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Abstract

The release of the majority of radionuclides from spent nuclear fuel under permanent disposal conditions will be

controlled by the rate of dissolution of the UO2 fuel matrix. In this manuscript the mechanism of the coupled anodic

(fuel dissolution) and cathodic (oxidant reduction) reactions which constitute the overall fuel corrosion process is re-

viewed, and the many published observations on fuel corrosion under disposal conditions discussed. The primary

emphasis is on summarizing the overall mechanistic behaviour and establishing the primary factors likely to control fuel

corrosion. Included are discussions on the in¯uence of various oxidants including radiolytic ones, pH, temperature,

groundwater composition, and the formation of corrosion product deposits. The relevance of the data recorded on

unirradiated UO2 to the interpretation of spent fuel behaviour is included. Based on the review, the data used to

develop fuel corrosion models under the conditions anticipated in Yucca Mountain (NV, USA) are evaluated. Ó 2000

Elsevier Science B.V. All rights reserved.

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 [1],

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 as-

sessed, then a clear understanding of potential fuel

degradation process is required.

Over the past 20 years or more a substantial e�ort

has been expended to study fuel dissolution and radi-

onuclide release processes under a range of proposed

waste vault/repository conditions. A review of the early

understanding has been published [2]. The present report

will summarize the basic chemistry of UO2 and how this

is a�ected by factors expected to in¯uence fuel corrosion

under waste vault/repository conditions. These factors

are the intrinsic corrosion rate, pH, O2 concentration,

HCOÿ3 =CO2ÿ
3 concentration, temperature, water radiol-

ysis, other potential ground water constituents (espe-

cially Ca2�; SiO4ÿ
4 ), 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 Forms Characterization report [3].

2. Basic fuel properties

Commercial nuclear fuel is basically uranium dioxide

(UO2) (natural or enriched) fabricated by sintering

pressed compacts of very ®ne-grained powder at

�1700°C under a reducing atmosphere. These sintered

ceramics typically have 92±99% of the theoretical den-

sity with grain sizes of 2±15 lm. The as-fabricated fuel

is a slightly hyperstoichiometric oxide, UO2�x, where

x6 0:001. The presence of excess oxygen, as interstitial

ions (O2ÿ
I ), requires further ionization of a small fraction

of the UIV ions, to the UV and/or UVI valence states,

leading to the creation of holes in the narrow occupied

U5f sub-band. These holes can migrate by a small po-

laron-hopping process with a low activation energy, and

confer a moderate conductivity on the oxide. The band
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structure and conductivity of UO2 have been reviewed

[4].

On burning the fuel in-reactor, many ®ssion products

and actinides with widely varying solubilities in the host

matrix are created. These radionuclides can be separated

into a number of distinct categories, Fig. 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 ®ssion gas bubbles or sol-

id ®ssion products such as perovskites ((Ba, Sr)ZrO3)

and the metallic e-phase (Mo, Ru, Rh, Pd, Tc).

3. Fission products and actinides and lanthanides that

are retained in the fuel matrix.

The great majority of radionuclides (>90%) are in cat-

egory (3) and are expected to be released at a rate gov-

erned 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 UO2

3.1. Electrochemical behaviour

3.1.1. General electrochemical features

The parameters which control the dissolution rates of

oxides have been reviewed by [5]. 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 to which unoxidized UO2 ®ts, Fig. 2,

the rate-controlling process is either charge transfer to

the surface to form surface ionic species (Mn�;O2ÿ)

which can subsequently transfer to solution, or surface

alterations to produce these transferrable 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, Fig. 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 on the oxide surface as well as

produce the solution soluble UO2�
2 species [4]. 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, �EUO2�
2
=UO2
� for the oxi-

dative dissolution of the fuel, Fig. 4, and corrosion of

the fuel will proceed at the corrosion potential (ECORR)

established at the fuel/environment interface. For nor-

mal aerated conditions, the equilibrium potentials for a

range of fuel oxidation reactions (to U4O9;U3O7;
U3O8;UO3 � 2H2O) are well below ECORR and complex

surface chemistry would be anticipated as fuel corrosion

progresses, Fig. 5.

In the sealed vaults anticipated under granitic con-

ditions [6], the equilibrium potential for the fuel will

increase and Eh�� EOX=RED� of the environment de-

crease, since the amount of available oxidant is limited.

As oxidants are consumed, Eh will approach the

H2O=H2 potential boundary, Fig. 5, and UO2 would

become the stable matrix. For these conditions the

driving force for fuel dissolution would be proportional

Fig. 1. Schematic diagram showing the distribution of radio-

nuclides in used fuel. Radionuclides located at the fuel±Zircaloy

cladding gap and at grain boundaries within the fuel are

assumed to be instantly released.

Fig. 2. Categorization of oxides according to their conductivity

type and dissolution behaviour [5].
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to UO2 solubility, and the rate of dissolution would be

controlled by processes such as those described by Segall

et al. [5], and discussed above. For unsealed vaults such

as Yucca Mountain, where oxidizing conditions can

prevail inde®nitely, 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. Fig. 6 shows the

alpha, beta, gamma dose rates calculated at the fuel

surface [7]. While the dose rates shown are for a CAN-

DU fuel bundle (burnup, 721 GJ (kg U)ÿ1; 10 years since

discharge from reactor), similar pro®les would be ob-

tained for an LWR bundle. It is worth noting that the

Fig. 3. Solubilities of uranium dioxide �UO2� and schoepite

�UO3 � 2H2O� as a function of pH at 25°C [4].

Fig. 5. Potential±pH diagram showing the relative stabilities of

uranium phases potentially stable under fuel corrosion condi-

tions. Although the stability lines for uranium metal, carbides

and nitrides are also shown they are not relevant to the present

discussion [4].

Fig. 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.

Fig. 6. Alpha �a�; beta �b�, and gamma �c� dose rates in the

water layer in contact with a CANDU fuel bundle with a

burnup of 721 GJ/KgU as a function of time [7].
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concentration of radiolytic oxidants will not necessarily

be independent of environmentally established redox

conditions. The presence of dissolved O2 while radiation

®elds endure (particularly b=c ®elds) will lead to a sig-

ni®cant increase in the production of radiolytic oxidants.

Also, if radiolysis of a moist air environment occurs,

radiolytic processes leading to the ®xation of nitrogen

(as NO, NO2) and the development of acidity (HNO3)

are possible [8]. The presence in the repository of alter-

native sinks for the reduction of radiolytic oxidants,

such as carbon steel waste package liners or the inner

walls of a copper container, could signi®cantly reduce

the concentration of oxidants available to drive fuel

corrosion [9±11].

The corrosion potential, ECORR, is determined by the

kinetic balance of the anodic

UO2 ! UO2�
2 � 2e �1�

and cathodic

Ox� 2e ! Red �2�
reactions which make up the overall corrosion reaction,

Fig. 7. At ECORR, the anodic current, IA, is equal and

opposite in sign to the cathodic current, IC and equal to

the corrosion current, ICORR. The value of IC is the sum

of the individual currents for all the oxidant reduction

reactions supporting fuel corrosion (i.e. IC � IC1 � IC2 in

Fig. 7). Using Faraday's Law, ICORR can be expressed as

a rate of mass loss,

W
t
� ICORR AW

nF
; �3�

where W is the mass loss in grams, AW the molecular

weight of UO2, n the number of electrons involved (2 in

reaction 1), F the Faraday constant and t 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 di�culties. These problems in

accurately measuring surface areas have been addressed

in detail a number of times [12±14].

The two half reactions, (1) and (2) will be in¯uenced

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, Fig. 8.

This relationship between surface composition and po-

tential was determined by X-ray photoelectron spec-

troscopy (XPS) on electrochemically or naturally

corroded [15±18] UO2 specimens. For electrochemical

conditions the potential represents the applied potential

while, at the fuel surface, for natural corrosion condi-

tions it is the corrosion potential (ECORR) of the fuel. The

various stages of oxidation can be appreciated by the

variation in electrochemical current with potential seen

in a cyclic voltammetric experiment as illustrated in

Fig. 9.

Fig. 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 � jIC1 � IC2j
� ICORR.

Fig. 8. Chemistry/electrochemistry of UO2 oxidation and dis-

solution (corrosion) as a function of electrochemically applied

potential or corrosion potential.
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Peak (or shoulder) I in Fig. 9 occurs over the po-

tential range )0.8 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 E6 ÿ 0:4 V. This is consistent with

photothermal de¯ection spectroscopic (PDS) measure-

ments which show no laser beam de¯ection indicating a

change in refractive index of the solution adjacent to

the electrode surface indicative of dissolution [20] 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 [4]. Since only small amounts of

charge are involved, oxidation appears to be con®ned

to submonolayer areas of the surface. It has been

proposed that oxidation occurs at grain boundaries

where enhanced hyperstoichiometry could exist due to

an ine�cient reductive sintering process during fabri-

cation.

Peak II is attributed to the oxidation of the UO2

electrode matrix involving the incorporation of O2ÿ ions

at the interstitial sites in the ¯uorite lattice until a stoi-

chiometry close to UO2:33 is achieved. The oxidation

becomes irreversible beyond �)0.4 V as indicated by the

loss of a photocurrent signal after scanning this poten-

tial region [4], and the detection of dissolution by PDS at

potentials as low as �)0.3 V [20].

As the potential is increased beyond )0.4 V, the

thickness of this oxidized surface layer increases under

both electrochemical and natural corrosion conditions

[4]. A surface composition close in stoichiometry to

UO2:33 to UO2:4 is achieved around )100 mV. Beyond

this potential, dissolution as UO2�
2 begins to dominate

over the thickening of the UO2:33 surface oxide layer,

which reaches a steady-state thickness of 5±10 nm, re-

gion III in Fig. 9. 1 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 [21,22].

Before proceeding to discuss the chemistry/electro-

chemistry under steady-state corrosion conditions, it is

worth discussing the claim that oxidation occurs pref-

erentially at hyperstoichiometric sites, most probably in

grain boundaries. PDS and voltammetric experiments

performed on single crystals, in which grain boundaries

are absent, showed no signi®cant oxidation current in

region I, extremely small currents in region II, and no

dissolution (Rudnicki and Russo, private communica-

tion, 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 (Fig. 9) [23]. The rate and depth of

oxidation increased with the degree of hyperstoichio-

metry.

