence of corrosion rate on dose rate is expressed empirically by
the slope of these plots. While the dependence observed by Gromov is similar to that determined
electrochemically that from single-pass flow-through measurements is higher. Whether this
difference is significant, given the limited availability of data from the flow-through
measurements, is uncertain.
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Unfortunately, rates from the different sources can not be straightforwardly compared since they
are all recorded under different chemical conditions. The rates measured by Tait and
Luht (1997) in carbonate solutions are ~102 times higher than those predicted from
electrochemical measurements in non-complexing solutions. This is approximately the
difference between the rates in these solutions in the absence of radiolysis, Figure 29. The
horizontal lines labeled 1 and 2 in Figure 32 show the electrochemically determined rate for
unirradiated aerated solution containing no carbonate (1; from Figure 29), and the rate measured
in flow-through experiments in unirradiated aerated carbonate solutions (2; from Figure 30). The
intersection of these lines with the fitted lines for the rates in irradiated solutions indicate that the
influence of gamma radiation on the corrosion rate becomes negligible for dose rates < Gy .h"1 in
aerated non-complexing solutions, and <10 Gy.h"1 in aerated carbonate solutions.
A number of authors have noted that experiments designed to determine whether any difference
in intrinsic dissolution rate exists between UO2 and spent fuel are inevitably compromised by the
radiolysis effect. As discussed above, Tait and Luht (1997) attributed the low dependence of the
spent fuel corrosion rate on [O2] to the distortion of the data at the lowest [O2] by the radiolytic
production of oxidants. Loida et al. (1995, 1996) showed unequivocally that radiolysis in
experiments with spent fuel specimens was sufficient to maintain oxidizing conditions no matter
what precautions were used to achieve anoxic conditions. In these last experiments, various
spent fuel surface area to solution volume ratios were used. From the variations in corrosion
rates with the surface area to volume ratio they showed that, as the available surface area
increased, the efficiency of consumption of radiolytic oxidants increased leading to a limitation
in the corrosion rate as radiolytic oxidants became locally depleted in concentration.
This clear radiolysis effect makes it injudicious, at best, to use the corrosion rates obtained in
experiments with spent fuel to interpret the long term behaviour of that fuel when such radiolytic
effects will be absent. In this regard it is important to know whether the radiation effect observed
in short term tests is due to p/y or a-radiolysis, since the former decay to insignificant levels in
<1000 years while the latter can persist for many thousands of years, Figure 6. Unfortunately,
for experiments with spent fuel it is difficult to decide. Based on their measured rates as a
function of fuel surface area to solution volume ratio, Loida et al. (1995, 1996) claimed that ccradiolysis was most important. However, their claim that corrosion was predominantly due to
radiolysis was based on a comparison of fuel alteration rates to the rate of radiolytic gas
production, a process taken to be caused predominantly by y-radiolysis.
Figure 33 shows a series of ECORR -time plots recorded on various spent fuel specimens exposed
to aerated neutral solutions. The characteristics of the fuels are given in Table 1. Also shown in
the figure is the response of a UO2 electrode placed inside and outside the hot cell. The most
positive (ECORR)SS correlates with the fuel with the highest P + y dose rate. Since this fuel has the
lowest a-dose rate, the clear implication is that the p/y fields are responsible for the very rapid
oxidation of this electrode (i.e., the fast rise of ECORR to steady-state) and the establishment of the
final very positive (ECORR)SS value. This claim is strongly supported by the observations made
with the unirradiated UO2, when the effects of oc-radiation are definitely absent. When placed in
the hot cell and exposed to predominantly y-radiation a much more positive (ECORR)SS value is
achieved than in the absence of radiation (i.e., with the UO2 outside the hot cell). ECORR values
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>300 mV are sufficient to place the fuel in the potential region where the establishment of local
acidic conditions, leading to grain boundary etching and pitting, is possible, Figure 10. The fact
such positive potentials can be achieved with an external gamma source when no a-field is
present but cannot be achieved in the presence of a substantial a-dose rate is solid evidence to
support a contention that it is the pVy, not the cc-radiolysis, which is most aggressive (Sections 4.3
and 4.4 above).
A second set of experiments with spent fuel electrodes showed that these positive excursions in
ECORR can be almost instantaneously reversed by the addition of carbonate, Figure 34. A similar
effect could be produced on an unirradiated UO2 electrode exposed to an external gamma source
(Shoesmith et al. 1996c). At the time of publication, the rapid drop in ECORR on addition of
carbonate was attributed to the rapid re-dissolution of a thin and/or localized deposit of U(VI)
phases. While such a re-dissolution process undoubtedly did occur, the rapidity with which
EC0RR changes could be more plausibly attributed to the neutralization of local acidity. Once
carbonate had been added and the pH excursion prevented, the response of EC0RR to the removal
of the field was minor. This confirms that the maintenance of local chemical conditions (i.e., a
low pH stabilized within a porous U(VI) deposit, Section 4.3), is critical to the achievement of a
high EC0RR value.
This accumulation of evidence suggests that the very aggressive attack of spent fuel specimens in
unsaturated drip tests is also attributable to the influence of {3/y fields although the authors have
claimed it is due to a-radiolysis (Finn et al. 1994,1995,1997). In these experiments, specimens
of spent fuel were exposed to periodic drips in an attempt to simulate the conditions which might
prevail within a failed waste package in the Yucca Mountain repository (USA). In the early
stages of these tests (up to 60 days, Finn et al. 1994) the original pH = 8 was found to be
suppressed to as low as 4 in some leachate samples. While it can be argued that this is due to the
radiolysis of moist air leading to the fixation of H in acidic species (e.g., HNO3) in these tests
with limited amounts of water, the experiments under fully immersed conditions, described
above, show this process is not a prerequisite for the establishment of acidic conditions.
After 3.7 years the surface was covered with a clear layer of corrosion deposit, an inner layer of a
uranyl silicate phase which was dense and tightly adherent to the fuel surface, and an outer, less
dense layer which was easily dislodged. The inner layer was 5 to 10 um and the outer layer 10 to
30 urn in thickness. Both layers were sodium boltwoodite (Na[(UO2)(SiO3OH)]»H2O), although
Cs and Mo, released from the fuel, were trapped in a Cs-Mo-uranyl solid ((Cs09 Bao55)[(UO2)2
(MoO2)O4(OH)6]»6H2O). The inner layer showed several curvilinear features, some of which
appeared to be pre-existing grain boundaries suggesting a pseudomorphic replacement of the
spent fuel by sodium boltwoodite. The continuing release of Tc over the duration of the
experiment indicated that the presence of these alteration layers did not protect the underlying
fuel from further corrosion. Examination of cross sections showed that dissolution had
penetrated deep into grain boundaries. The absence of secondary deposits in the grain
boundaries showed uranium from these sites had been transported out of the grain boundaries,
through the inner layer, and either deposited in the outer layer or transported away from the
surface in the leachate. Given the pseudomorphic relationship between the fuel and the inner
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layer it seems doubtful that significant precipitation of dissolved U from the grain boundaries
occurred within this layer.
All this evidence suggests the development of acidity at the fuel surface and within the grain
boundaries. Acidity would seem an essential requirement for the maintenance of open grain
boundaries in the fuel and pores within the inner layer, and the prevention of uranyl phase
precipitation until the outer regions of the outer layer were reached. The ECORR at the fuel
surface, and within the grain boundaries, was estimated by considering the Eh required to form
soluble ions of the elemental components of the s-phase (Tc, Mo, Ru, Rh, Pd) based on Eh-pH
diagrams. Since Ru dissolution was observed, ECORR must have been as high as 0.6V(vs SHE) or
0.36V(vs SCE). This is sufficiently positive for acidic conditions to be established at the fuel
surface, Figure 10. Such positive values of ECORR have only been achieved in the presence of
high p/y fields (Section 4.3). While this does not rule out the possibility of establishing such
aggressive conditions by a-radiolysis, especially within the confined spaces within grain
boundaries, it would appear an unlikely scenario, given the redox buffering effect which occurs
with this form of radiation, Section 4.4. A possibility which cannot be ruled out, but has not
been considered, is that a combination of a- and p-radiolysis (both short range radiation effects)
could combine to convert the H2O2 produced by a-radiolysis into a high local concentration of
radical oxidants. Even if this proved to be a functional mechanism it would remain important
only as long as p-fields were maintained.
It can be concluded, though not considered proven, that the aggressive fuel corrosion observed in
the unsaturated drip tests will not be observed once (3/y fields have decayed, and that the
unsaturated drip tests do not represent the behaviour to be expected on spent fuel in the long term
(i.e., beyond a few hundred years).
5.7.2

