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AN ELECTROCHEMISTRY-BASED MODEL FOR
THE DISSOLUTION OF UO,

by
D.V. Shoesmith and S. Sunder
ABSTRACT

A model to predict the dissolution of UO, fuel under both oxidizing and
non-oxidizing conditions is presented and compared with other available
models for fuel dissolution. Dissolution rates under oxidizing conditions
are predicted by extrapolating steady-state electrochemical currents for
the anodic dissolution of U0, to the corrosion potentials measured in
solutions containing various oxidants, including dissolved oxygen, hydrogen
peroxide, and the products of the gamma or alpha radiolysis of water.

Vhere possible, these predictions are compared with dissolution rates
measured chemically and available in the literature. Vith a few excep-
tions, the agreement between our predictions and published rates is good.

For non-oxidizing conditions, the dissolution rate of U0, is not well
known. Attempts to measure this rate are fraught with difficulties, and
the published values are difficult to rationalize within the framework of
our model. Consequently, we briefly reviewed the literature on the disso-
lution of similar p-type semiconducting oxides and chose to estimate the
chemical dissolution rate of U0, by analogy to the well-studied oxide NiO.
In this manner we have managed to establish a threshold rate below which
the rate of oxidative dissolution becomes negligible in comparison with the
rate of chemical dissolution. This threshold agrees quite well with that
established electrochemically.

Using these extrapolated rates we predict that the rate for oxidative dis-
solution of CANDU (CANada Deuterium Uranium) fuel due to gamma radiolysis
will fall below this threshold after ~200 a, a time period that is short in
comparison with the anticipated lifetimes of titanium waste containers,
which are expected to last for a period greater than ~1200 a. For dissolu-
tion due to alpha radiolysis, oxidative rates are uncertain, but could be
above this threshold for a period of 500 to 10 000 a for CANDU fuel, and
500 to 30 000 a for pressurized water reactor (PWR) fuel. The uncertainty
in these ranges reflects the poor quality and limited number of corrosion
potential measurements in the presence of alpha radiolysis. Experiments
are in progress to obtain additional data to ascertain the impact of alpha
radiolysis.
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1. INTRODUCTION

Any environmental assessment of used-fuel disposal requires a prediction of
the release rates of radionuclides from the fuel once contact with ground-
vater is established. Experimental studies on the leaching and dissolution
of used fuel have shown that the rate of release of radionuclides depends
largely on their location within the fuel element. The radionuclide
release model used in the safety assessment of the Canadian Nuclear Fuel
Vaste Management Program (NFWMP) acknowledges three main release mechanisms
(Johnson and Shoesmith 1988):

(1) the rapid release of volatile fission products (e.g., Cs and I)
from the fuel/cladding gap;

(2) the leaching of fission products (e.g., Cs, I, Tc) from the fuel
grain boundaries; and

(3) the slow release of radionuclides from the fuel matrix as a
result of dissolution of the fuel grains.

A review of the source terms developed to describe such releases has been
published (Garisto and Garisto 1990).

Understanding the factors controlling these releases has proved difficult,
and extremely conservative approaches have been adopted. Thus, the present
analysis disregards the difference in kinetics for release from the fuel/
cladding gap and from grain boundaries: we assume radionuclides at both
sites are instantly released on contact with groundwater. The great major-
ity of radionuclides are contained within the grains of the fuel pellets
and vill be released at a rate governed by the dissolution rate of the
uranium oxide matrix.

The problem of measuring and predicting UO, dissolution rates is compli-
cated by the sensitivity of uranium solubility to redox conditions (Lemire
and Tremaine 1980, Paquette and Lemire 1981, Garisto and Garisto 1985,
Lemire and Garisto 1989). Although U0, is highly insoluble, the solubility
of uranium increases by many orders of magnitude under oxidizing condi-
tions. This makes the release rates of the large majority of radionuclides
potentially very dependent on vault redox conditions.

Even though non-oxidizing conditions are expected to prevail in a dosposal
vault in granitic rock by the time waste containers fail, the possibility



that water radiolysis, due to ionizing radiation within the fuel, will
maintain oxidizing conditions close to the fuel surface needs to be
examined. The gamma-radiation field at the surface of the fuel will decay
to insignificant levels after ~500 a, and should be of little consequence
unless containers fail at times shorter than this. By contrast, alpha, and
to some extent beta, radiation fields will remain significant for more than
105 a, and could maintain surface oxidizing conditions well beyond the
expected lifetime of most containers. Such localized oxidizing conditions
could be particularly important in internal cracks in the fuel, since
cracks are invariably present in irradiated nuclear fuels.

In this report we will attempt to assess the impact of potential oxidants
on the dissolution of UO,. We will reviev briefly the impact of redox
conditions on the mechanism of oxidation and dissolution of UO,, and
discuss the modelling approaches currently used to assess fuel behaviour.
However, our primary aim is to present the framework of a model capable of
predicting the dissolution rate of fuel as vault redox conditions change
from initially oxidizing to eventually non-oxidizing. This model is based
on the extrapolation of electrochemical data to natural corrosion condi-
tions and has been outlined previously (Johnson et al. 1988).