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, in-

troducing a friable nature to the fuel pellets [24,25]. This

would be a particularly important process if it occurred

during the corrosion of spent fuel since many ®ssion

products reside at the grain boundaries.

Once dissolution commences there is the possibility

of precipitating UVI-containing phases on the fuel sur-

face 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�
2 in the

solution, and the local solution transport regime. Fig. 10

shows electrochemically determined dissolution currents

as a function of applied potential in neutral non-com-

plexing solution. These results have been discussed in

detail elsewhere [26,27] and only their relevance to the

present discussion will be included here.

In region A (6300 mV), the fuel is undergoing al-

teration and close to 100% of the UVI produced accu-

mulates 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 continuously with time and

Fig. 9. Cyclic voltammogram recorded on a rotating UO2 disc

electrode at a scan rate of 10 mV sÿ1 and a disc rotation rate of

16.7 Hz using IR compensation in 0.1 mol lÿ1 NaClO4

(pH� 9.5). The Roman numerals indicate the various stages of

oxidation (described in the text) or reduction (described in [19]).

1 The reduction processes shown on the reverse potential

scan in Fig. 9 are not of immediate importance to this

discussion. Their assignment and discussion are given in Luht

[19].
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steady-state is not achieved. This accumulation of cor-

rosion product is general across the whole of the ex-

posed dissolving surface [19], 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 UO2:33

UO2:33 � 0:33 H2O ! UO2�
2 � 0:66 OHÿ � 1:34eÿ

�4�
is su�ciently rapid that extensive hydrolysis to produce

local acidity occurs at occluded dissolution sites; i.e.

xUO2�
2 � yH2O ! �UO2�x�OH��2xÿy��

y � yH�: �5�

The pH is suppressed to <5, leading to dissolution of

even the UO2:33 layer [28] and, hence, a further acceler-

ation in dissolution rate. Also, at these low values of pH

the solubility of UO2�
2 is increased (Fig. 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 bound-

aries, and the formation of pits are observed [19]. Sim-

ilar surface etching, grain boundary penetration and

formation of pits were observed by Bottomley et al. [29]

at very positive potentials in 3% Na2CO3 solutions.

3.1.2. In¯uence of pH

Attempts to determine the in¯uence of pH on the

mechanism of fuel corrosion have been undertaken by a

number of authors [28,30,31]. XPS analyses showed that

for pH 6 5, the UO2:33 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, Fig. 11, and a ®tted rate equation of the form

r � 3:5��0:8� � 10ÿ8 H�� �0:37�0:01
O2� �0:31�0:02 �6�

for the pH range, 3 < pH < 6:7, where r has the units of

mol mÿ2 sÿ1. The absence of an oxidized surface layer

indicated that the proton-mediated transfer of UVI spe-

cies to solution was too fast to allow the incorporation

of O2ÿ species into the UO2 lattice [31].

Fig. 11. UO2 corrosion rates as a function of pH and oxygen

concentration measured by the single-pass ¯ow-through tech-

nique in 0.01 mol lÿ1 NaClO4 [31]; ��� 5% O2 in the gas purge;

��� 21% O2; ��� 100% O2.

Fig. 10. Electrochemically determined UO2 dissolution cur-

rents as a function of applied potential recorded on a number of

di�erent UO2 rotating disc specimens in 0.1 mol lÿ1 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 [26].

The line connects the data points used in the procedure shown

in Fig. 18 to determine UO2 corrosion rates. The columns of

points plotted at 100 and 200 mV are recorded at di�erent 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 ECORR values measured in O2; H2O2 solutions, in the

presence of c=a radiation, or on used fuel electrodes, are shown

by bars in the ®gure [27].
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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 [30] showed that both anions (in their case

SO2ÿ
4 � and cations a�ected dissolution. While the

chemical identity of these intermediates remains ob-

scure, and their nature is likely to change with solution

composition, their presence appears well documented.

The fractional dependence of dissolution rate on [O2]

(Eq. (6)) has no ready explanation, but the reaction

order value of 0.3 was less than the value of 0.7 claimed

for MgCl2 solutions with a pH� 4.5 [32], an environ-

ment in which XPS also showed the absence of an in-

termediary UO2:33 layer [17]. 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

o�ered by Torrero et al. [31], that O2 and H� compete

for key surface sites.

3.1.3. In¯uence of carbonate

Of all the potential groundwater species, the one

most likely to accelerate UO2 dissolution under the

natural pH conditions expected in a repository is car-

bonate, a strong complexing agent for the UO2�
2 ion [33],

UO2�
2 � 2CO2ÿ

3 () UO2CO3�aq� �7a�
log K1 � 9:5� 0:4 �7b�

UO2�
2 � 2CO2ÿ

3 () UO2�CO3�2ÿ2 �7c�
log b2 � 16:6� 0:3 �7d�

UO2�
2 � 3CO2ÿ

3 () UO2�CO3�4ÿ3 �7e�
log b3 � 21:6� 0:6 �7f�

On the basis of electrochemical data it appeared that

carbonate had no in¯uence on the initial oxidation of

UO2 to UO2:33 [34,35]. However, XPS analyses of UO2

surfaces after long (100 day) exposures to carbonate

solutions showed a stoichiometry of UO2:05 [18], good

evidence that dissolution was not mediated by a signif-

icant UO2:33 layer, at least for carbonate concentrations

of �10ÿ2 mol lÿ1. As for acidic solutions, de Pablo et al.

[18] interpreted this as an indication that the transfer of

oxidized U species to solution, as UO2�
2 , was su�ciently

accelerated by complexation with carbonate that the

incorporation of O2ÿ into a stable oxidized surface layer

did not occur. Such a conclusion is consistent with the

PDS and photocurrent observations which show disso-

lution can occur as soon as the irreversible oxidation of

the surface commences. As demonstrated by de Pablo

et al. [18] and Torrero et al. [31], whether or not an

oxidized layer forms is subsequently determined by the

relative rates of the incorporation of O2ÿ to produce

UO2:33 and the ion transfer of UO2�
2 to solution.

Fig. 12 shows anodic dissolution currents measured

at di�erent carbonate concentrations. Line 1 is the ®t to

the triangular points in Fig. 10 and the dashed line 2 is

of similar slope but shifted up by two orders of magni-

tude in current to illustrate the major in¯uence on dis-

solution currents exerted by carbonate. That both the

slopes of these log current±potential relationships and

the reaction orders with respect to carbonate concen-

tration change with both potential and carbonate con-

centrations is a good indication that the mechanistic

in¯uence of carbonate is complex. The presence of sur-

face adsorbed intermediates has been clearly demon-

strated by impedance spectroscopy experiments [4] for

concentrations >10ÿ2 mol lÿ1. Originally these inter-

mediates were thought to be formed on the surface of

an underlying UO2:33 ®lm but the recent XPS evidence

of de Pablo et al. [18] indicates this is not so. The

most appropriate mechanism for dissolution involving

uranyl carbonate intermediates appears to be

UO2 �HCOÿ3 ! UO2HCO3� �ads � e

UO2HCO3� �ads �OHÿ ! UO2CO3� �ads �H2O� e

UO2CO3� �ads �HCOÿ3 ! UO2 CO3� �2ÿ2 �H� �8�
UO2 CO3� �2ÿ2 �HCOÿ3 ! UO2 CO3� �4ÿ3 �H�:

More generally, the in¯uence of carbonate can be cate-

gorized as a function of concentration according to the

schematics shown in Fig. 13:

Fig. 12. Electrochemically determined UO2 dissolution cur-

rents as a function of applied potential recorded on UO2 ro-

tating disc electrodes �x � 16:7 Hz) in 0.1 mol lÿ1 NaClO4

(pH� 9.5) containing various concentrations of carbonate: ���
0.005 mol lÿ1; �N� 0.01 mol lÿ1; (�) 0.05 mol lÿ1; ��� 0.1 mol lÿ1.

Line 1 is the line from Fig. 10. Line 2 is a line of identical slope

to line 1 for currents increased by two orders of magnitude [27].
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1. in the absence of carbonate, corrosion product depos-

its can accumulate and suppress the dissolution rate

(line 1 in Fig. 12);

2. at low concentrations (610ÿ3 mol lÿ1) the predomi-

nant in¯uence of carbonate seems to be the thermo-

dynamic ability to increase UO2�
2 solubility and,

hence, to prevent the deposition of corrosion product

deposits (line 2, Fig. 12);

3. for intermediate concentrations (10ÿ3 to 10ÿ1 mol

lÿ1), HCOÿ3 =CO2ÿ
3 is kinetically involved, via the for-

mation of surface intermediates, in the dissolution

process;

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 de-

pendent on carbonate concentration.

3.1.4. In¯uence 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 solu-

bilities. 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 ana-

lyses show that the incorporation of these two species

into corrosion product ®lms at oxidizing potentials (i.e.

in region A of Fig. 10) leads to the rapid suppression of

dissolution currents. Fig. 14 shows values of the charge

associated with the subsequent electrochemical stripping

of these corrosion product deposits. This charge is an

e�ective measure of the thickness of the corrosion

product deposit assuming it to be evenly distributed

across the surface. At all potentials in region A (60.4 V

in this case), the ®lms formed in Standard Canadian

Shield Saline Solution (containing 3:7� 10ÿ1 mol lÿ1 of

Ca2� and 5:4� 10ÿ4 mol lÿ1 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 ®gure, more

able to protect the underlying UO2 from dissolution [19].

They also continue to thicken at very positive potentials

(indicative of extreme oxidizing conditions) thereby

Fig. 14. Film thicknesses (expressed in coulombs) for corrosion

product ®lms electrochemically grown on UO2 electrodes for 90

min at di�erent applied potentials in di�erent neutral electro-

lytes: �j� 0.1 mol lÿ1 NaClO4; ��� 0.97 mol lÿ1 NaCl; ���
SCSSS, a Ca2�, Si4� containing simulated groundwater (see

text); ��� SCSSS + 10ÿ2 mol lÿ1 HCOÿ3 [19].

Fig. 13. Schematic diagrams illustrating the in¯uence of car-

bonate on UO2 dissolution as the concentration changes.
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preventing the transition to region B (P0.4 V) and the

development of aggressive local acidic conditions, and

the dominance of dissolution over the accumulation of

corrosion product deposits. The transition to region B

occurs for E P 0:42 V and is indicated by the sudden

drop in ®lm thickness (cathodic charge) in Fig. 14. The

very low values of cathodic charge when carbonate is

present show that the ability of carbonate to promote

dissolution counterbalances any tendency for Ca and Si

to promote the development of thick corrosion product

layers.