q-Radiolvsis

Measurements of EC0RR as a function of a-source strength, described above in Section 4.4, show
that the influence of a-radiolysis on fuel oxidation and dissolution is dominated by the
production of the molecular oxidant, H2O2, and its decomposition to O2 and H2O. This leads to a
redox buffering effect which renders the corrosion rate independent of a-source strength (and
hence a-dose rate) for strengths (Sa) > 250 u.Ci, Figure 35 (Sunder et al. 1997b).
The data plotted in Figure 35 have been used in the assessment of spent fuel performance under
Canadian repository conditions (Sunder et al. 1997a). These calculations claimed that the
influence of a-radiolysis on fuel corrosion would be totally negligible. However, this prediction
relied on the extrapolation of the rates plotted in Figure 35. Despite the elimination of some of
the less reliable data points recorded at low source strengths, this extrapolation remains, at best,
very approximate, since no reliable and mechanistically justified function exists to fit the data in
this figure. In fact, based on the understanding of the alpha radiolysis effect (Section 4.4), the
data in Figure 35 should be divided into two distinct regions. For Sa > 250 uCi (log Sa = 2.6 in
the figure), the rate is independent of S«, while for Sa less than this the rate falls drastically as Sa
decreases. Our recent calculations (Wren et al. 1998) give us confidence that the high source
strength data is reliable, but since the redox buffering effect makes the rate independent of Sa, it
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strengths expected in spent fuel.
Two further points are worth emphasizing for a-radiolysis effects. At high source strengths, the
redox buffering effect restrains EC0RR to the value achievable in aerated solutions. Consequently,
for an aerated environment, such as the one expected in Yucca Mountain, the influence of aradiolysis will not exceed that achieved by dissolved oxygen alone. Secondly, the possibility
that a-radiolysis could produce locally acidic conditions requires that the H2O2 produced
radiolytically be retained at the fuel surface and not lost by transport to the environment. For the
limited wetness expected within Yucca Mountain there is a higher probability of this process
occurring than under fully immersed conditions. The measurements described in Sunder
et al. 1997b and Wren et al. 1998 clearly indicate this is an unlikely prospect, only possible at
high source strengths and confined geometries. As the ct-fields decay, the tightness of the
reaction site required to sustain this effect would increase; i.e., narrower apertures would be
required.
5.8

COMPARISON OF SPENT FUEL AND UNIRRADIATED UO-,

With the exception of the radiolysis effect, differences in surface area and, possibly, the greater
accessibility of grain boundaries, there is little evidence to suggest that the corrosion of spent fuel
is intrinsically a different process to that on unirradiated UO2. If such an effect does exist then it
is marginal and accounted for by an increase in rate by only a factor of two or so. This does not
mean to say there are no differences in properties between the two fuel forms, only that, when
considered together, they make little difference to the corrosion rate.
Electrochemical evidence (Shoesmith et al. 1996c, Bottomley et al. 1996, Heppner et al. 1992)
shows that the basic mechanism of fuel dissolution is the same for UO2 and spent fuel. The
establishment of a thin oxidized surface layer (UO2.33/UO2.4) appears to enforce a similar
reactivity on both materials by disguising the different chemical features of the underlying
surfaces from the corrosion environment. Those compositional features, which are different
between the two forms, appear to make little difference, perhaps for this reason. Thus,
(Bottomley et al. 1996) confirmed that in-reactor changes (such as rare earth doping) reduced the
resistivity of the fuel by a factor of 10 to 20, but this made only a factor of 2 difference in
corrosion rate. Using SIMFUELS, Betteridge et al. 1997, showed that the introduction of the sphase did not accelerate corrosion by catalyzing the slow O2 reduction reaction since this noble
metal alloy was passivated under oxidizing conditions. Loida et al. (1996) showed that the
corrosion rate of the fuel rim, where higher fission gas mobilities and higher radionuclide
inventories exist, did not differ significantly from that of the bulk of the fuel.
Steward and Gray (1994) systematically compared the corrosion rates of UO2 and spent fuel
(ATM 103, 33 MWd/kg U) over a range of O2 and carbonate concentrations, pH and
temperature. On average the UO2 corrosion rate was approximately a factor of 3 greater than that
of the spent fuel. Since this was about the difference in UO2 corrosion rates in inter-laboratory
tests, (Section 5.1) they concluded the differences between UO2 and spent fuel were probably
insignificant. Subsequent studies (Gray 1998) covering the burn up range 30 to 50 MWd/kgU
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relationship given above in Section 3.1.2. In general, compared to unirradiated UO2, the
dependence of the spent fuel corrosion rate was less dependent on O2 and carbonate
concentration and similarly influenced by temperature. While it is possible that any real
dependence on O2 concentration is obscured by the influence of radiation fields in the spent fuel
measurements, as observed by Tait and Luht (1997), these measurements confirm that there is no
major difference between UO2 and spent fuel corrosion rates. If anything, for reasons not totally
understood, the rate appears to be lower for spent fuel.
A significant potential difference between UO2 and spent fuel is the potential for pellet break-up,
especially if subjected to a period of moist air oxidation prior to exposure to groundwater
(Section 5.2). Based on comparisons of surface area measurements by different techniques it
was concluded that while the grain boundaries in UO2 were tight enough to preclude significant
penetration by water, those of spent fuels were not (Gray and Thomas 1992). Various estimates
have been made of the importance of grain boundary dissolution and leaching from spent fuels.
Gray et al. (1993, 1994) and Stroes-Gascoyne et al. (1997) have shown that penetration of grain
boundaries by solution is not universal, and is confined to only a few grains in depth.
For CANDU fuel exposed to oxidizing solutions for 19 years (Stroes-Gascoyne et al. 1997),
grain boundary dissolution was observed only at the base of narrow cracks and was confined to
the outer rim area where residual porosity and sintering defects are to be expected. Attack
appeared to have occurred to a depth of ~5 to 10 grains, consistent with the claim by Gray et al.
(1993, 1994) that grain boundaries in LWR fuels could be accessible for dissolution to a depth of
between 2 and 9 grains from the surface. The importance of the properties of the grain boundary
is clearly indicated in the case of 19 year leached CANDU fuel, for which no grain boundary
attack was observed in the mid-pellet region of the fuel, even where extensive fuel fracturing and
micro-cracking existed as a result of high fuel operating temperatures in this region.
As discussed above in Section 5.2, pre-oxidation could have a significant effect on fuel corrosion
rates, not by changing the intrinsic corrosion rate, but by allowing solution to penetrate grain
boundaries. Gray (1998) clearly showed this to be the case. Oxidation (to U4O9+X at 175°C in
air) did not affect the intrinsic corrosion rate of three different fuels, but in one case, penetration
of the grain boundaries was very extensive. No dependence of corrosion rate on burn up was
detected, although the range investigated was narrow and a wider range is now being tested.
5.9

