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ABSTRACT
The concept ofgeological disposal ofused nuclear fuel in corrosion resistant containers is being

investigated in several countries. In the Canadian Nuclear Fuel Waste Management Program

(CNFWMP), it is assumed that the used fuel will be disposed of in copper containers. Since the

predicted lifetimes of these containers are very long (>106 years), only those containers emplaced with

an undetected defect will fail within the period for which radionuclide release from the fuel must be

considered. Early failure could lead to the entry ofwater into the container and subsequent release of

radionuclides. The release rate of radionuclides from the used fuel will depend upon its dissolution rate.

The primary mechanism for release will be the corrosion of the fuel driven by radiolytically-produced

oxidants. The studies carried out to determine the effects of water radiolysis on fuel corrosion are

reviewed, ans some ofthe procedures tEed to predict corrosion rates of used fuel in failed nuclear

waste containers described.
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INTRODUCTION

The concept ofdisposal ofnuclear waste (used nuclear fuel or a solid matrix containing fission

products) in a geological disposal vault is being evaluated in several nuclear power producing countries

[1-32 and references therein]. The concept envisages sealing used nuclear waste in containers made of

corrosion-resistant metal(s) and placing the containers in a geological disposal vault. The geological

disposal concept investigated in Canada proposes that the vault be located at a depth of 500-1 000 min
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a plutonic rock in the Canadian Shield. The nuclear waste would consist of used CANDU fuel cooled

for several years after removal from reactor. The space around the containers containing the used fuel

would be filled with suitable buffer/backfill materials, when and if it is decided to close the vault. A

primary function ofthe backfill material is the retardation ofradionuclide transport from a failed

container to the biosphere. The copper containers proposed in the Canadian concept are expected to

last for more than a million years [28]. However, containers emplaced with an undetected defect could

allow access ofgroundwater to the fuel within the period for which radionuclide release from the fuel

must be considered. As most of the radio nuclides (fission products and those actinides formed during

nuclear fission) are entrapped in the UOzmatrix, their release rate will depend upon the corrosion rate

of the UO z fuel, a process which would be driven by the radiolysis ofgroundwater by the a, B or ?

radiation emitted by the fuel.

This review describes the method used to calculate the fuel corrosion rate in a failed nuclear

container in the second concept assessment of the Canadian Nuclear Waste Management Program

(CNFWMP) and includes comments on some recent relevant literature published since this assessment

[28].

FACTORS CONTROLLING FUEL DISSOLUTION IN A FAILED CONTAINER

Used nuclear fuel is mainly UOz (over >95% UO z (used CANDU fuel is over >98% UOz)),

which has a very low solubility in water under reducing conditions. The problem ofpredicting the used

fuel (irradiated UOz) corrosion rates is complicated by the sensitivity ofthe solubility ofuranium dioxide

to redox conditions [33,34]. Although UOz is highly insoluble under reducing conditions, its solubility

increases by many orders ofmagnitude under oxidizing conditions. Therefore, a calculation ofused fuel

corrosion rates as a function of time in a disposal vault requires knowledge of the evolution of redox

conditions in the failed container as a function of time. This evolution will depend upon several factors,

including the nature of the fuel, temperature, and the nature and intensity ofradiation fields.

No major chemical transformation of the fuel is anticipated during in-reactor fission.

Consequently, the waste form will be close in composition to the originally fabricated fuel; i.e., slightly
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hyperstoichiometric (U02+x), Thus, the extensive database of rates measured on unirradiated fuel can be

legitimately applied in the calculation ofused fuel corrosion rates.

The temperature in a failed container will depend upon the fuel bumup, the cooling time since

discharge from the reactor, and the geometry of the fuel containers and their placement in a disposal

vault. The temperature in the Canadian concept is expected to be, equal to, or less than 100°C [28].

Temperature will mainly affect the kinetics ofreactions involving radiolytically-produced molecular

oxidants/reductants (e.g., O2, H2 etc.) but will have only a small effect on the reactions involving radical

species (e.g., OR and O 2-, R etc.).

EVOLUTION OF REDOX CONDITIONS WITHIN THE CONTAINER

The evolution of redox conditions within the container will be determined by the sum effects of

the consumption of oxygen present in the groundwater entering the failed container and the decay of

radiation fields within the fuel. It is very unlikely that the groundwaters reaching the fuel will contain any

significant amount ofatmospheric oxygen, since this will be consumed by reaction with the Cu container

and the carbon steel container liner. Thus, only radiolytically-produced oxidants should have any effect

on fuel corrosion. The alpha-, beta- and gamma -radiation fields will decay with time at a rate

determined by the actinide and fission-product content in the fuel, which, in turn, depends on the nature

of the fuel and its in-reactor and interim storage history. For all practical purposes one may ignore the

effects of secondary water radiolysis, occurring outside the canister, on the degradion of fuel in the

canister. Recent calculations by Liu et al. also support this conclusion [36].