Our experimental approach and the results obtained are discussed in detail.
Vhere possible, these results are compared with those reported by other
researchers. On the basis of such comparisons we hope to enhance the
credibility of our approach. Unfortunately, in some cases, particularly
for results obtained in the presence of alpha radiolysis, comparison is
impossible because no similar measurements have been attempted elsewhere.
Since our experimental program is incomplete, this model must be considered
preliminary, and predictions are likely to change as further advances in
understanding are achieved and a more accurate and complete database is
accumulated. A significant deficiency in the model is the lack of any
assessment of the impact of parameters likely to influence the reactivity
of UO,. Such changes in reactivity may exert a significant influence on
the dissolution rate, and are the key to applying the results of this model
to the prediction of used fuel, as opposed to unirradiated UO,, behaviour.
Despite these reservations, a comparison of rates obtained by extrapolation
of electrochemical data with rates obtained chemically with used fuel
(Shoesmith et al. 1989) are encouraging.



2. CHEMISTRY OF UO, DISSOLUTION

The dissolution of U0, has been studied under both oxidizing (Johnson and
Shoesmith 1988, Sunder and Shoesmith 1991) and non-oxidizing (Bruno et al.
1988, 1991) conditions. In the presence of radiolytically decomposed
wvater, the possible reactions that could occur on the surface of fuel are
numerous, as illustrated in Figure 1, and include, besides oxidative disso-
lution, radical recombination, hydrogen peroxide decomposition, the reduc-
tion of oxidized surface layers, and radical recombination catalyzed by
redox-active species in the surrounding environment (e.g., Fell/Felll),
Although many of these processes have been experimentally observed at one
time or another, a detailed mechanistic understanding has not yet been
achieved. Our present mechanistic understanding has been reviewved else-
where (Johnson and Shoesmith 1988, Sunder and Shoesmith 1991). Here we
discuss only those aspects of the oxidative dissolution process essential
to an understanding of the model to be presented.

The chemistry of U0, dissolution as a function of electrochemical potential
is summarized in Figure 2. The potential scale in this figure represents
the redox condition established at the U0,,, surface (0 < x < 1), not the
redox potential in the surrounding solution or environment. As such, it is
a measure of the kinetic balance between the anodic (oxidation) and catho-
dic (reduction) reactions possible on the surface. It is appropriate to
think in terms of coupled electrochemical reactions, since Nicol and Needes
have demonstrated the electrochemical nature of the oxidative dissolution
of U0, in the presence of a variety of oxidizing agents (Nicol et al. 1975,
Needes et al. 1975).

The degree of oxidation of the surface (U0,,, —> U0, ,,) has been
established both as a function of applied electrochemical potential and
under natural corrosion conditions using X-ray photoelectron spectroscopy
(XPS). Electrochemical experiments have also shown that significant
oxidative dissolution does not occur until a surface composition close to
U0, ;3 is achieved. This composition is taken as a threshold composition
beyond which oxidative dissolution becomes significant. This threshold is
indicated by the second horizontal shaded area in Figure 2, and some of our
experimental evidence supporting the choice of -100 mV (vs. SCE, standard
calomel electrode) as the threshold potential is presented in Appendix A.

A composition of U0, ;; represents the end of the fluorite structure range
for U0,,,. More extensive oxidation leads to major structural modifica-
tions of the surface (to U0, 45), accelerating dissolution (as UO03*), and



to the formation of secondary precipitates (UO;.xH,0). The composition of
these secondary precipitates will depend on the nature and composition of
the surrounding environment (Johnson and Shoesmith 1988, Sunder and
Shoesmith 1991). Dissolution, illustrated schematically in Figure 3(a),
can be represented by the following reactions:

U0, 33 + 0.66H* —> UOZ* + 0.33H,0 + 1.34e (2)

Both of these reactions are oxidations and must be accompanied by the
reduction of available oxidants.

Vhen surface oxidation is confined to the region below U0, 33 (U30,), the
fluorite structure is maintained and oxidation occurs by the uptake of
oxygen as 02- at interstitial sites within UO,,,. Under such redox condi-
tions we anticipate that oxidative dissolution rates will be extremely low,
and it may be more appropriate to think of dissolution as chemical and not
involving electrochemical rate parameters. In reality, the process is
still oxidative in nature, since dissolution would involve the ion transfer
across the oxide-solution interface of uranium species in at least two
oxidation states, U4* and U5+, and under steady-state conditions further
oxidation must occur to maintain the surface composition. For this situa-
tion to apply, surface oxidation would have to be rapid, and dissolution
controlled by the slower ion transfer of U4+ and US* species:

U0, + xH,0 —> UO,,, + 2xB* + 2xe (3)

U0,,, + n(l - x)OH" + (x - 2)H,0 —> (1 - x)U(OH){4-m)+
+ xU0Z* + (2x - 4)B* (4)

This situation is illustrated schematically in Figure 3(b) and is equiva-
lent to an overall oxidative dissolution process controlled by the rate of
chemical ion transfer, Reaction (4). Experimental evidence for rapid
surface oxidation in the potential region from -400 to -100 mV is discussed
briefly in Appendix B.