FORMATION OF CORROSION PRODUCT DEPOSITS AND
THE RETENTION OF RADIONUCLIDES

The hope is that the formation of corrosion product deposits will affect the fuel dissolution
process in two ways:
1)

It will block the fuel corrosion process; or

2)

Deposits will retain radionuclides released by fuel corrosion, thereby preventing, or at
least delaying, their release to the repository.
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Blockage of the fuel corrosion process could take a number of forms. The development of a low
porosity deposit would impede the transport of oxygen to the fuel surface possibly leading to less
oxidizing conditions than expected. It would also decrease the surface area available for
corrosion by an extent related to the porosity of the deposit. Whether or not radionuclides are
retained by the corrosion product deposit will depend on the structural compatibility of the host
matrix (inevitably a UVI phase) for a particular radionuclide, the kinetics and mechanism of
coprecipitation processes, the ratio of the surface area to available solution volume, and the local
convective and diffusive conditions.
A substantial body of evidence exists to show that corrosion product deposits form under both
moist vapour and fully immersed conditions. In the section on pre-oxidation, the accumulation
of deposits was shown to occur in the grain boundaries under moist vapour conditions and
evidence existed to suggest they may block the corrosion/alteration process. Buck et al. (1998)
characterized the nature of the deposits formed in aerated vapour at 90°C on spent fuel as
dehydrated schoepite (UO3»O.8H2O) with a small amount of a Cs-Mo uranyl oxide hydrate
(Buck et al. 1997). After 924 days of exposure the thickness of the deposit was 100 to 200 um.
No evidence was presented to suggest the alteration process was slowing with exposure time
under fully immersed conditions. The addition of Ca2+ and SiO*" exert a major influence on the
fuel corrosion rate. Figure 36 shows that the addition of 15 mg L"1 of Ca2+ to a 2 x 10"3 mol.L"1
HCOj solution decreases the concentration of U in the effluent solution by a factor of three in a
single-pass flow-through experiment with UO2. The subsequent addition of 30 mg L"1 of S1O4"
increases this suppression by a further factor of 100. Auger analysis of the UO2 surface indicated
a thin (5 to 10 urn) layer containing Ca and Si was present on the surface, despite the use of the
flow-through system to prevent deposition. A similar suppression of the UO2 corrosion rate by a
factor of 200 was observed, using a similar experimental system, by Tait and Luht (1997). As
little as 10"4 mol L'1 CaCl2 was sufficient to achieve this suppression in the presence of 10"2 mol
L"1 HCOj. These last authors also showed that the corrosion rate of spent fuel and the release rate
of radionuclides were suppressed by a similar factor in a groundwater containing Ca2+ and SiO*",
Figure 37.
The rapidity of the response of the corrosion rate to the addition of Ca/Si, Figures 36 and 37,
indicates that, assuming the ions are incorporated into U(VI) deposits with very low solubilities,
very little of these phases is required to suppress corrosion. This is consistent with
electrochemical experiments (Luht 1998) which show that the incorporation of Ca/Si into U(VI)
surface phases is very rapid and that only films a few nm thick can suppress dissolution
substantially, corrosion experiments in the presence of y-radiation fields show that the
accumulation of secondary phases, even in the absence of Ca and Si, begin as soon as steadystate corrosion conditions are established, Figures 16 and 17.
The influence of ground water species has been investigated in detail in drip tests with UO2 at
90°C (Wronkiewicz et al. 1996). These experiments were designed to simulate the conditions
anticipated within a failed waste package in the Yucca Mountain repository, and used drip rates
of 0.075 ml/3.5 days and 0.0375 ml/7 days of equilibrated J-13 water. The critical components
of this water are Ca2+ (8.81 mg.g1), Si (45.4 mg.g-1) and HCOj (135 mg.g"1). Given the relative
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influences of these species on the corrosion rate, this groundwater could be classed as a Ca/Si
dominated water. Since radiolysis effects are absent, and there appear to be few significant
differences between the mechanism and rate of UO2 and spent fuel corrosion, these experiments
provide the best picture of the long-term evolution of fuel behaviour under oxidizing conditions.
Whether or not they can quantitatively simulate the alteration/corrosion rate of fuel under actual
repository conditions depends upon whether the repository conditions (drip rates, temperature,
contact water composition) are shown to be close to the test conditions. Intuitively, these
experiments appear to represent very aggressive, and hence conservative, conditions.
Over a transient period of approximately 1 to 2 years, corrosion was shown to start in the grain
boundaries and to eventually lead to the release of fuel grains as a consequence of the convective
influence of the drip flow pattern. Attack within the grain boundaries occurred generally to a
depth of 2 to 4 grains, but varied between 0 and 10 grains. This depth of penetration is consistent
with the claims of Gray et al. (1993,1994) that grain boundaries were accessible to a depth of
between 2 and 9 grains under fully immersed conditions. Although the evidence is slender, it
could be concluded that the large fuel surface area to solution volume prevailing in these drip
tests does not lead to any enhancement of grain boundary attack. A more focused discussion of
grain boundary attack in these experiments can be found elsewhere (Wronkiewicz et al. 1997).
Beyond this transient period, a dense mat of alteration phases developed on the fuel surface,
accompanied by depletion in the alkali and alkaline earth cations and Si in the leachate solution.
The nature of these alteration phases and the sequence in which they appear on the fuel is similar
to that observed in surficial weathering zones of natural uraninite deposits, with alkali and
alkaline earth uranyl silicates being the long-term solubility limiting phases for uranium. The
sequence observed is represented schematically in Figure 38.
The formation of this layer of alteration (or corrosion) products prevents further release of UO2
particles, hence leading to a drop in the U release rate. However, the approximately constant rate
of release over the subsequent 8 years or so of testing shows that the development and
transformation of phases does not lead to any observable suppression of the fuel corrosion rate.
It is possible that this inability to suppress corrosion is a direct consequence of the convective
influence of the drips, since under fully immersed conditions (at 90°C) the transition from a