Based on the above discussion, we can de®ne 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 exper-

iments described, or achieved naturally by exposure of

the fuel to an environment of known redox condition.

1. ÿ800 mV6E6 ÿ 400 mV; oxidation of submono-

layer quantities of surface material, possibly concen-

trated in grain boundaries.

2. ÿ400 mV6E6 ÿ 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 �UO2:33=UO2:4 at )100

mV. Dissolution as UO2�
2 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. ÿ100 mV6E6 � 300 mV. Oxidation, dissolution

and the accumulation of corrosion product deposits

occur. The balance between dissolution and the for-

mation 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 disso-

lution.

(b) For pH 6 5, corrosion product deposition no

longer occurs, oxidation to UO2:33 is prevented,

and, hence dissolution accelerated.

(c) In neutral solutions containing su�cient

HCOÿ3 =CO2ÿ
3 �P10ÿ3 mol lÿ1), UO2:33 does not

form, corrosion product deposits are avoided,

and dissolution accelerated.

(d) In Ca/Si-containing groundwaters the forma-

tion of protective corrosion product deposits is

reinforced.

4. E > �300 mV; rapid dissolution leads to the develop-

ment of local acidity causing grain boundary etching

and pitting. The dissolution rate increases since cor-

rosion product deposition is prevented.

3.2. Corrosion behaviour of UO2

The corrosion behaviour of UO2 in near neutral to

alkaline solutions, the environment expected to prevail

in most waste repositories, 2 can be summarized in terms

of the schematic of ECORR as a function of time shown in

Fig. 15. The reaction sequence shown has been demon-

strated for open-circuit corrosion conditions by elect-

rochemical and XPS experiments and is identical to the

sequence determined electrochemically and summarized

above [15,18,36]. This relationship between ECORR and

surface composition is clearly shown in Figs. 16 and 17,

which show the cathodic ®lm charge (directly propor-

tional to ®lm composition and thickness) 3 and the

stoichoimetry 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 di�erent value of ECORR, irrespective of

whether this value was achieved quickly at high dose

rates or slowly at low dose rates [36]. The growth

and change in composition of the ®lm (up to

�UO2:33=UO2:4) over the potential range )400 mV to

�0 mV are clearly shown. For higher values of ECORR

the accumulation of a predominantly UVI deposit (i.e.,

high values of the UVI=UIV ratio) occurs once a steady-

state value of ECORR was achieved.

This form of ECORR ± time curve (Fig. 15) has been

obtained in a wide range of environments including

aerated solutions [15,28], H2O2 solutions [37], gamma

and alpha radiolytically decomposed solutions [36,38]

and on spent fuel [39] and SIMFUEL electrodes [40].

The rate at which the steady-state ECORR value

((ECORR�SS) is achieved is a measure of the kinetics of the

2 Repositories with Mg-containing brines, when the pH

could be <5, may be the only exception.

Fig. 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.

3 A charge, Qc � 8 mC, on the electrode used would be

equivalent to a surface ®lm thickness of 4 nm to 8 nm,

depending on the ®lm composition assumed.
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fuel oxidation reaction UO2 ! UO2:33=UO2:4, and 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 Figs. 10

and 12) to determine fuel dissolution rates. The proce-

dure, the well-known Tafel extrapolation, is illustrated

in Fig. 18.

One point worth noting at this juncture is that the

electrochemically determined reaction order for a par-

ticular reactant (e.g. carbonate from Fig. 12) will not

necessarily translate, by an extrapolation as shown in

Fig. 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�SS is

determined by the relative kinetics of both half reac-

tions. This issue has been dealt with in more detail

elsewhere [27].

4. Mechanism of reduction of various oxidants

The rate of fuel corrosion will be dictated predomi-

nantly by the nature and concentration of environmen-

tal 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 signi®cant amount of e�ort has gone into the deter-

mination 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 [41], due to the need to break the strong O±O

bond, and on oxide surfaces inevitably involves catalysis

by mixed oxidation states available on the surface of the

oxide [42]. Based on the theory of Presnov and Trunov

[43], developed to explain the reduction of O2 on tran-

sition metal oxides with p-type semiconductivity, these

mixed oxidation states are donor±acceptor sites. These

sites are available on the surface of the fuel where U

atoms are present as U(VI) or U(V) above U(V) or

U(IV).

The process is illustrated schematically in Fig. 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 ®rst-order dependence of the overall reduction re-

action on [O2] and large Tafel slopes (dE=dlog i) clearly

indicate that the ®rst electron transfer step is rate-de-

termining. Subsequent reduction of the adsorbed su-

peroxide ion to hydroxide ion then proceeds rapidly via

a series route involving single electron and proton

transfer steps.

The large measured Tafel slope (180±240 mV), and

the variation of this slope with potential, suggest a de-

pendence of O2 reduction kinetics on the surface com-

position of the fuel and its variation with potential [44].

Consequently, we would expect the kinetics of O2

Fig. 16. Cathodic charge measured by cathodic-stripping vol-

tammetry as a function of the corrosion potential �ECORR�
achieved under natural corrosion conditions in 0.1 mol lÿ1

NaClO4 (pH� 9.5) gamma-irradiated at various absorbed dose

rates for various times [36].

Fig. 17. UVI : UIV ratio in the surface of a UO2 specimen after

corrosion in 0.1 mol lÿ1 NaClO4 (pH� 9.5) gamma-irradiated

at various absorbed dose rates for various times [36].

10 D.W. Shoesmith / Journal of Nuclear Materials 282 (2000) 1±31



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 [36]. This is

con®rmed by the observed increase in O2 reduction

current as the number of these sites is increased by ox-

idation the fuel surface after natural corrosion in aerated

solutions [41] as shown in Fig. 20. This e�ect is illus-

trated schematically in Fig. 19(B). More extensive oxi-

dation of the surface leading to the accumulation of

deposited corrosion products causes a suppression of the

O2 reduction current suggesting blockage of the donor±

acceptor sites [41].

Enhanced non-stoichiometry of the fuel, due to either

incomplete sintering during fabrication or changes in-

duced by in-reactor exposure, can also change the ki-

netics of O2 reduction [23]. If this non-stochiometry is

inhomogeneously distributed, i.e., located within grain

boundaries or present as derivative phases throughout

the structure (e.g. U4O9ÿy), then the rate of O2 reduction

will vary from site to site [39]. This is particularly no-

ticeable under oxidizing conditions since the rate of fuel

oxidation (and, hence, the number of donor±acceptor

sites) increases rapidly with an increase in degree of non-

stoichometry [23].

Two e�ects on in-reactor ®ssion are expected to in-

¯uence 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

Fig. 19. Schematic diagrams illustrating the in¯uence of various factors on a O2 reduction on a UO2 surface: (A) mechanism of

reduction at donor±acceptor sites; (B) e�ect of corrosion on the number density of donor±acceptor sites; (C) e�ect of rare earth doping

on the number density of donor±acceptor sites; (D) catalytic e�ect of noble metal particles �e phase).

Fig. 18. Illustration of the procedure used to obtain corrosion currents �ICORR�, 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. (B) The dashed section of the line indicates the extrapolation of measured currents to the

measured corrosion potential �ECORR� to obtain the values of corrosion current plotted as a function of oxidant concentration.
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e-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 Fig. 19(C).

The in¯uence of these e�ects on the kinetics of O2

reduction has been studied using a range of SIMFUEL

specimens in which the chemical e�ects of ®ssion prod-

ucts were replicated by incorporation of 11 stable ele-

ments (Ba, Ce, La, Mo, Sr, Y, Zr, Rh, Pd, Ru and Nd)

in suitable proportions to simulate various burnup levels

[23]. The results of these studies show that, while the

in¯uence of rare earth doping of the fuel has only a

marginal e�ect on the kinetics of O2 reduction, the

presence of the noble metal segregants has a very major

e�ect, Fig. 19(D). This enhancement suggests that 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 >104 (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 natu-

rally corroded surfaces are the most relevant. However,

while natural corrosion leads to the catalysis of O2 re-

duction on UO2 it suppresses this reaction on SIMFU-

EL surfaces, Fig. 21, the currents being approximately

the same on both oxidized surfaces. This suggests that

the ability of the noble metal e-particles to catalyze O2

reduction is lost by the formation of a passive ®lm. An

attempt to represent these con¯icting e�ects on UO2 and

the e-particles is shown in Fig. 22. Based on these ob-

servations, the presence of e-particles in spent fuel

specimens would not be expected to exert any signi®cant

in¯uence on their dissolution properties under oxidizing

conditions.

Measurements of �ECORR�SS as a function of O2

concentration show a dependence on O2 concentration

which translates, via the extrapolation shown in Fig. 18,

to a prediction that the fuel corrosion rate in neutral

non-complexing solutions will be close to ®rst order with

respect to O2 [16].

4.2. Reduction of H2O2

There is good evidence to indicate that H2O2 reduc-

tion is a signi®cantly faster reaction on UO2 than O2

reduction. Thus, measurements of the rate of change of

ECORR 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 [37].

Also, the current for H2O2 reduction is one to two or-

ders of magnitude larger than for O2 reduction at the

same applied potential, Fig. 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�
2 , 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 10ÿ4 mol lÿ16

Fig. 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 lÿ1 NaClO4 (pH� 9.5): (�) after cathodic reduction at

)2 V; (�) after corrosion in aerated solution to an ECORR value

of 134 mV (vs. SCE) [27].
Fig. 20. Transport- and IR-compensated O2 reduction currents

recorded on a UO2 rotating disc electrode as a function of

potential in aerated 0.1 mol lÿ1 NaClO4 (pH� 9.5). The elec-

trode was electrochemically reduced in Ar-purged solution be-

fore 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) [41].
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�H2O�6 10ÿ2 mol lÿ1 [16], Fig. 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 UO2:33 to yield UO2�
2 . That

H2O2 decomposition can occur has been demonstrated

under corrosion conditions [45] and under electro-

chemical conditions [46].

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 concentra-

tion of O2 at the fuel surface will be regulated by its

solubility it is possible that the independence of ECORR

on �H2O2� is actually attributable to a constant �O2�. An

attempt to represent this situation schematically is

shown in Fig. 25(A). That such a reaction should occur

on a UO2:33�UIV
2 UVIO7� surface is not unexpected since

H2O2 decomposition is known to be catalysed on oxide

surfaces containing mixed oxidation states, as illustrated

schematically for UO2�x in Fig. 25(B) [16].