RADIATION FIELDS IN A FAILED CONTAINER

Radiolysis ofwater produces both molecular and radical oxidants (02, H202 and OH, 02) and

reductants (H2 and H). The concentrations of the different species formed depend on both the nature of

the ionizing radiation and its dose rate to the water. Low linear energy transfer (LET) radiation (beta

and gamma) produces more radicals than high LET radiation (alpha) which results predominantly in the

formation ofmolecular radiolysis products [31]. Therefore, to evaluate the effects of water radiolysis on
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the fuel corrosion rate, it is necessary to know the dose rate to the water in the container from the

different types of ionizing radiation.

It has been shown that only those radiolysis products which are formed in the water layer near

the fuel surface, i.e., within ~50 f.lm of the fuel surface, are effective in causing fuel oxidation [37]. It is

necessary to calculate alpha, beta and gamma dose rates in water layers in contact with the used fuel to

calculate the effects of water radiolysis on used fuel. The methods to calculate dose rates in water

layers in contact with CANDU fuels ofdifferent bumups and cooling times have been described

elsewhere [38]. These methods can be adapted to calculate the dose rates at the surface of other

nuclear fuels.

MODELS FOR CALCULATING FUEL DISSOLUTION RATES

A solubility-limited (i.e., thermodynamically-based) model can be used to calculate fuel

dissolution rates ifit can be assumed that the fuel oxidation is limited to U02+x, where x < 0.33, i.e., fuel

oxidation is less than that in UJ07. Such a model could be used for redox conditions that carmot drive

the U02 corrosion potential to a value greater than ~ -100 mV vs. SCE (i.e., --+140 mVvs. SHE)

[21]. For redox conditions capable of causing oxidation beyond the U02.33 stage it is essential to use a

model that takes into account the kinetics of oxidative dissolution (corrosion) ofU02.

A thermodynamically-based (solubility-based, diffusion limited) model was used to calculate fuel

dissolution rates in the geologic disposal vault envisaged in the fIrst concept assessment of the

CNFWMP [12]. It was assumed that groundwater would contact the used fuel only after several

hundred years of emplacement when the dose rates due to radiation could be ignored. For contact

between the fuel and groundwater at shorter times, more positive corrosion potentials would be possible

and the effect of water radiolysis could not be ignored. Under these conditions, a kinetic rather than

thermodynamic model is required to predict the fuel corrosion rates. Such a model can be a classical

kinetic model that requires a knowledge of reaction-rates for all the reactions involved in fuel oxidation

and dissolution [I,ll], or it can be an electrochemical model based on electrochemical principles and

parameters [6,22]. Both kinds of model have been developed within the CNFWMP.
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(a) Heterogeneous Chemical Model

5

A kinetic model, based on the concept published by Christensen and Bjergbakke [1], has been

developed to study the oxidation and dissolution ofUOz in water solutions undergoing radiolysis. The

model is based on three assumptions:

(b) Only radiolytic species produced in a layer ofwater within one diffusion

length from the UOz surface can react with the fuel;

(c) The heterogeneous reaction could be simulated by a homogeneous reaction,

assuming that the UOz reacts as if one monomolecular layer of fuel is

dissolved within the range of the radicals;

(d) The rates of the heterogeneous reaction of the UOz surface with radiolytic

oxidants are similar to the known rates ofhomogeneous reactions ofmetal

ions (such as Fe) in water.

The kinetic model was further developed and optimised for the neutral solution conditions

expected in groundwaters [11,31], based on a series of electrochemical open-circuit corrosion

experiments. There was good agreement between observed corrosion rates and those calculated using

the model for solutions undergoing gamma radiolysis. However, the agreement between the observed

and calculated corrosion rates for solutions undergoing alpha radiolysis was not as good.