uranyl phase deposit to a protective mineral silicate layer occurs over a period of several weeks
(Lahalle et al. 1990). In this latter case the groundwater was a magnesium and silicate containing
water, and according to the authors, their XPS analyses showed a distinct layering of a U(VI)
oxide hydrate under a magnesium silicate layer with no evidence for the incorporation of Mg2+/Si
into any U(VI) phase. Experiments in groundwater's containing various amounts of Mg2+ and
SiC>4~ showed the Si content to be the critical feature determining the formation of this layer.
Although the amount of U dissolved over the duration of the experiment was not measured, the
U(VI) oxide hydrate layer was very thin suggesting minimal alteration had occurred. Clearly, the
radical suppression of fuel corrosion under fully immersed conditions is possible.
Whether or not the formation of alteration phases (corrosion product deposits) will lead to the
incorporation and retention of radionuclides released as the fuel corrodes will depend on many
factors. Burns et al. (1997a, 1997b) have shown from crystal structure considerations that the
majority of the alteration phases expected to form as the paragenetic sequence is traversed are
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oxidation states, a linear (An5+>6+02)1+'2+ (An = actinide) actinyl ion similar to UO2+ dominates
the coordination chemistry, making the incorporation of these elements into uranyl phases very
probable, although some structural modification would be required to satisfy local bond-valence
requirements. The An4+ cations should readily substitute for U6* in the sheets that occur in
schoepite, ianthinite ([U^ (UO2)4 O6 (OH)4 (H2O)4] (H2O)5), becquerelite (Ca[(UO2)3 O2 (OH)3]2
(H2O)8), compreignacite (K2[(UO2)3 O2 (OH)3 (H2O)8), cc-uranophane and boltwoodite (K(H3O)
[(UO2) (SiO4)], all potential alteration products of spent fuel corrosion in Si-rich groundwater's
(Wronkiewicz et al. 1992). The incorporation of An3+ into the sheets of the structures of auranophane and boltwoodite, as well as into interlayer sites in various uranyl phases, could
occur.
The structural compatibility of the potential host phase is probably not the critical parameter
determining the efficiency of retention, and many other features of the fuel corrosion/alteration
process are likely to be more important. For example, if alteration involves a pseudomorphic
relationship between the alteration layer and the fuel matrix the incorporation of structurally
compatible radionuclides into this alteration layer might be expected to be efficient. By contrast,
dissolution in grain boundaries, transport through a porous inner layer, and precipitation in a less
consolidated outer layer might be expected to be a much less efficient retention process dictated
by features such as local pH variations, phase solubilities, and fuel surface area to solution
volume ratios. These potential influences make it important to determine whether the features of
the observed spent fuel alteration process (Finn et al. 1997) are an artifact of the presence of
radiation fields or a true reflection of what is to be expected in the long term fuel alteration
process.
The importance of the radionuclide incorporation process is clearly demonstrated when
comparing the retention of a species such as 237Np under anaerobic and oxidizing conditions.
Loida et al. (1995) observed that this radionuclide (as well as 90Sr, "Tc and 125Sb) was released
in proportion to its fractional fuel inventory (i.e., congruently) under anaerobic saline conditions.
By contrast a substantial proportion of the 237Np released was retained in alteration phases under
oxidizing conditions (Buck et al. 1998) at 90°C.
In a number of cases the results of experiments to determine the ability of uranium phases to
retain radionuclides have been checked against solubility calculations. Quinones et al. (1996)
found the concentrations of 241243Am, 242>244Cm and 154> 155Eu in evaporated solutions of dissolved
high burn up spent fuel in 5 mol. L"1 NaCl (pH 5.7 to 12) to be much lower than expected for
equilibration with the solids Am(OH)3, Cm(OH)3 a clear indication that these radionuclides were
coprecipitated into U (VI) phases. Loida et al. (1995) performed similar calculations for Am and
the rare earths. Based on fractional inventory estimates it was observed, after leaching under
nominally anaerobic saline solutions (oxidizing conditions were still maintained by radiolysis),
that congruent release occurred for pH < 6, but the degree of retention increased in the pH range
9 to 10. Since this is the pH range of minimum solubility for U(VI) phases (Grenthe et al. 1992),
it suggests their incorporation into such phases. Solubility calculations showed the Am
concentrations to be up to 105 times lower than expected for solubility equilibrium with
Am(OH)3. Further calculations showed equilibration with solids of the form (REE; Am) (OH)3
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(REE-rare earth element) could not account for this factor, but coprecipitation with U(VI) phases
possibly could.
While these experiments help identify the host phases for retained radionuclides, they do not
necessarily produce the quantitative numbers which can be used to estimate the efficiency of
retention, especially under the limited moisture conditions which will prevail at Yucca Mountain.
Under these conditions, retention would be expected to be enhanced by the evaporation of
stagnant solutions but retarded by the influence of convective flow. That the local transport
regime is of vital importance in determining the efficiency of incorporation is clear when
comparing vapour phase tests to drip tests (Buck et al. 1998) at 90°C. The ratio of U to Np in
schoepite (the phase formed under moist vapour conditions) is between 1:0.003 and 1:0.006
compared to that in the original fuel which was 1:0.0005, indicating the incorporation of a large
proportion of the 237Np. In the drip test, the estimated U:Np in the uranyl silicate alteration phase
was no greater than the 1:0.0005 in the fuel, showing that retention was minor. A change in the
drip rate also influenced the efficiency of retention: the cumulative release fractions for 239Pu and
237
Pu were 10 to 102 smaller for low (0.075 ml/3.5 days) than for high (0.75 ml/3.5 days) drip
rates.
It is clear from these deliberations that there is a very high probability that radionuclides,
especially the actinides and rare earths, will be retained in fuel corrosion (alteration) product
deposits under oxidizing conditions. This process should be efficient under stagnant, fully
immersed and moist vapour conditions, but will be very dependent on transport conditions at the
fuel surface. At present, insufficient evidence exists to quantify either this process or the ability
of the corrosion product deposit to block fuel corrosion.