The redox bu�ering of the fuel surface by hydrogen

peroxide is lost under a number of circumstances. For

concentrations >10ÿ2 mol lÿ1, �ECORR�SS increases with

peroxide concentration suggesting that the fuel corro-

sion reaction is becoming more important than H2O2

decomposition, Fig. 24. The rate of corrosion for this

concentration range is predicted to have a ®rst-order

dependence on H2O2 concentration, consistent with the

observations of Gimenez et al. [47]. Again, in agreement

with the above observations, they measured the rate to

be independent of �H2O2� between 10ÿ2 and 10ÿ3 mol lÿ1.

Interestingly, this positive shift in �ECORR�SS is pre-

vented by the addition of carbonate, and the �ECORR�SS

remains e�ectively independent of �H2O2� to concentra-

tions up to nearly 1 mol lÿ1 [16]. The accumulation of a

corrosion product deposit, indicated by an increase in

U(VI) to U(IV) ratio measured by XPS, observed in this

Fig. 24. Steady-state corrosion potential (ECORR�SS values

measured as a function of H2O2 concentration in 0.1 mol lÿ1

NaClO4 (pH� 9.5) [16].

Fig. 23. Transport- and IR-compensated reduction currents

recorded on a SIMFUEL rotating disc electrode (3 at.% sim-

ulated burnup) in 0.1 mol lÿ1 NaClO4 (pH� 9.5): (�)

[H2O2� � 5� 10ÿ4 mol lÿ1; (j) [O2� � 2:7� 10ÿ4 mol lÿ1. Line

1 is drawn with the same slope as the line drawn to ®t the low

potential data recorded in O2-containing solution to illustrate

that the same Tafel relationship is not observed in H2O2 solu-

tion as in O2 solution [27].

Fig. 22. Schematic diagram showing the e�ect of surface oxidation on the kinetics of O2 reduction on UO2 grains an noble metal

particles (e phase, denoted M).
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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 con®rms

that H2O2 decomposition is occurring rapidly for

�H2O2� > 10ÿ2 mol lÿ1. This last observation indicates

that, when carbonate is present, the condition of redox

bu�ering of the UO2 surface persists to very high �H2O2�.
This suggests that, in the absence of carbonate, the ac-

cumulation of a corrosion product deposit blocks these

surface sites required to catalyze H2O2 decomposition,

Fig. 25(A). The very positive potentials achieved at high

�H2O2�, Fig. 24, approach those for which local acidic

conditions are anticipated, Fig. 10. When carbonate is

present, not only would the deposition of corrosion

products be prevented, but any tendency for the pH to

decrease 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 comes from the e�ect of pH on �ECORR�SS. As the

pH is decreased, ECORR becomes much more positive,

achieving values of � 200 mV for pH� 7 and >400 mV

for pH < 2 [16]. In the pH range 4±6.5 Diaz-Arocas

et al. [48] observed aggressive attack of UO2 in H2O2

solutions as well as the accumulation of a corrosion

product deposit. This deposit was identi®ed as studtite

(UO4 � 4H2O2�.

4.3. Reduction of radical oxidants produced by the b=c
radiolysis of water

Given that the rate of H2O2 reduction (a two electron

process) is fast compared to that of O2 reduction (four

electrons), we would anticipate that the reduction of

radical species �OHá;Oÿ2 � (1 electron), produced by the

b=c-radiolysis of water, would be even more rapid.

Corrosion rates as a function of c-dose rate, predicted

using the procedure shown in Fig. 18, demonstrate that

this is indeed the case [16]. These results show, Fig. 26,

that, for a su�ciently high dose rate, the corrosion rate

is a linear function of the square root of dose rate, i.e.,

approximately proportional to the sum concentration of

radiolytic oxidants.

A possible explanation for this ®rst-order dependence

is that the reaction of radical oxidants with UO2 is dif-

fusion-controlled with all the radicals produced within a

thin reaction layer directly adjacent to the fuel surface

reacting with it, as illustrated schematically in Fig. 27.

The thickness of this reaction layer �x� is determined by

the di�usion coe�cient of the radical (Dr) and its e�ec-

tive lifetime �s�,

x � �2Drs�1=2; �9�

where s 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

OHá radical, x varies from �16 to �44 lm for a

change in dose rate from 280 to 5 Gy hÿ1 [49]. As

indicated in Fig. 27, b 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.

Fig. 26. Corrosion rate of UO2 as a function of the square root

of gamma dose rate in Ar-purged 0.1 mol lÿ1 NaClO4 solution

(pH� 9.5) (1R � 10ÿ2 Gy). The dashed lines have no ®tting

signi®cance, but simply bracket the experimental points [16].

Fig. 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 on the surface of UO2.
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In a number of experiments at high c-dose rates

(�102 Gy hÿ1) �ECORR�SS values >300 mV were obtained

(Sunder and Shoesmith, unpublished data). The attain-

ment of these positive potentials was accompanied by

the accumulation of corrosion product deposits (indi-

cated by XPS measurements) and the generation of a

bulk solution pH < 4. It would appear that su�ciently

high c-dose rates can drive ECORR into the potential

range (region B in Fig. 10) where local acidic conditions

can be sustained in cracks, ®ssures, grain boundaries

and pits created by missing grains.

4.4. Reduction of molecular oxidants produced by the

a-radiolysis of water

In contrast to b=c-radiation, a-radiation is a high

LET (linear energy transfer) form of radiation which

deposits all its energy in a layer of solution �25 lm thick

adjacent to the fuel surface to produce predominantly

the molecular oxidant H2O2. A combination of mea-

surements [38,50] and calculations [51] shows that the

corrosion behaviour of the fuel exposed to a-radiolyti-

cally decomposed water is very similar to that observed

in the presence of H2O2. For a-source strengths P250 l
Ci, �ECORR�SS becomes independent of source strength,

Fig. 28. Calculations of the �H2O2� generated at these

source strength values in the cell used to make the

measurements [51] show they are in the concentration

range where �ECORR�SS is expected to be independent of

�H2O2� (Fig. 24). This similarity appears to con®rm that

the radiolytically produced H2O2, and its decomposition

to O2 and H2O, will be the dominant e�ects on fuel

corrosion in the presence of a-radiation.

In one experiment, using an a-source strength of

686 l Ci, a non-steady state value of ECORR > 130 mV

and increasing was obtained [51] suggesting that there is

a possibility of local acidi®cation at su�ciently high

a-dose rates.

5. The in¯uence 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 speci®c

Fig. 28. Steady-state corrosion potential (ECORR�SS values

measured as a function of a-source strength in 0.1 mol lÿ1

NaClO4 (pH� 9.5) [38].

Fig. 27. Schematic diagram illustrating the short-range and long-range in¯uences of b and c radiation. Only radical oxidants produced

within the reaction layer react with UO2, making b-®elds much more e�cient than c-®elds.
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parameters deemed important for a particular environ-

ment were studied. In this section the in¯uence of vari-

ous parameters on fuel dissolution will be reviewed with

the predominant emphasis 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 in-

¯uence the release of radionuclides in categories (ii) and

(iii) of Section 2.

The following speci®c areas and parameters are dis-

cussed; the intrinsic fuel dissolution rate, fuel preoxi-

dation, pH, O2 concentration, dependence on carbonate

concentration, temperature, radiolysis, a comparison of

unirradiated UO2 and spent fuel (including the in¯uence

of spent fuel burnup), 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

¯ow-through method described by Gray et al. [13]. The

advantage of the single-pass, ¯ow-through technique is

that ¯ow rates and specimen size can be controlled so

that the UO2 dissolves under conditions that are far

from solution saturation. This minimizes the e�ect of the

precipitation of dissolved corrosion products on the

rate. Under such conditions, the steady-state dissolution

rates are directly proportional to the e�ective surface

area of the specimen and, subsequently, the dependence

of UO2 dissolution kinematics on parameters such as

pH, temperature, O2, and HCOÿ3 =CO2ÿ
3 can be evalu-

ated. Besides Gray et al. [13], this experimental tech-

nique has been successfully applied by Tait and Luht

[14], de Pablo et al. [18,52], Bruno et al. [53], and

Steward and Mones [54].

Using carefully prepared UO2 powders from the

same source in three di�erent laboratories (Paci®c

Northwest National Laboratories (PNL), Lawrence

Livermore National Laboratories (LLNL) and White-

shell Laboratories (WL)), the measured rates were

2:2� 0:5 (PNL), 5:5� 2:7 (LLNL) and 1:5� 0:9 (WL)

mg mÿ2 dÿ1. The predominant source of error was the

accurate determination of fuel surface area, a measure-

ment complicated by uncertainty over the extent of so-

lution penetration into grain boundaries [12]. While not

a major problem for this comparison of measurements

of UO2 from the same source, this uncertainty is a

problem when attempting to compare rates on fuel

specimens from di�erent sources.

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 pro-

posed condition for the Yucca Mountain 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 [55] 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 [3,56]. While

potentially a dangerous situation, Siegmann [57] has

presented calculations to show the process is avoidable

providing waste package containment is assured for only

100±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 reac-

tion with aerated steam. Johnson and Taylor [58] 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) [59±61]. A

critical ®nding of these studies was that oxidation oc-

curred preferentially in the grain boundaries, a process

that could eventually lead to breakup of the fuel pellets.

This preferential grain boundary attack seemed partic-

ularly evident in spent fuel specimens in which it may

have been exacerbated by radiolytic e�ects [62].

In the fuel storage experiments at 150°C, the oxida-

tion 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 hy-

drates. In both the short-term tests with unirradiatd

UO2 and the long-term tests with spent fuel these al-

teration products accumulated within the reactive grain

boundaries. In the spent fuel tests some evidence existed

to suggest their formation in the con®ned volumes

within grain boundaries sti�ed the fuel oxidation/

dissolution process.