(e) Electrochemical Models

The corrosion of UOz is an electrochemical process, in which the dissolution reaction is coupled

to the reduction of the available oxidants in the solution [22,31,39], i.e.,
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(1)

(2)

The corrosion potential for the overall reaction obtained by coupling these two reactions is determined

by the relative kinetics ofthe two half reactions ((1) and (2». The kinetics ofeither half-reaction can be

determined electrochemically by applying potentials positive (fuel dissolution) or negative (oxidant

reduction) to the corrosion potential and recording the steady-state electrochemical current as a function

of this applied potential. The dissolution rate is then determined by extrapolating these steady-state

currents to the corrosion potential [15,22]. We have used the potential-current relationship for the

anodic reaction (reaction (1» to calculate dissolution rates [15]. 1bis relationship was re-evaluated in

an exhaustive study and found to be conservative [40], i.e., the corrosion rates calculated by the

electrochemical model used in the assessment are larger than those predicted by recent data. Also, the

validity of the electrochemical model was recently confirmed by comparing the corrosion rates

calculated using the model with those determined by direct chemical rate measurements [41]. This

empirical model has recently been developed into a deterministic model based on mixed potential theory

[42]. Discussion of this latest model is beyond the scope of this review. The fuel corrosion rates

discussed below were obtained using the semi-empirical electrochemical model of Shoesmith and

Sunder [22].

FUEL DISSOLUTION RATES IN A DEFECTIVE CONTAINER

Corrosion potential measurements have been carried out on DOl in aqueous solutions

containing either dissolved oxygen or hydrogen peroxide, and in solutions radiolytically decomposed by

gamma or alpha radiation. These values were used in the electrochemical model to calculate fuel

corrosion rates in these solutions [6,15,20,22,31]. Subsequently, these rates were used to predict the

fuel corrosion rates in defective copper containers for the second concept assessment in the

CNFWMP [28].
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The oxygen available to cause corrosion of the fuel comes from the air trapped in the void

volume within the container [28]. If it is assumed that all of this oxygen would be used to cause

oxidation of the fuel according to the reaction

(3)

then the maximum amount of fuel oxidized would be a very small fraction (0.00035) of that available

within the failed containerl
. Also, a calculation ofthe relative rates of consumption ofthe dissolved

oxygen by corrosion of the fuel and by corrosion ofthe copper container [28] shows that the rate of

consumption of O2 by reaction with copper is higher, by four orders ofmagnitude, than that by reaction

with U02 fuel. This contribution to fuel corrosion is, therfore, negligible and only corrosion driven by

the radiolysis of deaerated solutions needs to be considered.

Deaerated conditions could be further enforced by two additional effects. A recent study by

Cachoir et al. [43] has shown that the humic acids present in the clays surrounding the container may

reduce the higher oxides ofuranium on VOi if transported through the defect in the container. Also, it

has been shown that the presence ofdissolved hydrogen in water, at about 100°C, hinders the oxidation

ofU02 by the alpha radiolysis products [19]. Since, hydrogen may be present in the groundwaters

from the corrosion reactions of the container materials [28], it is expected to scavenge the radiolytic

oxidants, thereby preventing their reaction with the fuel. It is reasonable, therefore, to assume that the

groundwater reaching the failed container will be deaerated and only the radiolysis ofwater needs to be

considered for estimating the oxidants for fuel corrosion in the failed container. Presently, the ability of

hydrogen to retard fuel corrosion is not well characterized, but is receiving extensive study.

CORROSION RATES USED IN SECOND CONCEPT ASSESSMENT OF CNFWMP

The fuel corrosion rates as a function ofgamma and alpha dose rates have been reported

elsewhere [10,20]. Here, it is assumed that the corrosion rates caused by beta radiolysis are the same

as those caused by gamma radiolysis. These rates were measured at room temperature (~22"C ),

1 Iflhe U0 2 oxidation was assumed to occur to U0201 stage, the fraction oxidized would be 0.0035.
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whereas the temperature in the container will be above this value for nearly 100,000 years. The

temperature in the container was assumed to be a constant 100°C for calculating the corrosion rates in

the failed container, and an activation energy of 33.47 kJmor l was used [44].

Figure I shows the fuel corrosion rates, calculated for 100°C, as a function of radiation dose

rate. This figure also shows the range of the radiation dose rates anticipated over 1000 a of disposal. A

comparison of the dose rates used in the experiments with those associated with used CANDU fuel,

indicates that to predict spent-fuel behaviour, for alpha radiolysis, it is necessary to extrapolate to dose

rates very much lower than those used in experimental measurements. For beta and gamma radiolysis it

is necessary to extrapolate to both higher and lower dose rates than those used experimentally. The

extrapolation to higher dose rates is important at short times when the beta dose rates from spent fuel

could be large. Since such long extrapolations are required in the chosen fit to the experimental data, the

errors associated with the extrapolations are important [28]. Additional experiments to clarify the effects

of alpha radiolysis of water on UOz fuel corrosion rates are underway.