Under non-oxidizing conditions, any oxidized layer on the surface will
dissolve, and, in the absence of oxidant to maintain the surface compo-
sition, dissolution would eventually become fully chemical in nature,
involving only the ion transfer of U¢* species (Figure 3(c)). Attempts to



measure the dissolution rate of U0, under reducing conditions have been
made, and in the range 7 < pH < 11, Bruno et al. (1988,1989) have obtained
a dissolution rate independent of pH (~4 x 10-3 ug.cm-2.d-!) for the
overall reaction,

U0, + (n - 2)H,0 —> U(OH){4-®)* 4+ (n - 4)B* (5)

The two double-hatched horizontal zones in Figure 2 represent the corrosion
potential ranges observed for U0, electrodes exposed to aerated solutions
and argon-purged solutions. The width of these zones is a measure of the
reproducibility of the corrosion-potential measurements. The separation
between the two zones reflects the range of potentials measured between
definitely oxidizing conditions and those that are as non-oxidizing as ex-
perimentally achievable in argon-purged solutions in an anaerobic chamber.

3. MODELLING UOQ, DISSOLUTION

3.1 SOLUBILITY-BASED DISSOLUTION MODEL

In the Canadian NFWMP a solubility-based dissolution model has been
developed to determine the rate of used-fuel dissolution. Such a model is
considered appropriate since redox conditions within a waste vault are not
expected to be oxidizing for any significant length of time. Oxygen
initially present within the vault will be consumed either by reaction with
reducing agents, such as $?-, Mn2?* and Fe?* present in minerals, or by
corrosion of the metal container.

The form of this model is illustrated schematically in Figure 4, and the
assumptions implicit in its use are discussed in Appendix C. The transport
of dissolved uranium and released radionuclides is represented by a one-
dimensional diffusion-convection equation modified to include radioactive
decay. Details of the mass transport modelling and the justification for
the use of a one-dimensional model have been given elsewhere (Garisto and
Garisto 1988, Garisto and LeNeveu 1989). This diffusion-convection equa-
tion is solved with a steady-state concentration boundary condition at the
fuel/buffer interface (J; at x = O in Figure 4), which specifies that

Dissolution Rate = J;A = kUOZA(c5°L - ¢(0,t)) (6)

where kUO is the dissolution rate constant of the fuel, A is the surface
2



area of the fuel (taken as equal to the surface area of the container in
this one-dimensional model), cg,, is the solubility of the used-fuel
matrix, and c(0,t) is the concentration of dissolved uranium at the fuel
surface (x = 0) at time t. The source term for a specific radionuclide is
then obtained by multiplying this rate by the fractional inventory of that
radionuclide in the used-fuel matrix. The development of the source terms
for individual radionuclides has been discussed (Lemire and Garisto 1989,
Garisto and Leneveu 1989), and the development of the solubility term,
Csors for uranium and other actinides has been described in detail else-
vhere (Lemire and Garisto 1989, Garisto and Garisto 1985).

Under transport-controlled conditions, when the dissolution (interfacial
ion transfer) reaction is near equilibrium (i.e., ¢(0,t) ~ cgor), the
relationship given in Equation (6) is a reasonable approximation (Segall et
al. 1988). However, the use of this equation requires that a value be
specified for the kinetic constant, kUOZ' At present, a value for this

constant is deduced from fuel-leaching experiments. The major advantage of
using Equation (6) is that it allows dissolution to be modelled in the
absence of any mechanistic understanding of the interfacial processes
involved. VWhen used in this manner, kUO2 is an empirical rate constant.

Other problems arise with an approach of this nature. To calculate solu-
bilities, a detailed knowledge of chemical conditions within the vault is
required. Such a calculation requires large amounts of thermodynamic data,
much of which is poorly known and difficult to obtain. Also, the model is
limited to the redox potential range from UO, to U0, ,s (Appendices A

to C). When solubilities are computed for oxidation potentials at which
U0, ,5 undergoes oxidative dissolution to UYT species, dissolved uranium
concentrations exceed 10-% mol.kg-! (Figure C-2, Appendix C). Such high
local concentrations will inevitably lead to precipitation. In this case,
as stated by Garisto and Garisto (1990), the solid transformation rate,
rather than the transport of dissolved uranium away from the fuel/buffer
interface, would control the release of radionuclides. Under such
conditions, the approximation embodied in Equation (6) is unlikely to be
justified.

The implications of coupling precipitation processes with a mass transport
model for dissolution involving a reversible interfacial step have been
documented (Garisto and Garisto 1988, Garisto 1986). The situation is
illustrated schematically in Figure 5. In essence, the formation of secon-
dary phases on the dissolving surface cannot proceed with ¢(0,t) ~ cgq1»

as required in the application of the boundary condition specified in
Equation (1). Under such conditions, dissolution will be proceeding far



from equilibrium and will be controlled by the kinetic parameters of the
interfacial reaction.

3.2 KINETIC MODELS

It is impossible to circumvent the difficulties described above within the
framework of a solubility-based model. It is also difficult to assess the
impact of radiolysis processes, which are intrinsically non-thermodynamic
and kinetically oxidizing in character. For an assessment of radiolysis
effects to be meaningful, it is necessary to attempt the development of a
kinetic model for oxidative dissolution processes.

To avoid the difficulties inherent in an experimental approach, attempts
have been made to develop models that assess the effect of alpha radiolysis
on fuel dissolution rates. Alpha radiolysis is considered the only signi-
ficant source of radiolytic oxidants, since gamma-radiation fields will
have decayed to negligible levels by the time the container fails and fuel
comes in contact with groundwater.