Under fully immersed conditions, the e�ect of

preoxidation on the fuel dissolution rate appears to be

minor [55]. Prior to immersion, spent fuel specimens

(ATM-105, a moderate burnup, low ®ssion gas release

fuel, and ATM-106, a high burnup, high ®ssion gas re-

lease fuel) were pre-oxidized in air at 110±200°C to give

surface stoichiometries of �UO2:4�U4O9�x with no in-

dication of U3O8 formation). The in¯uence of this

treatment 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 ac-

cessibility for preoxidation of the grain boundaries in

this high ®ssion gas release fuel. For unirradiated UO2

the increase in dissolution rate on oxidation to U3O7

and U3O8 was only a factor of 2±4 once the increase in
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surface area on oxidation to U3O8 was accounted for.

More recently, Gray [63] showed that there was little

di�erence in the dissolution rates of three di�erent pre-

oxidized (up to U4O9�x� spent fuel specimens.

Steward and Mones [54] reported corrosion rates for

UO2;U3O8 and dehydrated schoepite, UO3H2O, mea-

sured using the single-pass, ¯ow-through system. The

order of rates was

RUO3 �H2O � RU3O8
> RUO2

: �10�

For UO3 �H2O the rate was at least an order of mag-

nitude higher than for U3O8, while that for UO2 was

only a factor of 2 less than for U3O8. The rate for

UO3 �H2O was also strongly dependent on [CO3], con-

sistent with the strong dependence on carbonate of the

dissolution of soddyite, another fully oxidized uranium

oxide ��UO2�2SiO42H2O�� [64].

This marginal e�ect 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 UO2:33=UO2:4 (Section 3.1)

guarantees that, irrespective of the surface stoichiometry

prior to exposure to water, the fuel surface achieves ef-

fectively the same composition that would be established

by the aqueous oxidation of non-preoxidized fuel before

dissolution commences. Since corrosion potential mea-

surements indicate that this preoxidation step

�UO2 ! UO2:33� also occurs on spent fuel [39] prior to

dissolution, it is unlikely that unirradiated UO2 and

spent fuel will exhibit signi®cantly di�erent 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 re-

lease 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. E�ect of pH

Based on the discussion in Section 3.1.1 above, no

signi®cant in¯uence of pH on corrosion rate would be

anticipated in the range 56pH6 10 likely to prevail in

all repositories except those inundated with saturated

Mg-containing brines (when a pH < 5 is expected).

Within this pH range, the solubility of the U(VI) cor-

rosion product is at a minimum and independent of pH

[65]. This independence of corrosion rate on pH is

clearly shown in the measurements of Thomas and Till

[66] using UO2 fuel pellets, as well as in the more ex-

tensive series of experiments in which dissolution rates

measured on U3O8 were compared to previously mea-

sured rates on UO2 and spent fuel [54]. Based on re-

gression ®ts to their data set obtained in a statistical set

of experiments over the pH range 8±10, Steward and

Mones [54] obtained the following relationships for

dissolution rates (r in mg mÿ2 dÿ1).

log rU3O8
� 7:951� 0:6492 log�CO3�
� 0:1065 log�H�� ÿ 1333 Tÿ1

log rUO2
� 5:825� 0:2260 log�CO3�
ÿ 0:1571 log�H�� ÿ 1734 Tÿ1 �11�

log rSF � 7:202� 0:2260 log�CO3�
� 0:0905 log�H�� ÿ 1628 Tÿ1

From these expressions it is clear that, for all forms of

uranium oxide investigated, the dependence on pH is

minor to insigni®cant.

5.4. Dependence on O2 concentration

Fig. 29 shows the dependence of corrosion rate on

dissolved oxygen concentration determined by di�erent

researchers for a range of solution conditions. In neutral

carbonate solutions, Tait and Luht [14] and Steward and

Weed [67] obtained a reaction order of �0.7 and a

similar value was obtained for pH� 4.5 in MgCl2 brine

[32], although in the last case the actual corrosion rates

are signi®cantly lower. Based on electrochemical mea-

surements of current±potential relationships in carbon-

ate solutions, a reaction order between 0.67 and 0.8 is

predicted [27], in excellent agreement with measure-

ments. At odds with these values is the reaction order

measured electrochemically (based on the procedure in

Fig. 29. UO2 and spent fuel dissolution (corrosion) rates as a

function of oxygen concentration measured by di�erent meth-

ods in di�erent environments: (��) from electrochemical

measurements in 0.1 mol lÿ1 NaClO4 (pH� 9.5) using the

procedure outlined in Fig. 18 [16]; UO2�j) and spent fuel (.)

rates measured in 0.01 mol lÿ1 NaCl (pH� 9) [14]; (N� UO2

rates measured in MgCl2 brine (pH� 4.5) [32]; (�� UO2 rates

measured in 0.02 mol lÿ1 NaHCO3 (pH� 9) [67]. The equations

represent the best ®ts to the data.
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Fig. 18) in non-complexing neutral solutions, Fig. 29,

when a reaction order of �1 was obtained. Thomas and

Till [66] in neutral granitic groundwater, Grambow et al.

[68] at pH� 7.7 in NaCl, and Grandsta� [69] in neutral

water, also measured a ®rst-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�
2 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 the UO2 surface allows O2 reduction to be catalyzed

by the U(VI) and/or U(V) sites present on the fuel sur-

face (Fig. 19(A)). If these sites are partially blocked, then

it is possible that this could lead to the polarization

(retardation) of the O2 reduction reaction, which would

be manifested by 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 cor-

rosion product deposit are present on the fuel surface

[41].

The reaction order with respect to O2 for spent fuel is

lower than for UO2, Fig. 29. This is due to the increased

rate measured at the lowest O2 concentration. Tait and

Luht [14] attribute this to the support of corrosion by

radiolysis which is more apparent at the lower O2 con-

centration. An even more marked suppression of any

dependence on [O2] was observed for the corrosion of

LWR fuel by Steward and Gray [70]. At room temper-

ature, the rate was almost independent of O2. While a

suppressed reaction order with respect to O2 is consis-

tent with a radiolytic e�ect, the total absence of any

dependence suggests other unknown factors may also be

involved.

5.5. Dependence on carbonate concentration

Fig. 30 shows a comparison of corrosion rates as a

function of carbonate concentration measured using the

single-pass ¯ow-through apparatus and electrochemi-

cally using the procedure outlined in Fig. 18. Except for

the early preliminary electrochemical data [15], the re-

action order with respect to carbonate is 0.4±0.6. The

order predicted electrochemically by the same procedure

used to predict the reaction order with respect to O2 is

0.33±0.4 [27]. Both measured and predicted values are

consistent with the previously published literature values

of 0.53 [71] and 0.46 [72]. In single-pass ¯ow-through

experiments at very low O2 concentration (2 ppb), Tait

and Luht [14] clearly showed that there was no depen-

dence of the corrosion rate on carbonate concentration.

While this agreement between experiment and pre-

diction is gratifying, it hides a host of issues when trying

to de®ne a single reaction order to express the depen-

dence of corrosion rate on carbonate concentration.

Since carbonate is a strong complexing agent for UO2�
2

but not for U4�, which is preferentially hydrolyzed

(Table 6.1 in [4]), it would not be expected to accelerate

corrosion signi®cantly under marginally oxidizing con-

ditions as observed. However, this means that the de-

pendence on carbonate will change with redox

conditions; i.e. the rate of oxidation to produce UO2�
2

will become more rate determining as conditions become

less oxidizing and the dependence of the overall corro-

sion 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±25°C) value of 0.4 to a value of 0.6±0.7 [52,66]. This

has been shown by de Pablo et al. [18] to be due to a

switch in the rate determining step from the rate of

surface oxidation to the rate of U(VI) 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) to the anodic

(UO2�
2 dissolution) reaction.

These complications are undoubtedly re¯ected in the

relatively low dependence of the corrosion rate on car-

bonate obtained by Steward and Mones [54], Eq. (11),

based on a ®t to a data set which encompasses many of

these mechanistic changes within the range of the

Fig. 30. UO2 dissolution (corrosion) rates as a function of

HCOÿ3 concentration in aerated solutions at 25°C: (�) mea-

sured in aerated HCOÿ3 solution containing 0.1 mol lÿ1 NaCl

(pH� 9) [14]; (N) [52]; ��� preliminary UO2 rates determined

electrochemically in 0.1 mol lÿ1 NaClO4 (pH� 9.5) [15]: (.)

from electrochemical measurements in 0.1 mol lÿ1 NaClO4

(pH� 9.5) using the procedure outlined in Fig. 18.
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experimental design of parameters (i.e., 25°C6 T 6
75°C; 2� 10ÿ4 mol lÿ1 < �HCO3� < 2� 10ÿ2 mol lÿ1).

As expected, Steward and Mones [54] found that the

dependence on �CO3� of the corrosion rate increased in

the order

rSF < rUO2
< rU3O8

� rUO3 �H2O: �12�

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 indicate di�erent

balances in the kinetics of the anodic and cathodic re-

actions do not have a major e�ect overall. The di�erence

in reaction orders with respect to carbonate between

UO2 and U3O8 clearly indicates that the anodic reaction

�UO2�
2 dissolution) is slower than the cathodic reaction

�O2 reduction) at room temperature. This is not sur-

prising considering oxidation of only one in three U

atoms is required for corrosion in the case of U3O8.

Additionally, for this solid two oxidized uranium species

already exist within the solid as UO2�
2 entities [4] and

their transfer to solution in a reaction involving car-

bonate 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 in-

crease in corrosion rate of U3O8 compared to UO2 (a

factor of 3±5) is a real di�erence in intrinsic dissolution

rate.

The extremely high (relatively speaking) dissolution

rate of UO3 �H2O and the strong dependence on

carbonate concentration re¯ect both the thermody-

namic driving force provided by the increased solu-

bility due to complexation of UO2�
2 by carbonate,

reactions (7b) and (7d), and the absence of any need

for an oxidation step; i.e. this is 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

[64]. This particularly strong dependence of dissolution

rate for fully oxidized U phases on carbonate illus-

trates that the primary in¯uence of carbonate will be

to prevent the deposition of corrosion product de-

posits. The in¯uence of carbonate on the intrinsic

corrosion rate of the fuel is less marked but still a

signi®cant in¯uence over the concentration range

10ÿ4 P �CO3�P 10ÿ1 mol Lÿ1.