6. REVIEW OF THE DATABASE OF CORROSION RATES USED IN FUEL MODELING
UNDER YUCCA MOUNTAIN CONDITIONS

The modeling and prediction of long term fuel performance requires a solid mechanistic
understanding of the fuel corrosion process and a reliable database which specifies the
dependence of fuel corrosion kinetics on those parameters likely to be important under repository
conditions. In the previous sections an effort has been made to discuss what is known about
these parameters with an emphasis on the oxidizing conditions which will prevail at Yucca
Mountain. In this section a more focused discussion on the relevance of this information to
Yucca Mountain will be given. The primary aim is to determine whether the database available,
and used in performance assessment models, is consistent with the wealth of published
information discussed above. This database is effectively collected in Tables 2.1.3.5-4 and
2.1.3.5-5 of Stout and Leider (1997), and reproduced here as Tables 2 and 3, respectively.
6.1

INTRINSIC CORROSION RATES

The available kinetic data upon which to base model predictions has been determined using the
single-pass flow-through technique. The advantages of the use of this technique in both the
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amply illustrated in the above discussions. By avoiding the complications of corrosion product
deposition, the effects of various parameters and the kinetics of fuel corrosion have been
measured. It has been clearly demonstrated that rates determined by this technique compare well
from laboratory to laboratory (Gray et al. 1994, Shoesmith et al. 1997). Using this technique, a
systematic attempt to determine the dependence on UO2 corrosion kinetics of pH (8 to 10),
temperature (22°C to 75°C), and oxygen and COf/HCOj concentrations (0.2 to 2.0 mmol. L"1)
was undertaken and the results collected in Table 2 (Stout and Leider 1997).
It is clear from the discussions of individual parameters in the above sections of this report that no
single mechanism of fuel corrosion applies over the full range of the variations in these
parameters. Hence, any attempt to fit the database will incorporate these inconsistencies and lead
to predicted dependencies which are only approximately valid. To justify the use of such an
approach it is necessary to determine whether, within the total database, the individual
dependencies of fuel corrosion rate on specific parameters are consistent with known mechanisms
and other published information.
6.2

OXYGEN DEPENDENCE

Specific differences exist in the behaviour of UO2 and spent fuel as a function of O2
concentration. At high carbonate concentration (20 mmol. L'1) and low temperature
(22°C/25°C), a dependence of rate on [O2] was observed for UO2 but not for spent fuel. For an
intermediate [CO3] at 22°C/25°C the dependence on [O2] was lower for UO2 and absent for spent
fuel. At 75°C both UO2 and spent fuel exhibit an [O2] dependency when [CO3] is high (20 mmol.
L 1 ). Why UO2 should show a larger dependence on [O2] than spent fuel is not clear. The results
of Tait and Luht (1997), Figure 29, show a similar difference in [O2] dependence for UO2 and
spent fuel, which they attributed to the interference of radiolysis effects at low [O2]. Such an
argument is not easy to invoke for the data in Table 2, since the rates of spent fuel corrosion are
inevitably lower and less dependent on test variables than those for UO2. This issue was dealt
with in more detail above. It is clear from available published data that, while a different balance
of kinetics appeared to exist for spent fuel and UO2, the overall effect of this difference on the
relative corrosion rates is minor. In this regard the data within the database is generally
consistent with the bulk of published information. Indeed, the data in Tables 2 and 3 provide a
major contribution in the establishment of these conclusions.
6.3

pH DEPENDENCE

No significant dependence of corrosion rate for either UO2 or spent fuel is observed for pH.
Admittedly, the range tested was narrow (8 to 10), but the lack of a dependence is consistent with
all other published information (Section 5.3). In this pH range, the solubility of U under
oxidizing conditions is independent of pH as is the composition of the fuel surface undergoing
corrosion (Section 3.1). No pH dependence is to be expected until the pH falls to <6.
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6.4

CARBONATE DEPENDENCE

It is clear from Sections 3.1.2 and 5.5 that the dependence of corrosion rate on carbonate
concentration can be complex and varies with both [O2] and temperature. At a temperature of
75 °C the dependence on [CO3] is lower at the low [O2] than it is at the higher concentration.
This is consistent with the known mechanism of fuel corrosion in carbonate solutions. As the
[O2] is decreased, the rate of oxidation of the fuel surface (oc [O 2 ]) becomes more predominantly
rate determining than the rate of UO2+ ion transfer to solution ( oc to [CO3] ). This is clear in
electrochemical experiments (Shoesmith et al. 1983) and in single-pass flow-through
experiments (Tait and Luht 1997).
At 25°C, the [CO3] dependence is lower than at higher temperatures irrespective of the [O2].
This is consistent with the observations of de Pablo et al. (1997) who found an enhanced
dependence of rate on [CO3] as the temperature increased, and showed that a change in the
balance of kinetics occurred between 25°C and ~40°C. As the temperature increased control of
the fuel corrosion rate shifts from the rate of surface oxidation to the rate of UO2+ ion transfer to
solution.
6.5

TEMPERATURE DEPENDENCE

The temperature dependence of corrosion rate for low [CO3] is significantly less than it is for
higher [CO3]. This is consistent with published information which shows a much lower
"apparent" activation energy in non-complexing neutral solutions than in carbonate-containing
solutions (Section 5.6). The predominant influence of carbonate is to prevent the deposition of
corrosion products on the fuel surface which partially block the fuel corrosion process.
However, as the temperature changes the rate determining step also changes as described above.
This makes the activation energy determined in carbonate solutions an "apparent" value, and the
temperature dependence remains semi-empirical despite approaching more closely to that
expected for oxide dissolution processes.
6.6

SUMMARY

It is clear from this review of the data in Tables 2 and 3 that it is generally consistent with
mechanistic understanding and published information, making it an acceptable database upon
which to model spent fuel performance. The primary factors determining the corrosion rate are
the intrinsic corrosion rate of the fuel, and its dependence on oxygen and carbonate
concentrations and temperature. The procedures used in the development of this database are
consistent with the defined ASTM standard practice (ASTM 1998).

-337. GENERAL SUMMARY

A review of the mechanism and kinetics of nuclear fuel corrosion under waste disposal
conditions has been undertaken, with a primary emphasis on conditions expected to prevail at
Yucca Mountain (NV, USA).
The basic properties of UO2 which influence its corrosion have been reviewed, including the
conclusions based on electrochemical and corrosion experiments. Fuel corrosion is enhanced
under oxidizing conditions, due to the much higher solubility of UVI compared to that of \JW.
Hence, the mechanism and kinetics of reduction of both the environmentally supplied oxidant,
O2, and the radiolytically produced oxidants, H2O2 and radical species, were reviewed.
The influence of a wide range of parameters on fuel corrosion were discussed. These include, the
intrinsic corrosion rate, pre-oxidation of the fuel, pH, O2 concentration, carbonate concentration,
temperature, the effect of water radiolysis, and the formation of corrosion product deposits and
their ability to both block the corrosion process and retain released radionuclides.
Finally, the database of corrosion rates used to model fuel corrosion under Yucca Mountain
(USA) conditions was evaluated in terms of the reviewed information on fuel corrosion. It was
concluded that the rates in this database were generally consistent with published information,
and their use in fuel degradation models justified.
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TABLE1
CHARACTERISTICS OF USED FUEL SPECIMENS USED TO
CONSTRUCT ELECTRODES