It is assumed that all the alpha energy, calculated from the energy spect-
rum of alpha particles emitted from used fuel, is deposited in a thin layer
of water (30 to 50 um thick) on the surface of the fuel. Using this model,
Garisto and Garisto (1990) estimated that the fractional fuel dissolution
rate is about 2 x 10-7 d-!. Several other assumptions are also used in
this calculation: (i) the effective surface area of a fuel pellet (includ-
ing cracks) is five times the geometric surface area; (ii) the surface-to-
volume ratio is independent of time; and (iii) each mole of H,0, can dis-
solve one mole of U0,. This rate is considered an upper bound for the
impact of radiolysis and is six to seven orders of magnitude larger than
the rate calculated using the solubility-based model with a UO, solubility
of 10-1° mol.kg-! (Garisto and LeNeveu 1989).

A similar approach to modelling the impact of alpha radiolysis on fuel
dissolution has been adopted by Werme et al. (1990). They assumed that UO,
will oxidize in radiolytically decomposed water at a rate identical to that
observed for the oxidation of Fe?+ in solution. On the basis of calcula-
tions by Christensen and Bjergbakke (1987a), showing that the rate of
oxidation of Fe2+ to Fe3+* is directly proportional to alpha dose rate,
Verme et al. (1990) calculated the extent of fuel oxidation assuming the
dissolution rate was equal to the oxidation rate of U0,. Provided the
container survives for 1000 a, this rate is ~2.5 x 10-7 d-1. This value

is comparable to that observed in used-fuel corrosion tests with 15-a-old
fuel, if the rate of strontium release is accepted as a monitor of the rate
of matrix dissolution/alteration (Werme et al. 1990).



3.3 ELECTROCHEMISTRY-BASED DISSOLUTION MODEL

Given the uncertainties in the approaches to modelling, and the wide diver-
gence in the predicted behaviour of fuel by the models described above
(i.e., a difference of six to seven orders of magnitude in predicted dis-
solution rates), we have adopted a wide-ranging experimental program to
determine the mechanism and kinetics of fuel dissolution over a wide range
of redox conditions. Our aim is to develop a kinetic statement for the
dissolution of U0, that is applicable over the full range of redox condi-
tions expected under waste vault conditions. This statement would replace
the semi-empirical Equation (1) as the flux boundary condition at the
fuel/buffer interface in the transport-based model outlined schematically
in Figure 4.

Ve have been attempting to measure dissolution rates using a combination of
electrochemical and natural corrosion experiments. Electrochemical tech-
niques are ideal for this purpose, since they enable us to control the
potential at the surface of U0,. Using such techniques, we can separate a
corrosion reaction into its component half reactions, and study the depen-
dence of rate on applied potential for each half reaction. Our experimen-
tal approach is outlined in Figure 6.

At positive applied potentials we have measured the steady-state current
resulting from the anodic dissolution of U0, according to the half reaction

U0, —> UO0%* + 2e (7)

as a function of applied potential. Similar measurements have been made on
selected cathodic half reactions:

0, + 20,0 + 4e —> 4OH- (8)

As expected for a steady-state electrochemical reaction uncomplicated by
transport processes, the current is logarithmically dependent on potential,
provided the applied potential is sufficiently positive or mnegative
(Shoesmith et al. 1989, Hocking et al. 1991).

Under natural corrosion conditions, Reaction (7) will couple with either,
or both, Reactions (8) and (9) if the oxidative dissolution of U0, is being
driven by 0, and/or H,0,. This coupling of half reactions can only occur



at a single value of corrosion potential, E.ozy, at which the current
resulting from anodic dissolution (I,) must equal that arising from oxidant
reduction (-I.). The corrosion potential can be measured easily in solu-
tions of known oxidant concentration, and the arrow in Figure 6 shows the
range of corrosion potentials measured in solutions containing 0,, H,0, or
the products of water radiolysis. By extrapolating the electrochemical
data measured at positive and negative potentials to the corrosion poten-
tial under a given chemical/radiochemical condition, we can obtain a
measure of the corrosion current (equal to the dissolution rate) under that
condition.

For this extrapolation to be valid, two conditions must be met:

(1) the two half reactions must be genuinely coupled; i.e., the
extrapolations from both positive and negative potentials must
yield the same value of corrosion current, I.,gzz; and

(2) the mechanism of the electrode process must not change over the
range of the extrapolations.

Changes in composition of the U0, electrode surface with potential make
these extrapolations uncertain. However, on the basis of a clear and
detailed understanding of the mechanisms involved, we can justify this
approach. A justification is presented in Appendix D.