5.6. In¯uence of temperature

An early review of the literature [16] showed that the

activation energy �EzA� for UO2 corrosion depended very

much on the environment in which the measurements

were made. When measured in acidic solutions, gener-

ally with oxidants such as Fe(III), V(V) and H2O2,

values in the range 50±67 kJ molÿ1 were obtained. For

carbonate solutions in the pH range 8±10, and usually

with the oxidant O2, the range of values covered 42±63

kJ molÿ1. In non-complexing neutral solutions, the

range of measured values was signi®cantly lower, 29±34

kJ molÿ1. Recent measurements have proven consistent

with these classi®cations. An activation energy of 47 kJ

molÿ1 was measured in aerated carbonate solutions us-

ing the single-pass ¯ow-through technique [14]. Thomas

and Till [66] and Park and Lee [73] obtained values of 20

kJ molÿ1 and 26±31 kJ molÿ1 in distilled water and in a

borate-bu�ered granitic groundwater (pH� 6), respec-

tively. In granitic groundwater (containing 2130 mg lÿ1

of Ca2�) Thomas and Till [66] actually found a sup-

pression of the corrosion rate with temperature, an ob-

servation attributable to the formation of a mineralized

deposit. The formation of such adherent mineral de-

posits leading to the blockage of fuel dissolution at 90°C

in a Mg2�-containing groundwater was also observed by

Lahalle et al. [74].

The evidence for the formation of secondary deposits

at higher temperatures suggests that the low activation

energy obtained in non-complexing neutral groundwa-

ters can be attributed to the partial suppression of dis-

solution by the accumulation of a corrosion product

deposit. The acceleration of dissolution by an increase in

temperature would be counterbalanced by the increased

accumulation of U(VI) phase deposits, especially if the

latter have an inverse dependence of solubility on

temperature [75]. An attempt to depict this e�ect sche-

matically is shown in Fig. 31(A). By contrast, in carbon-

ate-containing solutions, corrosion product deposition is

prevented and activation energies more typical of an

uninhibited oxide dissolution process are obtained (40±

100 kJ molÿ1; [5,76], Fig. 31(B).

This explanation, however, ignores the changes

shown to occur in the underlying layer as the tempera-

ture increases. Using Rutherford backscattering, Mat-

zke and Turos [21] and Matzke [22] showed that the

thickness of UO2:33 layer increased from 5 to 8 nm at

room temperature to a few hundred nm (100±500 nm,

depending on temperature and time of exposure) for

temperatures between 150°C and 200°C. These ®lm

thicknesses were not measured under steady-state con-

ditions and it is likely that even thicker ®lms would

eventually form. A dependence of thickness on the

square root of time (t) was observed at these tempera-

tures, consistent with control of the oxide growth by O2ÿ

di�usion through the surface UO2:33 layer. Unfortu-

nately, no estimate of ®lm thicknesses has been made for

the intervening temperature range of most interest to

fuel dissolution processes.

In carbonate solutions, the in¯uence of temperature

is more complex than illustrated in the simple schematic

in Fig. 31(B). Steward and Mones [54] noted when
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®tting a large data set obtained from a statistical design

of experiments that temperature and carbonate con-

centration showed a signi®cant interaction and that the

addition of cross terms for these interactions substan-

tially improved their data ®t. They also noted that the

in¯uence of carbonate increased with temperature. This

is not surprising since de Pablo et al. [18,52] have shown

that a number of mechanistic features of the dissolution

process change with temperature and carbonate con-

centration. For a su�ciently high carbonate concentra-

tion, the intermediate UO2:33 layer does not form, a

feature not incorporated in the simple schematic in Fig.

31(B). They have also shown that a change in mecha-

nism occurs over the temperature range 20±75°C, mak-

ing any activation energy determined over this range

only an apparent value.

5.7. E�ect of water radiolysis

5.7.1. b=c-Radiolysis

Fig. 32 compares corrosion rates for unirradiated

UO2 measured as a function of c-dose rates in aerated/

oxygenated solutions. This plot includes data from

electrochemical experiments [16], single-pass ¯ow-

through experiments [14] and data from the literature

[45,77]. Although included in the ®gure the data of

Gromov in alkaline carbonate solutions seem unrealis-

tically low and are not considered further. The depen-

dence of corrosion rate on dose rate is expressed

empirically, by the slope of these plots. While the de-

pendence observed by Gromov is similar to that deter-

mined electrochemically, that from single-pass ¯ow-

through measurements is higher.

Fig. 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 lÿ1 NaClO4 (pH� 9.5) solutions [16]; (b) rates

measured in acidic sulphate solutions (pH� 1) and alkaline

carbonate solution (pH� 10) [77]; (c) rates measured in 0.1 mol

lÿ1 NaCl + 0.01 mol lÿ1 NaHCO3 (pH� 8.5) [78]; (�) measured

in oxygenated solution (pH� 8.2) [45]. The horizontal dashed

lines show the rate predicted for unirradiated aerated solution

(1) and the rate measured in ¯ow-through experiments in aer-

ated bicarbonate solution (2). The equations represent the best

®ts to the data.

Fig. 31. Schematic diagrams illustrating the di�erent e�ects of temperature on UO2 dissolution (corrosion) in (A) non-complexing and

(B) carbonate-containing solutions.
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Unfortunately, rates from the di�erent sources can-

not be straightforwardly compared since they are all

recorded under di�erent chemical conditions. The rates

measured by Tait and Luht [14] in carbonate solutions

are �102 times higher than those predicted from elect-

rochemical measurements in non-complexing solutions.

This is approximately the di�erence between the rates in

these solutions in the absence of radiolysis, Fig. 29. The

horizontal lines labelled 1 and 2 in Fig. 32 show the

electrochemically determined rate for unirradiated aer-

ated solution containing no carbonate (from Fig. 29),

and the rate measured in ¯ow-through experiments in

unirradiated aerated carbonate solutions (from Fig. 30).

The intersection of these lines with the ®tted lines for the

rates in irradiated solutions indicates that the in¯uence

of gamma radiation on the corrosion rate becomes

negligible for dose rates 61 Gy hÿ1 in aerated non-

complexing solutions, and 610 Gy hÿ1 in aerated car-

bonate solutions.

A number of authors have noted that experiments

designed to determine whether any di�erence in intrinsic

dissolution rate exists between UO2 and spent fuel are

inevitably compromised by the radiolysis e�ect. As dis-

cussed above, Tait and Luht [14] attributed the low

dependence of the spent fuel corrosion rate on [O2] to

the distortion of the data at the lowest [O2] by the rad-

iolytic production of oxidants. Loida et al. [9,78] showed

unequivocally that radiolysis in experiments with spent

fuel specimens was su�cient 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 e�ciency of con-

sumption of radiolytic oxidants increased leading to a

limitation in the corrosion rate as radiolytic oxidants

became locally depleted in concentration.

This clear radiolysis e�ect makes it injudicious, at

best, to use the results obtained in experiments with

spent fuel to interpret the long term behaviour of this

fuel when such radiolytic e�ects will be absent. In this

regard, it is important to know whether the radiation

e�ect observed in short-term tests is due to b=c or a-

radiolysis, since the former decay to insigni®cant levels

in <1000 years while the latter can persist for many

thousands of years, Fig. 6. Unfortunately, for experi-

ments with spent fuel it is di�cult to decide. Based on

their measured rates as a function of fuel surface area to

solution volume ratio, Loida et al. [9,78] claimed that a-

radiolysis 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 c-radiolysis.

Fig. 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 ®gure 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 b� c dose rate. Since this fuel has the lowest

a-dose rate, the clear implication is that the b=c ®elds

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 ®nal very positive �ECORR�SS

value. This claim is strongly supported by the observa-

tions made with the unirradiated UO2, when the e�ects

Fig. 33. Corrosion potential (ECORR) of three used fuel elec-

trodes as a function of time of immersion in an aerated solution

of 0.1 mol lÿ1 NaClO4 (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

®eld.

Table 1

Characteristics of used fuel specimens used to construct electrodes

Fuel Dose rates (Gy hÿ1)

Reactor bundle Burn up (GJ (kg U)ÿ1) Cooling time years a b c

Darlington L23139C 425 1.0 33.1 7734 260.6

Pickering PA07993W 880 15.0 15.0 125.3 401.3

Bruce BF21271C 970 13.1 160.9 507.1 31.4
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of a-radiation are de®nitely absent. When placed in the

hot cell and exposed to predominantly c-radiation a

much more positive �ECORR�SS value is achieved than in

the absence of radiation. ECORR values >300 mV are

su�cient to place the fuel in the potential region where

the establishment of local acidic conditions, leading to

grain boundary etching and pitting, is possible, Fig. 10.

The fact that such positive potentials can be achieved

with an external gamma source when no a-®eld is pre-

sent, but cannot be achieved in the presence of a sub-

stantial a-dose rate is solid evidence to support a

contention that it is the b=c, not the a-radiolysis, which

is most aggressive.

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 car-

bonate, Fig. 34. A similar e�ect could be produced on an

unirradiated UO2 electrode exposed to an external

gamma source [39]. At the time 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 ECORR 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 ECORR to the

removal of the ®eld was minor. This con®rms 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 ECORR value.

This accumulation of evidence suggests that the very

aggressive attack of spent fuel specimens in unsaturated

drip tests is also attributable to the in¯uence of b=c ®elds

although the authors have claimed it is due to a-radi-

olysis [79±81]. In the early stages of these tests (up to 60

days, [79]), the original pH � 8 was found to be sup-

pressed 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 ®xation 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±10 lm and

the outer layer 10±30 lm 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 ��Cs0:9Ba0:55���UO2�2
�MoO2�O4�OH�6� � 6H2O�. The inner layer showed sev-

eral curvilinear features, some of which appeared to be

pre-existing grain boundaries suggesting a pseudomor-

phic replacement of the spent fuel by sodium boltwood-

ite. The continuing release of Tc over the duration of the

experiment indicated that the presence of these altera-

tion layers did not protect the underlying fuel from

further corrosion. Examination of cross-sections showed

that dissolution had penetrated deep into grain bound-

aries. 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 relationhip between the fuel and the

inner layer it seems doubtful that signi®cant precipita-

tion 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 con-

sidering the Eh required to form soluble ions of the el-

emental components of the e-phase (Tc, Mo, Ru, Rh,

Pd) based on Eh±pH diagrams. Since Ru dissolution was

observed, ECORR must have been as high as 0.6 V (vs

SHE) or 0.36 V(vs SCE). This is su�ciently positive for

acidic conditions to be established at the fuel surface,

Fig. 10. Fig. 10 also indicates that such positive values of

ECORR have only been achieved in the presence of high

b=c ®elds. While this does not rule out the possibility of

establishing such aggressive conditions by a- radiolysis,

especially within the con®ned spaces within grain

boundaries, it would appear an unlikely scenario, given

Fig. 34. Corrosion potential (ECORR) recorded on a used fuel

electrode (burnup 780 GJ/kgU; cooling time 16.8 years) as a

function of time in 0.1 mol lÿ1 NaClO4 (pH� 9.5) showing the

response to the introduction and removal of an additional

c-radiation source (�5.6 Gy/h � 560 R/h) and the addition of

sodium carbonate to a concentration of 0.1 mol lÿ1 [39].
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the redox bu�ering e�ect 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 com-

bination of a- and b-radiolysis (both short range radi-

ation e�ects) 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 func-

tional mechanism it would remain important only as

long as b-®elds were maintained.