Reactor
Bundle
Darlington
L23139C
Pickering
PA07993W
Bruce
BF21271C

Fuel
Burnup
GJ/KgU
425

Cooling Time
Years
1.0

880
970

Alpha

Dose Rates (Gy/h)
Beta

Gamma

33.1

7734

260.6

15.0

15.0

125.3

401.3

13.1

160.9

507.1

31.4
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TABLE2
TEST PARAMETERS AND RESULTS FOR
SPENT FUEL AND UP, DISSOLUTION TESTS(a)
(Table 2.1.3.5-4 of Stout and Leider (1997))

Run Number

Temperature
(°C)

Carbonate(b)

Oxygen"0
%

pH(d)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
Average
Average

50
50
50
22/25
74/75
74/75
21/25
22/25
22/25
27/26
78/75
25/26
77/75
23/25
74/75
78/75
19/26
50/50
21/26
75
50
50
50
75
75
75
Runs 4-9
Runs 4-19

2
2
2
20
20
0.2
0.2
20
2
0.2
0.2
20
20
20
20
0.2
0.2
20
2
20
2
2
2
0.2
2
20

20
20
20
20
20
20
20
20
20
2
2
2
2
0.3/0.2
0.3/0.2
0.3/0.2
0.3/0.2
0.3/0.2
0.3/0.2
2
2
2
2
20
20
20

9.0
9.0
9.0
8.0/8.7
10.0/10.3
9.0/9.1
10.0/9.0
9.0/9.4
10.0/9.3
8.0/7.8
10.0/9.7
10.0/10.1
8.0/8.5
8.0/8.0
10.0/9.8
8.0/8.7
10.0/9.3
10.0/9.9
9.0/9.0
10.0
8.9
8.8
8.9
9.5
9.6
8.5

U-Dissolution Rate (mg/m2-day)
Spent Fuel
UO2
(ATM-103)
6.34
7.05
5.07
3.45
2.42
14.2
77.4
8.60
10.9
0.63
2.55
2.83
6.72
2.04
9.34
1.79
0.12
1.49
9.21
2.05
1.87
2.89
5.11
2.83
0.22
0.69
5.61
1.98
0.51
0.51
0.23
1.04
4.60
1.87
1.52
4.75
12.3
7.96
10.4
6.48
23.3
54.0
5.29
18.2
3.08
8.57

(a)

Numbers separated by a "/" are data for spent fuel and UO2 respectively (SF/UO2)

(b)

Made up using appropriate amounts

and NaHCO3

Percent of oxygen in sparge gas
(d)

Measured at room temperature. For spent fuel, the measured values were within
±0.1 unit of the nominal values listed.
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TABLE 3
PART 1: COMPARISON OF DISSOLUTION RATES.AT BOUNDING CONDITIONS
(Table 2.1.3.5-5 of Stout and Leider 1997)

PH

Carbonate
(mol/L)

Oxygen
(atm)

Temperature
°C

ATM-103
Spent Fuel

uo 2

8
8
8

0.0002
0.0002
0.0002

0.2
0.2
0.2

25
50
75

8.6

3.87
5.4
10.9

8
8
8

0.02
0.02
0.02

0.2
0.2
0.2

25
50
75

3.45

10
10
10

0.0002
0.0002
0.0002

0.2
0.2
0.2

25
50
75

0.63

10
10
10

0.02
0.02
0.02

0.2
0.2
0.2

25
50
75

14.2

Dissolution Rate
(mgU/(m2-day))
U3O8
UO 3 xH 2 O
-100
C

~6

>200

18.8

-700

-150

>1500

2.55
3.1
6.48

0.8

>100

20.1
25.8
77.4

21.1

-200

-200

>1000

2.42
38.3
54

>150

PART 2: COMPARISON OF DISSOLUTION RATES AT INTERMEDIATE CONDITIONS
Carbonate
(mol/L)

Oxygen
(atm)

Temperature
°C

8
8

0.002
0.002

0.2
0.2

25
50

9
9

0.0002
0.0002

0.2
0.2

25
75

9
9
9

0.002
0.002
0.002

0.2
0.2
0.2

25
50
75

9
9

0.02
0.02

0.2
0.2

25
50

2.83

6.72

10

0.002

0.2

25

2.04

9.34

PH

ATM-103
Spent Fuel

UO2

Dissolution Rate
(mgU/(m2-day))
U3O8
UO 3 xH 2 O
-10
-10
1.26
-4
-120

6.1

11.7
23.3

>20
8.33
>100

>1500
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Zircaloy
Sheath

Fission Product
Deposits (Cs,l)

Released instantly on
exposure to groundwater

Solid Fission
Products
{Tc, Ru, Mo, Pdl

Fission Gas is
Bubbles V

Species
in Solid
Solutions

(U An,LnJO,

Released instantly on
exposure to groundwater

Released slowly at a rate controlled by
.the dissolution rate of the fuel matrix

FIGURE 1: Schematic Diagram Showing the Distribution of Radionuclides in Used Fuel.
Radionuclides located at the fuel-Zircaloy cladding gap and at grain boundaries
within the fuel are assumed to be instantly released.
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SEMICONDUCTING OXIDES

p - type

conductivity

high

low
OXIDE

DISSOLUTION

n- type conductivity

High

low

RATES

fast

slow

fast

CoO

CuO

ZnO

a-Fe2O3

CdO

MnO 2

•MnO

slow

SnO 2

FIGURE 2: Categorization of Oxides According to Their Conductivity Type and
Dissolution Behaviour (Segall et al. 1988)
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FIGURE 3: Solubilities of Uranium Dioxide (UO2) and Schoepite (UO3-2H2O) as a
Function of pH at 25°C
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Change in E as
Oxidant Conc'n
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Change in E
as Interfacial+
Conc'n of UOf
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A
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j

Euo,/uof+
07-195.03

FIGURE 4: Relationship Between Potentials When the Surface of Nuclear Fuel is not at
Equilibrium with its Environment and an Electrochemical Driving Force for
Corrosion Exists
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FIGURE 5: Potential -pH Diagram Showing the Relative Stabilities of Uranium Phases
Potentially Stable Under Fuel Corrosion Conditions. Although the stability lines
for uranium metal, carbides and nitrides are also shown they are not relevant to the
present discussion (Shoesmith et al. 1994a).
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Time (a)

FIGURE 6: (a) Alpha, (P) Beta, and (y) Gamma, Dose Rates in the Water Layer in
Contact with a CANDU Fuel Bundle with a Burnup of 721 GJ/kg U as a
Function of Time (Sunder et al. 1997a)
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Under oxidizing conditions the Anodic Dissolution
of Uranium Dioxide couples Electrochemically to
the reduction of available oxidants

Radiolytic Oxidants

E n vi ron menta I
Oxidants

o2

These t w o reactions couple at t h e Corrosion
Potential, ECORR
A t ECORR

IA = - del + IC2 +...} = IcORR
Dissolution Rate = IcoRR/nF
IA = n A FAk A [CO33 m [H+]Pf(bAE)
[ O 2 l q EH+]rf(bcE)
Dissolution Rate = f( [O 2 L [CO3]... b A ,b c )