If we can determine the dependence of these log I-E relationships on the
range of parameters likely to control the dissolution, then mathematical
expressions can be developed for both half reactions. The anodic current
(= dissolution rate) will be expressed by equations of the type

Iy = kyo, NIXI*[Y]? exp(bE) (10)

vhere kUO is the heterogeneous rate constant for oxidative dissolution and
2

the rate is dependent on the concentration of species X and Y (probably
HCO; and H*), with reaction orders m and p respectively. The term exp(bE)
expresses the dependence of dissolution rate on applied potential, E, and b
is the slope of the log I-E plot. The term N would take into account
variations in reactivity of the U0, and is a difficult parameter to
quantify. The question of reactivity has been discussed elsewhere (Johnson
and Shoesmith 1988), and we have recently summarized our approach to study-
ing reactivity effects in U0, oxidation and dissolution (Hocking et al., in
preparation).
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At negative potentials, similar relationships can be developed for the
oxidant reduction reaction; i.e.,

I. = ky,,N"[0x]9 exp(-b'E) (11)

vhere the parameters have the same significance as in Equation (10) and Ox
is the oxidant. Since we have shown that the kinetics of oxygen reduction
are affected by species, such as carbonate, that compete with oxygen
molecules for active sites on the U0, surface (Hocking et al. 1991), the
addition of extra concentration terms to Equation (11) may be required. If
more than one oxidant is involved, then the total cathodic current will be
the sum of the individual components,

(Ic)‘l‘otal = (Ic)02 + (Ic)H202 + (Ic)oH“‘ (12)

These equations can be combined for E = Ecozy to yield an expression for
the corrosion current (dissolution rate) in terms of the parameters that
control dissolution. This expression would then provide the desired
replacement for the semi-empirical Equation (6) as the flux boundary condi-
tion at the fuel/buffer interface in the transport-based model outlined in
Figure 4. Two published examples serve to illustrate the usefulness of
this approach. Nicol and Needes developed a relationship to describe UO,
dissolution under ore-leaching conditions (Nicol et al. 1975, Needes et al.
1975), and Marsh and Taylor (1988) used an approach similar to that des-
cribed here to develop a model for the corrosion of iron and carbon steel
waste containers under nuclear waste vault conditions.

At present, this model is incompletely developed (Appendix D), and the
dissolution rates presented here are based on an extrapolation using only
the log I-E relationship for the anodic dissolution reaction, Equation (7).
Hence, our rates are semi-empirical but based on a good understanding of
the dissolution kinetics. The procedure to obtain these rates is outlined
schematically in Figure 7.

A number of points are worth emphasizing before we present our results.

(1) All results were obtained on electrodes of the same type of UO,
(i.e., from the same batch of sintered fuel pellets); conse-
quently, they do not reflect the impact of variations in
reactivity.

(2) Our data vere all recorded in 0.1 mol.L-! NaClO,, a generally
non-complexing solution, at pH = 9.5, a value relevant to
groundwater buffered with small amounts of HCO3/C03-.
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(3) All measurements are for room temperature.

(4) Our electrochemical results for the anodic dissolution of UO,
vere recorded under conditions where the accumulation of solid
corrosion products on the electrode surface was unlikely. As
such they represent the maximum dissolution rates, unattenuated
by the presence of surface films. The implications of surface-
film formation are discussed in Appendix D.

(5) The development of a mathematical expression (log I-E) for the
electrochemical reduction of radiolytically produced radical
oxidants is beyond the scope of our experimental method. At
achievable dose rates with either gamma or alpha sources, the
radiolysis product concentrations are too lov to generate a
steady-state reduction current. Consequently, dissolution rates
are always obtained by the method outlined in Figure 7, or
predicted using a more complicated modelling procedure
(Christensen and Bjergbakke 1987b, Christensen and Sunder 1989,
Christensen et al. 1990a).

4. U0, DISSOLUTION IN OXYGENATED SOLUTIONS

Figure 8 shows a set of E.opy Measurements made on solutions purged with
nitrogen gas containing various percentages of oxygen. As expected, E.gxp
decreases as the oxygen content of the purge gas decreases, and falls below
the threshold for oxidative dissolution as the 0, content approaches zero,
j.e., in a solution purged with pure N, gas. Using our electrochemical
extrapolation we have determined the corresponding dissolution rates, as
shown in Figure 9.

The line drawn through the points represents a first-order relationship.

At these high concentrations, the dissolution rate is first order with
respect to oxygen concentration, in agreement vith the results of
Grandstaff (1976), recorded with natural uraninite powders, and with the
results of Thomas and Till (1984) recorded with CANDU* fuel pellets similar
to those used to construct our electrodes.

In electrochemical experiments we have observed a first-order dependence on
concentration for 0, reduction (Reaction (8)) on UO, electrodes prepared

* CANada Deuterium Uranium, registered trademark of AECL.
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from a standard CANDU fuel pellet (Hocking et al. 1991). Consequently, the
first-order dependence for the overall corrosion process in oxygenated
solutions (i.e., UO, dissolution coupled to 0, reduction), Figure 9,
indicates that oxygen reduction is the rate-controlling step. However, it
should be noted that a reaction order of ~0.5 was obtained on a non-
standard specimen of U0, (Hocking et al. 1991), and Gray has claimed a
reaction order, with respect to oxygen concentration, lower than 1.0 for
used-fuel dissolution (Gray and Wilson 1990).

In aerated solutions (points marked A in Figure 9), our dissolution rates
compare vell with the values measured by Thomas and Till (1984) and by
Johnson (1982), the latter recorded on irradiated fuel in aerated granite
groundwater (Shoesmith et al. 1989). More recent fuel-leaching experiments
by Stroes-Gascoyne (unpublished data) also appear to give similar values,
although confirmation of this awaits a more rigorous analysis of the fuel-
leaching data.