It can be concluded, though not considered proven,

that the aggressive fuel corrosion observed in the un-

saturated drip tests will not be observed once b=c ®elds

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. a-radiolysis

Measurements of ECORR as a function of a-source

strength, described above in Section 4.4, show that the

in¯uence of a-radiolysis on fuel oxidation and dissolu-

tion is dominated by the production of the molecular

oxidant H2O2, and its decomposition to O2 and H2O2.

This leads to a redox bu�ering e�ect which renders the

corrosion rate independent of a-source strength (and

hence a-dose rate) for strengths �Sa�P 250 lCi, Fig. 35

[38].

The data plotted in Fig. 35 have been used in the

assessment of spent fuel performance under Canadian

repository conditions [11]. These calculations claimed

that the in¯uence of a-radiolysis on fuel corrosion would

be totally negligible. However, this prediction relied on

the extrapolation of the rates plotted in Fig. 35. Despite

the elimination of some of the less realiable data points

recorded at low source strengths, this extrapolation re-

mains, at best, very approximate, since no reliable and

mechanistically justi®ed function exists to ®t the data in

this ®gure. In fact, based on the understanding of the a-

radiolysis e�ect (Section 4.4) the data in Fig. 35 should

be divided into two distinct regions. For Sa P 250 lCi

�log Sa � 2:6 in the ®gure), the rate is independent of Sa,

while for Sa less than this the rate falls drastically as Sa

decreases. Our recent calculations [51] give us con®dence

that the high source strength data are reliable, but since

the redox bu�ering e�ect makes the rate independent of

Sa, these cannot be used as the basis of an extrapolation

to predict fuel corrosion rates at the lower source

strengths expected in spent fuel.

Two further points are worth emphasizing for a-

radiolysis e�ects. At high source strengths, the redox

bu�ering e�ect appears to restrain ECORR to the value

achievable in aerated solutions. Consequently, for an

aerated environment, such as the one expected in Yucca

Mountain, the in¯uence of a-radiolysis 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 radiolyti-

cally be retained on 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

[38,50] clearly indicate this is an unlikely prospect, only

possible at high source strengths and con®ned geome-

tries. As the a-®elds decay, the tightness of the reaction

site required to sustain this e�ect would increase; i.e.

narrower apertures would be required.

5.8. Comparison of spent fuel and unirradiated UO2

With the exception of the radiolysis e�ect, di�erences

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 di�erent

process to that on unirradiated UO2. If such an e�ect

does exist then it is marginal and accounted for by an

increase in rate by only a factor of 2 or so. This does not

mean to say there are no di�erences in properties be-

tween the two fuel forms, only that, when considered

together, they make little di�erence.

Electrochemical evidence [29,39,82] 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 simi-

lar reactivity on both materials by disguising the

Fig. 35. Corrosion rates of UO2 as a function of alpha dose

rate in solutions undergoing alpha radiolysis in 0.1 mol lÿ1

NaClO4 (pH� 9.5). The solid line is arbitrarily drawn to en-

compass all the data points except the two suspiciously high

ones at low dose rates. The horizontal line at a rate of

3� 10ÿ5 lg cmÿ2 dÿ1 corresponds to a limit below which the

data cannot be considered reliable [11,38].
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di�erent chemical features of the underlying surfaces

from the corrosion environment. Those compositional

features, which are di�erent between the two forms,

appear to make little di�erence, perhaps for this reason.

Thus, Bottomley et al. [29] con®rmed that in-reactor

changes (such as rare earth doping) reduced the resis-

tivity of the fuel by a factor of 10±20, but this made only

a factor of 2 di�erence in corrosion rate. Using SIM-

FUELS, Betteridge et al. [23] showed that the intro-

duction of the e-phase did not accelerate corrosion by

catalyzing the slow O2 reduction reaction since this no-

ble metal alloy was passivated under oxidizing condi-

tions. Loida et al. [78] showed that the corrosion rate of

the fuel rim, where higher ®ssion gas mobilities and

higher radionuclide inventories exist, did not di�er sig-

ni®cantly from that of the bulk of the fuel.

Steward and Gray [70] systematically compared the

corrosion rates of UO2 and spent fuel (ATM 103, 33

MWd/kg U) over a range of O2 and carbonate concen-

trations, 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

di�erence in UO2 corrosion rates in inter-laboratory

tests, (Section 5.1) they concluded that the di�erences

between UO2 and spent fuel were probably insigni®cant.

Subsequent studies [63] covering the burnup range 30±50

MWd/kg U reached the same conclusion. Most of the

results from these tests were ®tted to produce the rela-

tionship given above in Section 3.1.2. In general the

dependence of the spent fuel corrosion rate was less

dependent on O2 and carbonate concentrations and

similarly in¯uenced by temperature. While it is possible

that any real dependence on O2 concentration is ob-

scured by the in¯uence of radiation ®elds in the spent

fuel measurements [14], these measurements con®rm

that there is no major di�erence between UO2 and spent

fuel corrosion rates. If anything, for reasons not totally

understood, the rate appears to be slightly lower for

spent fuel.

A signi®cant potential di�erence 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 com-

parisons of surface area measurements by di�erent

techniques it was concluded that while the grain

boundaries in UO2 were tight enough to preclude sig-

ni®cant penetration by water, those of spent fuels were

not [83]. Various estimates have been made on the im-

portance of grain boundary dissolution and leaching

from spent fuels. Gray et al. [12,55] and Stroes-Gasco-

yne et al. [84] have shown that penetration of grain

boundaries by solution is not universal, and is con®ned

to only a few grains in depth.

For CANDU fuel exposed to oxidizing solutions for

19 years [84] grain boundary dissolution was observed

only at the base of narrow cracks and was con®ned 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±10 grains, consistent with the

claim by Gray et al. [12,55] that grain boundaries in

LWR fuels could be accessible for dissolution to a depth

of between 2 and 9 grains from the surface. The im-

portance 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 signi®cant e�ect on fuel corrosion rates,

not by changing the intrinsic corrosion rate, but by al-

lowing solution to penetrate grain boundaries. Gray [63]

clearly showed this to be the case. Oxidation (to U4O9�x

at 175°C in air) did not a�ect the intrinsic corrosion rate

of three di�erent 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.

5.9. Formation of corrosion product deposits and the

retention of radionuclides

The hope is that the formation of corrosion product

deposits will a�ect the fuel dissolution process in two

ways:

1. it will block the fuel corrosion process;

2. deposits will retain radionuclides released by fuel cor-

rosion, thereby preventing, or at least delaying, their

release to the repository.

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 avail-

able 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 co-precipitation processes, the ratio of the

surface area to available solution volume, and the local

convective and di�usive conditions.

A substantial body of evidence exists to show that

corrosion product deposits form under both moist va-

pour 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. [85]

characterized the nature of the deposits formed in aer-

ated vapour at 90°C on spent fuel as dehydrated

schoepite �UO3 � 0:8H2O) with a small amount of a
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Cs±Mo uranyl oxide hydrate [86]. After 924 days of

exposure the thickness of the deposit was 100±200 lm.

No evidence was presented to suggest that the alteration

process was slowing with exposure time under fully

immersed conditions. The addition of Ca2� and SiO4ÿ
4

exerts a major in¯uence on the fuel corrosion rate.

Fig. 36 shows that the addition of 15 mg lÿ1 of Ca2� to a

2� 10ÿ3 mol lÿ1 HCOÿ3 solution decreases the concen-

tration of U in the e�uent solution by a factor of 3 in a

single-pass ¯ow-through experiment with UO2. The

subsequent addition of 30 mg lÿ1 of SiO4ÿ
4 increases this

suppression by a further factor of 100. Auger analysis of

the UO2 surface indicated a thin (5±10 lm) layer con-

taining Ca and Si was present on the surface, despite the

use of the ¯ow-through system to prevent deposition. A

similar suppression of the UO2 corrosion rate by a fac-

tor of 200 was observed by Tait and Luht [14], using a

similar experimental system. As little as 10ÿ4 mol lÿ1

CaCl2 was su�cient to achieve this suppression in the

presence of 102 mol lÿ1 HCOÿ3 . These last authors also

showed that the corrosion rate of spent fuel and the

release rate of radionuclides were suppressed by a sim-

ilar factor in a groundwater containing Ca2� and SiO4ÿ
4 ;

Fig. 37.

The rapidity of the response of the corrosion rate to

the addition of Ca/Si, Figs. 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 [19] which show that the

incorporation of Ca/Si into U(VI) surface phases is very

rapid and that only ®lms a few nm thick can suppress

dissolution substantially. Corrosion experiments in the

presence of c-radiation ®elds show that the accumula-

tion of secondary phases, even in the absence of Ca and

Si, begins as soon as steady-state corrosion conditions

are established, Figs. 16 and 17.

The in¯uence of groundwater species has been in-

vestigated in detail in drip tests with UO2 at 90°C [88].

These experiments were designed to simulate the con-

ditions anticipated within a failed waste package in the

Yucca Mountain repository, and used drip rates of 0.075

m1/3.5 days and 0.0375 m1/7 days of equilibrated J-13

water. The critical components of this water are Ca2�

(8.81 mg kgÿ1), Si (45.4 mg kgÿ1) and HCOÿ3 (135 mg

kgÿ1). Given the relative in¯uences of these species on

the corrosion rate, this groundwater could be classed as

a Ca/Si dominated water. Since radiolysis e�ects are

absent, and there appear to be few signi®cant di�erences

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 oxi-

dizing conditions. Whether or not they can quantita-

tively 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

Fig. 36. Uranium concentrations measured in a ¯ow-through experiment with unirradiated UO2 pellet fragments showing the e�ect of

adding 15 mg lÿ1 of Ca2� to a 2� 10ÿ3 mol lÿ1 HCOÿ3 solution (at 36 days) followed by the further addition of 30 mg lÿ1 SiO4ÿ
4 (at

43 days). Measurements performed using the single-pass ¯ow-through technique [87].