FIGURE 7: Schematic Diagram Illustrating the Electrochemical Coupling of the Anodic Fuel
Dissolution Reaction to the Cathodic Oxidant Reduction Reaction. Oxidants may
be supplied from the external environment or by the radiolysis of water. The
anodic current (the fuel dissolution rate) will be equal to the sum of the individual
oxidant reduction currents; i.e., IA = IIC1 + IC21 = ICORR-
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t
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FIGURE 8: Chemistry/Electrochemistry of UO2 Oxidation and Dissolution (Corrosion) as a
Function of Electrochemically Applied Potential or Corrosion Potential
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FIGURE 9: Cyclic Voltammogram Recorded on a Rotating UO2 Disc Electrode at a Scan
Rate of 10 mV-s"1 and a Disc Rotation Rate of 16.7 Hz Using IR Compensation
in 0.1 mol-L"1 NaClO4 (pH = 9.5). The Roman numerals indicate the various
stages of oxidation (described in the text) or reduction (described in Luht 1998).
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Aerated
H2O2

10 2 mol.L 1

a-rad'n

800|.tCI

O R.h"1 (NoO2)

104 R.h 1 (Aerated)

y-rad'n
CANDU Fuel

FIGURE 10:Electrochemically Determined UO2 Dissolution Currents as a Function of
Applied Potential Recorded on a Number of Different UO2 Rotating Disc
Specimens in 0.1 mol-I/1 NaClO4 (pH = 9.5) at 16.7 Hz. In region A, the
currents are non-steady-state values; in region B, currents are steady-state values
(from Sunder et al. 1998). The line connects the data points used in the
procedure shown in Figure 18 to determine UO2 corrosion rates. The
columns of points plotted at 100 mV and 200 mV are recorded at different times
to illustrate the non-steady-state nature of the currents in this region. The large
values correspond to short experiments (30 min), the smaller values () to long
experiments (26 h). The ranges of EC0RR values measured in O2, H2O2 solutions,
in the presence of y/oc radiation, or on used fuel electrodes are shown by the bars
on the figure (Shoesmith and King 1998).
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FIGURE 11: U0 2 Corrosion Rates as a Function of pH and Oxygen Concentration
Measured by the Single-Pass Flow-Through Technique in 0.01 mol-L"1
NaClO4 (from Torrero et al. 1997); ()) 5% O2 in the gas purge; (') 21% O2;
(0)100% O2.

-57-

38-009.04

103

/o o
O °/x

102 -

3-

x

x | J•
&
oo

10 -

urr

c

u

o°
o° x>

1

Dis soluti

c
o

X

1

10-

10-2

D8

X

O

A4

x A-*§
y

-

/
/

XAA

LB

/

/2

-

/
/
/

B /

n
-

-

0

0.1

0.2

i

t

0.3

0.4

|

0.5

Potential {V. vs SCE)

FIGURE 12: Electrochemically Determined UO2 Dissolution Currents as a Function of
Applied Potential Recorded on UO2 Rotating Disc Electrodes (a> = 16.7 Hz)
in 0.1 mol-L"1 NaC104 (pH = 9.5) Containing Various concentrations of
Carbonate: (')0.005 mol-L1; (%)0.01 moll/ 1 ; (X) 0.05 mol-L"1;
()) 0.1 mol-L"1. Line 1 is the line from Figure 10. Line 2 is a line of identical slope
to line 1 for currents increased by two orders of magnitude.
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No Carbonate

UO2

Low Carbonate {<; 10"3 mol-L'1}

UO2(CO3)|2-

Intermediate Carbonate (10"3 to 10* mol»L"1)
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High Carbonate (>10 1 moK" 1 )

uo 233 j

FIGURE 13: Schematic Diagrams Illustrating the Influence of Carbonate on UO2 Dissolution as
the Concentration Changes
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0.4
Potential (V vs. SCE)

0.5

0.6

FIGURE 14: Film Thicknesses (Expressed in Coulombs) for Corrosion Product Films
Electrochemically Grown on UO2 Electrodes for 90 Minutes at Different
Applied Potentials in Different Neutral Electrolytes: (!) 0.1 mol-L"1 NaC104;
O 0.97 mol-L1 NaCl; (#) SCSSS, a Ca2+, Si4+ containing simulated groundwater
(see text); ()) SCSSS + 10 2 mol-L"1 HCOj(fromLuht 1998).
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FIGURE 15: Schematic Diagram Indicating the Stages of Oxidation Observed on the Surface of
UO2 Fuel as the Corrosion Potential (ECORR) Changes with Time and Approaches
the Steady-State Value of (ECORR)SS
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FIGURE 16: Cathodic Charge Measured by Cathodic-Stripping Voltammetry as a Function
of the Corrosion Potential (EC0RR) Achieved Under Natural Corrosion Conditions
in 0.1 mol-L'1 NaC104 (pH = 9.5) Gamma-Irradiated at Various Absorbed Dose
Rates for Various Times (from Sunder et al. 1992)
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FIGURE 17: UVI:UIV Ratio in the Surface of a UO2 Specimen After Corrosion in
0.1 mol-L'1 NaC104 (pH = 9.5) Gamma-Irradiated at Various Absorbed Dose
Rates for Various Times (from Sunder et al. 1992)
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FIGURE 18: Illustration of the Procedure Used to Obtain Corrosion Currents (I COR R), and
Hence Corrosion Rates, from Electrochemically-Measured Dissolution Currents
and Corrosion Potential (ECORR) Measurements: A -Tafel relationship relating
anodic dissolution currents to applied electrochemical potentials. The dashed
section of the line indicates the extrapolation of measured currents to the measured
corrosion potential (EC0RR) to obtain the values of corrosion current plotted as a
function of oxidant concentration shown in B.
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FIGURE 19: Schematic Diagrams Illustrating the Influence of Various Factors on O2
Reduction on UO2 Surfaces: (A) mechanism of reduction at donor-acceptor sites;
(B) effect of corrosion on the number density of donor-acceptor sites;
(C) effect of rare earth doping on the number density of donor-acceptor sites;
(D) catalytic effect of noble metal particles (s phase).