For lover 0, concentrations, the scatter in the data increases as the
oxidative dissolution threshold is approached. The five data points in the
hatched area at the bottom of Figure 9 correspond to E., gy values well
below our threshold value of -100 mV. A concentration of 10-% mol.L-!
represents our best estimate of the residual 0, concentration in solutions
purged with nitrogen (Sunder et al. 1987). Little meaning can be attached
to such low rates, since the oxidative dissolution model becomes tenuous
for such low 0, concentrations. At potentials below -100 mV, dissolution
is more likely to be either oxidative but chemically controlled

(Figure 3(b)), or chemical and not involving oxidation (Figure 3(c)). In
other words, as the concentration of oxidants in solution falls, oxidative
dissolution should be replaced by chemical dissolution, the rate of which
is independent of redox conditions. This situation is depicted schemati-
cally in Figure 10 in terms of the redox potential of the solution.

A number of attempts have been made, in particular by Bruno et al. (1988,
1991), to measure the chemical dissolution rate of U0, in the absence of
oxidants. Such measurements are fraught with problems arising from both
the difficulty in maintaining genuinely non-oxidizing conditions and the
unavoidable presence of oxidized surface films at the beginning of the
experiment. Using a continuous flow-through reactor and maintaining
reducing conditions by purging the solutions with hydrogen in the presence
of a Pd catalyst, they observed a dissolution rate of

(3.9 ¢ 1.6) x 10°3 pug.cm-2.4-! in the pH range from 7 to 11 (Bruno et al.
1991). This range of values is shown as a horizontal bar (marked B) in
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Figure 9. If we reverse our calculation and estimate the E. .,z Value
required to sustain such a corrosion rate, we obtain values ranging

from ~15 to ~40 mV. These values of E.,zy represent definite oxidizing
conditions and suggest little difference between dissolution rates under
oxidizing and non-oxidizing conditions. Such a small difference is
inconsistent with the results of Gray and Wilson (1990), who observed a
decrease in dissolution rate by a factor of 102 to 10% on switching from
aerated to argon-purged conditions. Their experiments were also performed
in a flow-through system.

It is possible that the UO, used by Bruno et al. was highly surface-
defective and non-stoichiometric. The stoichiometry of U0, 44;, claimed on
the basis of X-ray powder diffraction measurements, may be optimistic
unless special measures were taken (Klug and Alexander 1974). A more
realistic claim might be U0,,, with x < 0.005. Our preliminary work on the
impact of solid-state properties on the reactivity of U0, suggests that the
degree of non-stoichiometry may exert a significant influence (Hocking et
al. 1991).

In an attempt to establish a chemical dissolution rate for UO,, we have
revieved the dissolution of metal oxides (see Appendix E). On the basis of
this review, we have chosen a value of ~2 x 10-4 ug.cm-2.d-! for the disso-
lution rate of UO,, assuming its kinetic behaviour is similar to that of
NiO. This dissolution rate value is shown as a horizontal line (marked C)
in Figure 9 and corresponds to an anticipated E.yzy of -50 mV. A dissolu-
tion rate corresponding to an E.,zyz value of -50 mV can be considered high.
At such a potential our experimental evidence indicates that the surface
composition is close to U0, ;; (Appendices A and B), making the overall
dissolution process definitely oxidizing.

Caution must be exercised in trying to interpret the significance of this
chemical dissolution rate value. The E.,zz value is tantalizingly close to
our electrochemically determined threshold of -100 mV, and could be
considered as a measure of surface redox condition below which chemically
controlled dissolution via Reactions (3) and (4) dominates over oxidative
dissolution via Reactions (1) and (2). A fuller discussion of the
significance of this rate value is given in Appendix E. Despite the
uncertainties surrounding its derivation and interpretation, in subsequent
discussions we have used this rate as a threshold value for the onset of
oxidative dissolution.
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5. UQ,_DISSOLUTION IN HYDROGEN PEROXIDE SOLUTIONS

Ve have measured the E.,zz of U0, as a function of time for various
concentrations of H,0, over the range 10-5 < [H,0,] < 2 x 10-! mol.L-!.
Even at the lowest concentrations, E.,zz rapidly rises to a steady-state
value, demonstrating that the oxidation reaction, Reaction (1)

(U0, —> U0, ;3), is up to two orders of magnitude faster in H,0, solutions
than in 0, solutions of comparable concentration (Shoesmith et al. 1985).
That the oxidation process is the same in the presence of both oxidants is
demonstrated by our XPS and cathodic stripping voltammetry (CSV) experi-
ments (Shoesmith et al. 1985, in preparation), which show that the composi-
tion and thickness of the surface films present at steady state are the
same.

The steady-state dissolution rates obtained by extrapolation of electro-
chemical data are plotted as a function of H,0, concentration in Figure 11.
The values are similar to those obtained in oxygenated soclutions of compar-
able concentration shown in FPigure 9. Despite our observation that the
oxidation reaction, Reaction (1) (U0, —> U0, ;3), is much faster in H,0,,
the subsequent dissolution step, Reaction (2) (U0, ;; —> U03*), is not.

Three distinct regions of behaviour are apparent in Figure 11:

(1) for [H,0,] > 5 x 103 mol.L-!, the dissolution rate increases
vith peroxide concentration with approximately first-order
dependence;

(2) for 2 x 10-% < [H,0,] < 5 x 10-3 mol.L-1, the dissolution rate is
independent of peroxide concentration; and

(3) for [H,0,] < 2 x 10-*% mol.L-!, the dissolution rate falls rapidly
as the threshold for oxidative dissolution is approached.