Fig. 37. Dissolution (corrosion) rate of spent CANDU fuel and

speci®c radionuclide release rates at 25°C in distilled deionized

water (DIW) and a simulated saline groundwater (SCSSS)

containing 0.185 mol lÿ1 Ca2� +0.00027 mol lÿ1 SiO4ÿ
4 [14].
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represent very aggressive, and hence conservative, con-

ditions.

Over a transient period of approximately 1±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 in¯uence of the drip ¯ow

pattern. Attack within the grain boundaries occurred

generally to a depth of 2±4 grains, but varied between 0

and 10 grains. This depth of penetration is consistent

with the claims of Gray et al. [12,55] that grain bound-

aries 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 sur-

face area to solution volume prevailing in these drip tests

does not lead to any enhancement of grain boundary

attack. A more focussed discussion of grain boundary

attack in these experiments can be found elsewhere [89].

Beyond this transient period, a dense mat of altera-

tion 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

are similar to those observed in sur®cial weathering

zones of natural uraninite deposits, with alkali and al-

kaline earth uranyl silicates being the long-term solu-

bility limiting phases for uranium. The sequence

observed is represented schematically in Fig. 38.

The formation of this layer of alteration (or corro-

sion) 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 de-

velopment 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 in¯uence of the

drips, since under fully immersed conditions (at 90°C)

the transition from a uranyl phase deposit to a protec-

tive mineral silicate layer occurs over a period of several

weeks [74]. 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

groundwaters containing various amounts of Mg2� and

SiO4ÿ
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 experi-

ment was not measured, the U(VI) oxide hydrate layer

was very thin suggesting that minimal alteration had

occurred. Clearly, a major 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 incorpora-

tion and retention of radionuclides released as the fuel

corrodes will depend on many factors. Burns et al.

[90,91] have shown from crystal structure considerations

that the majority of the alteration phases expected to

form as the paragenetic sequence is traversed are po-

tential hosts for many radionuclides. For elements such

as Np, Pu and Am in the 5+ and 6+ oxidation states, a

linear �An5�;6��O1�;2�
2 �An � actinide� actinyl ion sim-

ilar to UO2�
2 dominates the coordination chemistry,

making the incorporation of these elements into uranyl

phases probable, although some structural modi®cation

would be required to satisfy local bond-valence

requirements. The An4� cations should readily substi-

tute for U6� in the sheets that occur in schoepite,

ianthinite ��U4�
2 �UO2�4O6�OH�4�H2O�4��H2O�5�; bec-

querelite �Ca��UO2�3 O2�OH�3�2�H2O�8�; compreigna-

cite �K2��UO�2�3O2�OH�3��H2O�8�; a-uranophane and

boltwoodite �K�H3O���UO2��SiO4��, all potential alter-

ation products of spent fuel corrosion in Si-rich

groundwater's [92]. The incorporation of An3� into the

sheets of the structures of a-uranophane and boltwoo-

dite, 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 e�ciency 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 e�cient. 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 e�cient retention

process dictated by features such as local pH variations,

phase solubilities, and fuel surface area to solution vol-

ume ratios. These potential in¯uences make it important

to determine whether the features of the observed spent

fuel alteration process [88] are an artefact of the presence

of radiation ®elds or a true re¯ection of what is to be

expected in the long term fuel alteration process.

Fig. 38. Reaction sequence showing the alteration of precipi-

tated uranyl phases observed in drip tests with unirradiated

UO2 [88] and expected from observations on sur®cial weath-

ering zones on natural uraninite deposits.
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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. [9] observed that this

radionuclide (as well as 90Sr; 99Tc and 125Sb) was released

in proportion to its fractional fuel inventory (i.e. con-

gruently) under anaerobic saline conditions. By contrast

a substantial proportion of the 237Np released was re-

tained in alteration phases under oxidizing conditions at

90°C [85].

In a number of cases the results of experiments to

determine the ability of uranium phases to retain ra-

dionuclides have been checked against solubility calcu-

lations. Qui~nones et al. [93] found the concentrations of
241;243Am; 242;244Cm and 154;155Eu in evaporated solutions

of dissolved high burn up spent fuel in 5 mol lÿ1 NaCl

(pH 5.7±12) to be much lower than expected for equili-

bration with the solids Am�OH�3;Cm�OH�3; a clear

indication that these radionuclides were coprecipitated

into U (VI) phases. Loida et al. [9] 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 radioly-

sis), that congruent release occurred for pH < 6, but the

degree of retention increased in the pH range 9±10. Since

this is the pH range of minimum solubility for U(VI)

phases [65], it suggests their incorporation into such

phases. Solubility calculations showed the Am concen-

trations to be up to 105 times lower than expected for

solubility equilibrium with Am�OH�3. Further calcula-

tions showed that equilibration with solids of the form

(REE; Am) �OH�3 (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 pro-

duce the quantitative numbers which can be used to

estimate the e�ciency 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 in¯uence of convective

¯ow. That the local transport regime is of vital impor-

tance in determining the e�ciency of incorporation is

clear when comparing vapour phase tests to drip tests at

90°C [85]. 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 esti-

mated U:Np in the uranyl silicate alteration phase was

no greater than 1:0.0005 in the fuel, showing that re-

tention was minor. A change in the drip rate also in-

¯uenced the e�ciency of retention: the cumulative

release fractions for 239Pu and 237Pu were 10±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 acti-

nides and rare earths, will be retained in fuel corrosion

(alteration) product deposits under oxidizing conditions.

This process should be e�cient under stagnant, fully

immersed and moist vapour conditions, but will be very

dependent on transport conditions at the fuel surface. At

present, insu�cient 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

modelling under Yucca Mountain conditions

The modelling and prediction of long term fuel per-

formance requires a solid mechanistic understanding of

the fuel corrosion process and a reliable database which

speci®es the dependence of fuel corrosion kinetics on

those parameters likely to be important under repository

conditions. In the previous sections an e�ort 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 fo-

cussed 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 e�ectively collected in Tables 2.1.3.5-4 and

2.1.3.5-5 of Ref. [3].

6.1. Intrinsic corrosion rates

The available kinetic data upon which to base model

predictions have been determined using the single-pass

¯ow-through technique. The advantages of the use of

this technique in both the determination of fuel corro-

sion mechanisms and the measurement of reliable ki-

netic data were amply illustrated in the above

discussions. By avoiding the complications of corrosion

product deposition, the e�ects 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 labora-

tory [13,94]. Using this technique a systematic attempt

to determine the dependence of UO2 corrosion kinetics

of pH (8±10), temperature (22±75°C), and oxygen and

CO2ÿ
3 =HCOÿ3 concentrations (0.2±2.0 mmol lÿ1) was

undertaken and the results collected in Table 2.1.3.5±4

[3].

It is clear from the discussion of individual parame-

ters in the above section of this report that no single

mechanism of fuel corrosion applies over the full range
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of the variations in these parameters. Hence, any at-

tempt to ®t the database will incorporate these incon-

sistencies 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 cor-

rosion rate on speci®c parameters are consistent with

known mechanisms and other published information.

6.2. Oxygen dependence

Speci®c di�erences exist in the behaviour of UO2 and

spent fuel as a function of O2 concentration. At high

carbonate concentration (20 mmol lÿ1) and low tem-

perature 22°C=25°C, a dependence of rate on �O2� was

observed for UO2 but not for spent fuel. For an inter-

mediate �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 lÿ1).

Why UO2 should show a larger dependence on �O2�
than spent fuel is not clear. The results of Tait and Luht

[14], Fig. 29, show a similar di�erence in �O2� depen-

dence for UO2 and spent fuel, which they attributed to

the interference of radiolysis e�ects at low �O2�. Such an

argument is not easy to invoke for the data in Table

2.1.3.5-4 of the Waste Characteristics Report, 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 di�erent balance

of kinetics appeared to exist for spent fuel and UO2, the

overall e�ect of this di�erence on the relative corrosion

rates is minor. In this regard the data within the dat-

abase are generally consistent with the bulk of published

information. Indeed, the data in Ref. [3] provide a major

contribution to the establishment of these conclusions.

6.3. pH dependence

No signi®cant dependence of corrosion rate for either

UO2 or spent fuel is observed for pH. Admittedly, the

range tested was narrow (8±10), but the lack of depen-

dence 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.

6.4. Carbonate dependence

It is clear from Sections 3.1.2 and 5.5 that the de-

pendence of corrosion rate on carbonate concentration

can be complex and varies with both �O2� and temper-

ature. 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 mech-

anism of fuel corrosion in carbonate solutions. As the

�O2� is decreased, the rate of oxidation of the fuel surface

�/ �O2�� becomes more predominantly rate determining

than the rate of UO2�
2 ion transfer to solution

�/ to�CO3��: This is clear in electrochemical experiments

[35] and in single-pass ¯ow-through experiments [14].

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. [52]

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�
2 ion transfer to solution.

6.5. Temperature dependence

The temperature dependence for low �CO3� is signif-

icantly 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 (Sec-

tion 5.6). The predominant in¯uence 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 deter-

mining step also changes as described above. This makes

the activation energy determined in carbonate solution

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 Table

2.1.3.5-4 of the Waste Characterization Report [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 depen-

dence on oxygen and carbonate concentrations and

temperature. The procedures used in the development of

this database are consistent with the de®ned ASTM

standard practice [95].

7. 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).
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The basic properties of UO2 which in¯uence its cor-

rosion 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 UIV. Hence, the mechanism and kinetics of re-

duction of both the environmentally supplied oxidant,

O2; and the radiolytically produced oxidants, H2O2 and

radical species, were reviewed.

The in¯uence of a wide range of parameters on fuel

corrosion was discussed. These include the intrinsic

corrosion rate, pre-oxidation of the fuel, pH, O2 con-

centration, carbonate concentration, temperature, the

e�ect 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 in the Waste

Characterization Report was evaluated in terms of the

reviewed information on fuel corrosion. It was con-

cluded that the rates in this database were generally

consistent with published information, and their use in

fuel degradation models justi®ed.
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