-65-

»

"in
a

a
O
o

I
CM

o
10 -

-0.2

-0.4

-0.6

-0.8

Potential (V. vs SCE)

FIGURE 20: Transport- and IR-Compensated 0 2 Reduction Currents Recorded on a UO2
Rotating Disc Electrode as a Function of Potential in Aerated 0.1 mol-L"1
NaC104 (pH = 9.5). The electrode was electrochemically reduced in Ar-purged
solution before the experiment: (1) data recorded from the most negative to most
positive potential; (2) data recorded from the most positive to most negative
potential after corrosion in the aerated solution until (ECORR)SS was achieved
(~4 days) (from Hocking et al. 1991).
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FIGURE 21: Transport- and IR-Compensated O2 Reduction Currents as a Function of
Applied Potential Recorded on a SIMFUEL (3 at.% simulated burnup)
Rotating Disc Electrode in Aerated 0.1 mol-L"1 NaC104 (pH = 9.5): (O ) after
cathodic reduction at -2 V; ( • ) after corrosion in the aerated solution to an
ECORR value of 134 mV (vs. SCE) (from Shoesmith and King 1998).
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FIGURE 22: Schematic Diagram Showing the Effect of Surface Oxidation on the
Kinetics of O2 Reduction on UO2 Grains and Noble Metal Particles
(e phase).
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FIGURE 23: Transport- and IR-Compensated Reduction Currents Recorded on a SIMFUEL
Rotating Disc Electrode (3 at.% simulated burnup) in 0.1 mol-L"1 NaC104
(pH = 9.5): (O) [H2O2] = 5 x 10"4 mol-L1; ( • ) [O2] = 2.7 x 10"4 mol-L1. Line 1 is
drawn with the same slope as the line drawn to fit the low potential data recorded
in Oj-containing solution to illustrate that the same Tafel relationship is not
observed in H2O2 solution as in O2 solution (from Shoesmith and King 1998).
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FIGURE 24: Steady-State Corrosion Potential ((ECORR)SS) Values Measured as a Function
of H2O2 Concentration in 0.1 mol-L"1 NaC104 (pH = 9.5) (from Shoesmith
and Sunder 1991)
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FIGURE 25: Schematic Diagrams Illustrating the Behaviour of H2O2 at UO2+X Surfaces: (A) the
relative rates of H2O2 decomposition and fuel corrosion by reaction with the
decomposition product, O2; (B) catalysis of H2O2 decomposition by the mixed
oxidation states present in the surface of UO2
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FIGURE 26: Corrosion Rate of UO2 as a Function of the Square Root of Gamma Dose Rate in
Ar-Purged 0.1 mol-L1 NaC104 Solution (pH = 9.5) (IR = 10"2Gy) (from
Shoesmith and Sunder 1991)
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FIGURE 27: Schematic Diagram Illustrating the Short-Range and Long-Range Influences of p
and y Radiation. Only radical oxidants produced within the reaction layer react
with UO2, making p-fields much more efficient than y-fields.
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FIGURE 28: Steady-State Corrosion Potential ((ECORR)SS) Values Measured as a Function
of a-Source Strength in 0.1 mol-L"1 NaC104 (pH = 9.5) (from Sunder et al. 1997b)
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FIGURE 29: O2 and Spent Fuel Dissolution (Corrosion) Rates as a Function of Oxygen
Concentration Measured by Different Methods in Different Environments:
( • O) from electrochemical measurements in 0.1 molL"1 NaClO4 (pH = 9.5)
using the procedure outlined in Figure 18 (Shoesmith and Sunder 1991); UO2
( • ) and spent fuel ( • ) rates measured in 0.01 mol-L"1 NaCl (pH ~ 9) (Tait and
Luht 1998); (A ) UO2 rates measured in MgCl2 brine (pH = 4.5) (Casas et al.
1993); (O) UO2 rates measured in 0.02 mol-L"1 NaHCO3 (pH ~ 9) (Steward and
Weed 1994). The equations represent the best fits to the data.
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FIGURE 30: UO2 Dissolution (Corrosion) Rates as a Function of HCO3 Concentration in
Aerated Solutions at 25°C: ( • ) measured in aerated HCOj solution containing
0.1 mol-I/1 NaCl (pH ~ 9) (Tait and Luht 1998); ( A ) de Pablo et al. 1997;
( O) preliminary UO2 rates determined electrochemically in 0.1 mol-L'1 NaC104
(pH = 9.5) (Shoesmith et al. 1998). The equations represent the best fits to the
data.
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FIGURE 31: Schematic Diagrams Illustrating the Different Effects of Temperature on UO2
Dissolution (Corrosion) in Non-Complexing and Carbonate-Containing Solutions
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FIGURE 32: Dissolution (Corrosion) Rates (r) of Unirradiated UO2 in Irradiated,
Aerated/Oxygenated Solutions as a Function of Gamma Dose Rate (DR): (a) rates
obtained electrochemically in aerated 0.1 mol-I/1 NaC104 (pH = 9.5) solutions
(Shoesmith and Sunder 1991); (b) rates measured in acidic sulphate solutions
(pH ~ 1) and alkaline carbonate solution (pH ~ 10) (Gromov 1981); (c) rates
measured in 0.1 molL 1 NaCl + 0.01 mol-L"1 NaHCO3 (pH ~ 8.5) (Tait and
Luht 1997); (+) measured in oxygenated solution (pH ~ 8.2) (Christensen
et al. 1990). The horizontal dashed lines show the rate predicted for unirradiated
aerated solution (1) and the rate measured in flow-through experiments in aerated
bicarbonate solution (2). The equations represent the best fits to the data.
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FIGURE 33: Corrosion Potential (EC0RR) of Three Used Fuel Electrodes as a Function of Time
of Immersion in an Aerated Solution of 0.1 mol-I/1 NaC104 (pH ~ 9). The
characteristics of these three fuels are given in Table 1. Also shown is the ECORR
for an unirradiated UO2 electrode measured inside and outside the hot cell. The
shaded area shows the range of (ECORR)SS generally observed for unirradiated UO2
in the absence of any radiation field.
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FIGURE 34: Corrosion Potential (EC0RR) Recorded on a Used Fuel Electrode (Burnup
780 GJ/kgU: Cooling Time 16.8 years) as a Function of Time in 0.1 mol-L'1
NaClO4 (pH = 9.5) Showing the Response to the Introduction and Removal of an
Additional y-Radiation Source (—5.6 Gy/h = 560 R/h) and the Addition of Sodium
Carbonate to a Concentration of 0.1 mol-L"1 (Shoesmith et al. 1996c)
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^d"" corresponds
d tto a
low dose
dose rates.
rates. The
The horizontal
horiz
low
line at a rate of 3 x 10 l g
limit below which the data cannot be considered reliable (Sunder et al. 1997b).
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FIGURE 36: Uranium Concentrations Measured in a Flow-Through Experiment with
Unirradiated UO2 Pellet Fragments Showing the Effect of Adding 15 mg-L"1 of
Ca2+ to a 2 x 10"3 mol-L"1 HCOj Solution (at 36 days) Followed by the Further
Addition of 30 mg-L"1 SiO^" (at 43 days). Measurements performed using the
single-pass flow-through technique (from Wilson and Gray 1990).
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FIGURE 37: Dissolution (Corrosion) Rate of Spent CANDU Fuel and Specific Radionuclide
Release Rates at 25°C in Distilled Deionized Water (DIW) and a Simulated Saline
Groundwater (SCSSS) Containing 0.185 mol-L"1 Ca2+ + 0.00027 mol-I/1
(from Tait and Luht 1997)
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FIGURE 38: Reaction Sequence Showing the Alteration of Precipitated Uranyl Phases Observed
in Drip Tests with Unirradiated UO2 (Wronkiewicz et al. 1997) and Expected from
Observations on Surficial Weathering Zones on Natural Uraninite Deposits
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