Ve have proposed that, in the intermediate concentration range, peroxide
decomposition to oxygen and water competes with the oxidative dissolution
reaction (Shoesmith et al. 1985, Sunder et al. 1987). Christensen et al.
(1990b) have observed peroxide decomposition on U0, in borax buffer solu-
tions (pH ~ 8 + 0.2): over a 6-d exposure period about half of the H,0, in
a 5 x 10-2 mol-L-! solution was decomposed in the presence of U0,. A more
detailed discussion of our evidence for peroxide decomposition is given in
Appendix F.
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Christensen et al. (1990b) also measured dissolution rates in similar
experiments by chemically analyzing the amount of dissolved uranium. 1In
solutions containing 5 x 10-2 mol.L-!, they obtained a rate of

5+ 3 ug-em-2.d-1. This rate is shown as a vertical bar in Figure 11, and
is somewhat higher than our predicted rates. Since the effect of H,0, on
dissolution is very dependent on pH (see Appendix F), this discrepancy
between prediction (for pH = 9.5) and measurement (at pH ~ 8.0 + 0.2) can
be attributed to the difference in pH.

6. IMPACT OF GAMMA RADIOLYSIS ON UO, DISSOLUTION

We have studied extensively the oxidation and dissolution of U0, in solu-
tions subjected to gamma irradiation, and many of our results have been, or
are about to be, published (Sunder et al. 1989, 1990a). In experiments in
vhich we measure E.,zyz as a function of time, the behaviour observed paral-
lels that in solutions containing oxygen or hydrogen peroxide. The rate of
the oxidation reaction (U0, —> U0, ;3), as measured by the time taken for
Ecorr to achieve a value of -100 mV, is rapid and dependent on both the
gamma dose rate and the nature of the oxidizing radical (Sunder et al.
1990a). Some of our experimental results are discussed in more detail in

Appendix B.

Figure 12 shows the predicted dissolution rates as a function of the square
root of dose rate for argon-purged solutions. The square root of dose rate
was used because it is approximately proportional to the concentration of
radiolysis products. The dashed lines in Figure 12 serve only to outline
the general trends. The solid line at high dose rates represents a first-
order dependence and appears to be a reasonable fit for the points,
although the available data is too sparse to be certain. At lower dose
rates, the dissolution rates fall rapidly, especially below the threshold
value for the transition from oxidative to chemical dissolution. At these
low dose rates, the slope suggests a meaninglessly large reaction order
with respect to radiolysis product, and can be taken as an indication that
an extrapolation based on an oxidative dissolution model is no longer
valid.

Electron transfer from the electrode to radical species, such as OH® or
0;, will almost certainly be fast: certainly, our electrochemical results
suggest such a process is fast for H,0, (Shakerinia et al., in prepara-
tion). If this is the case, for a constant dose rate, any radical species
reaching the surface will be rapidly reduced, its surface concentration
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will be close to zero, and dissolution will be controlled by transport of
oxidants to the surface. If we assume that the transport layer thickness
is independent of dose rate, then we would expect the first-order depen-
dence observed in Figure 12.

Figure 13 compares our predicted dissolution rates in irradiated aerated
solutions with the dissolution rates measured under aerated conditions by
Gromov (1981) at much higher dose rates. For rates measured in both acidic
(pH ~ 1) and alkaline carbonate solutions (pH ~ 10), the dependence of
dissolution rate on dose rate is close to what we predict in non-complexing
solution at pH ~ 9.5. Not surprisingly, Gromov's values in acidic solu-
tions are higher than our predictions. For comparison, the dashed lines 1
and 2 indicate our dissolution rates measured in unirradiated aerated
solutions at pH = 9.5 (from Figure 9) and at pH = 2.5 (Sunder et al. 1991),
Gromov's data in carbonate solutions are surprisingly low and inconsistent
with our predictions. Also shown in Figure 13 is a rate measured by
Christensen et al. (1990b) at a dose rate of 70 000 to 80 000 rad.” This
rate is larger than ours, consistent with the fact that it was measured in
oxygenated, as opposed to aerated, solutions, and at slightly lower pH.

Using the rates in Figure 12, we can assess the impact of gamma radiolysis
on the dissolution of fuel under waste vault conditions. Figure 14 shows
the dissolution rates from Figure 12 as a function of the logarithm of the
dose rate. A logarithmic scale has no significance except to allow us to
expand our analysis over orders of magnitude change in dose rate. Also
plotted along the x-axis are the times at which such doses would be
achieved at the surface of a CANDU fuel bundle after being discharged from
the reactor. This correlation between time and dose rate was taken from
calculations of G.B. Wilkin (unpublished data) for the decay of the gamma
dose rate at the surface of a Bruce 'A’' CANDU fuel bundle with a burnup of
685 GJ/kg U (see Figure 15). The dashed lines in Figure 14 are envelopes
for the data and possess no fitting significance. From this plot we
predict that the oxidative dissolution rate due to gamma radiolysis would
fall below the threshold for oxidative dissolution after, at most, ~200 a.
This is not surprising given the shape of the dose-rate curve in Figure 15.