The total corrosion rate offuel inside a failed container, as shown in Figure 2, was calculated

using the fitted relationships for fuel corrosion rates as a function of radiation dose rate (Figure 1) and

the calculated decay curves for alpha, beta and gamma radiation [28,38]. The total fuel corrosion rate

per unit area of the corroding surface, c(t) (molmza-1
), is assumed to be given by the sum ofthe rates

resulting from each radiation source plus a term for the chemical (as opposed to electrochemical)

dissolution rate (Re),

(4)

In this equation, aCt), ~(t) and yet) are the alpha, beta and gamma dose rates to water at the surface of

a single fuel bundle and are functions of time "t"; F is the factor for gamma radiation to convert the dose

rate for a single fuel bundle to that expected near the surface of a fuel bundle in an array ofsuch bundles

in the container, t = 0 corresponds to the time at which water contacts the fuel; and to is the time since

discharge of the fuel bundle from the reactor. The terms <la, ay and bu, by are the fitting parameters for
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the slopes and intercepts, respectively, of the lines plotted through the data in Figure I and a~ = ayand

b~ = by.

The chemical dissolution rate, Re, acknowledges that there could be a finite rate in the absence of

radiolysis products. It has been referred to as the threshold dissolution rate [28], and effectively

represents a limiting rate below which the uncertainties involved in our knowledge of the fuel

dissolution/corrosion process preclude a realistic prediction using this semi-empirical model.

COMMENTS ON SOME RECENT RELEVANT PUBLICATIONS

Recently, Christensen and Sunder [31] published a review of the current state ofknowledge on

radiolysis effects on spent fuel corrosion. It was concluded that the knowledge of the effects ofalpha

radiolysis on fuel corrosion is less certain than that of the effects of gamma radiolysis. The most detailed

data giving the rates ofcorrosion ofD02 as a function ofthe alpha dose rate are those reported by

Sunder et al [20]. The results of Sunder et al. were obtained using a thin -layer electrochemical cell. In

this cell, a D0 2 electrode is facing an external alpha source, and the separation between the alpha

source and DO 2 is about 30 Illll [20]. Christensen and Sunder proposed that DO 2 doped with alpha

emitters (e.g., Pu-238 or Am-240) would be the most appropriate way to study the effects of alpha

radiolysis on fuel corrosion and to verifY the results obtained using external alpha-sources [31].

Leaching studies with currently available spent fuel do not give information about the alpha radiolysis

effects on D02 dissolution/corrosion because of the strong beta and gamma fields.

Recently, two groups have published reports on experiments with the D02 samples doped with

the alpha emitters [45,46]. These reports contain results obtained with samples with relatively high

alpha doping, i.e., corresponding to fuels with high bumups [38], and would overestimate the effects on

CANDD fuel which possess significantly lower bumups.

Cobos et al. [45] measured, using XPS, the oxidation of uranium in the surface of Pu-doped

D02 samples (in deionized water) by the products ofalpha radiolysis of water. The uranium surface

oxidations reported by Cobos et al. for their Pu-doped D0 2 samples, while somewhat higher, are
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qualitatively consistent with those reported by Sunder et al. [19,47] for the V0 2 samples facing external

alpha sources.

Stroes-Gascoyne et al. [46] measured FeOIT (corrosion potential) values for the Pu-doped D0 2

electrodes in solutions similar to those used by Sunder et al. [20]. In order to compare the results from

these two studies, they calculated the "source strength" of the Pu-doped V02 electrodes used in their

experiments and compared the FeOIT values of their electrodes with the results reported by Sunder et al.

Stroes-Gascoyne et al. concluded that the FeOIT values in their experiments were higher than those

reported by Sunder et al. [20] for the UO 2 electrodes facing external alpha sources. This discrepancy

appears to be due to differences in the procedures used to calculate the source strengths in the two sets

ofexperiments. Clarification ofthis discrepancy is underway [48].
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FIGURE I: Fuel corrosion rates calculated for 10<1'C as a function ofradiation dose rate:

A - rates used for alpha radiolysis; B - rates used for gannna/beta radiolysis. The solid lines are the
fitted lines and the dashed lines the ±I (j values of this fit. The horizontal lines show the range of dose

rates between fuel ages of 10 a and 1000 a for alpha (a.), beta (~) and gamma (y) radiation,

respectively.
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Figure 2: Predicted Corrosion Rates for the Reference Fuel: (---) total rate (c(t)); (- - - - -) rate due

to ~ radiolysis (c~); C·····) rate due to ganuna radiolysis (ey); (- - -) rate due to alpha

radiolysis (ca). The lower shaded area is the range of threshold dissolution rate values. The

upper shaded area is the range ofmeasured fuel corrosion rates.
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