Also shown in Figure 14 are the predicted dissolution rates in irradiated
aerated solutions. These rates are substantially higher than, and do not
decay as rapidly as, those in argon-purged solutions, because of the much
higher concentrations of radicals and H,0, produced by the radiolysis of

* 1 rad = 10 mGy
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aerated solutions. The dissolution rate expected in unirradiated aerated
solutions is also shown in the figure (marked A). Figure 14 shows that the
impact of gamma radiolysis in aerated solution could be sustained for up to
~1000 a. Obviously, container failure while vault redox conditions remain
oxidizing should be avoided.

It is clear from these results that predicted titanium container lifetimes
of >1000 a under Canadian waste vault conditions (Shoesmith et al. 1991)
are sufficient to guarantee that the impact of gamma radiolysis on fuel
dissolution will be negligible, provided non-oxidizing conditions are
established in the meantime.

Ve have also attempted to assess the impact of beta radiation on oxidative
dissolution, since, for fuel from Swedish pressurized-water reactors
(PWRs), the dose rate to a water layer in direct contact with nuclear fuel
(after a cooling period of 40 a) will be caused mainly by alpha and beta
radiation. Detailed calculations of beta dose rates have been performed
for PWR fuel with a burnup of 45 MW.d/kg U by Ingemansson and Elkert
(1991), assuming all the beta energy is deposited in a layer of water

<200 pm in thickness. Such a situation could arise at cracks within the
fuel or within the fuel-cladding gap. Assuming the nature and concentra-
tion of oxidizing radiolysis species produced by beta radiation are the
same as those produced by gamma radiation, we can estimate that oxidative
dissolution due to beta radiolysis could be important for 300 to 500 a (see
Figure 16). Beyond this period, the rate of oxidative dissolution should
become negligible in comparison with that of chemical dissolution.

7. IMPACT OF ALPHA RADIOLYSIS ON UQO, DISSOLUTION

0f all the forms of radiation likely to produce oxidative dissolution,
alpha radiation is the most insidious. The range for alpha particles in
wvater is short. For instance, Garisto (1989) has calculated that >90Z of
the available alpha-particle energy in CANDU fuel is deposited within a
20-pm layer of water at the fuel surface. Consequently, alpha radiolysis
leading to oxidative dissolution in wet cracks within the fuel, or at
waterlogged sites within the cladding gap, is likely to be important.
Since alpha activity within used fuel decays slovly in comparison with
gamma (Figure 15) and beta activity (Figure 17), there is a possibility
that oxidative dissolution will be sustained by alpha radiolysis for a long
time.
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Experimentally, we have measured corrosion potentials in a thin-layer
electrochemical cell that allows us to bring an alpha source of known
strength within ~25 um of a UO, electrode (Bailey et al. 1985). Using
steady-state E.,zx values measured for alpha sources of various strengths,
we have obtained values for the dissolution rate as a function of alpha
source strength in argon-purged solution (Figure 18). Because of the
variability in measured values of E.,zp, our predicted dissolution rates,
at a given source strength, vary by two orders of magnitude and are
represented in Figure 18 by bars. A significant portion of this varia-
bility appears to arise from problems with our measurement of E.,zp. We
are repeating these measurements, and our latest data suggest that the
lowver end of the dissolution rate range may be the more accurate.

Our mechanistic understanding of the impact of alpha radiolysis on U0,
oxidation and dissolution is incomplete, although we have some evidence to
suggest that there is a close similarity between U0, oxidation and dissolu-
tion in the presence of alpha radiolysis products and in chemically added
H,0,. This would be consistent with the general understanding of alpha
radiolysis, which shows that the production of molecular species, such as
H,0, and 0,, is more important than that of radicals (Burns and Sims 1981).

If we are to compare rates arising from alpha radiolysis with rates in H,0,
solutions, then it is necessary to calculate the concentration of hydrogen
peroxide produced by alpha radiolysis within the thin layer of water
between the U0, electrode and the alpha source in our cell. This is not
straightforvard, because the radiolytic production of oxidants will be
accompanied by their loss by transport at the edges of the circular disc of
water between the alpha source and U0, electrode. This situation is illus-
trated schematically in Figure 19.

In order to compare the results of our experiments using alpha sources with
those obtained using H,0,, we have used the calculations by Christensen
(1990) to calculate H,0, concentrations during alpha radiolysis. In these
calculations the G values for alpha radiolysis were taken from the reviews
of Christensen and Bjergbakke (1982) and Christensen (1990), and it was
assumed that the energy was absorbed in a 30-um layer of water. Diffusion
terms for H,, O, and H,0, were introduced, their relative values being
chosen in relation to their diffusion coefficients (Eriksen et al. 1989).

Figure 20 shows the predicted rates in the presence of alpha radiolysis and
in H,0,. Agreement is reasonable, provided the lower values in the
presence of alpha radiolysis are accepted as the more accurate.
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Christensen (1990) has also used this model to predict the dissolution rate
of U0, as a function of alpha source strength. Agreement between calcu-
lated and experimentally predicted dissolution rates is reasonable for the
highest source strength used (686 uCi*) (within a factor of four), but for
the lowest source strength the discrepancy is greater than two orders of
magnitude. The source of this increasing discrepancy with decreasing
source strength is not totally clear. The most likely explanation appears
to be the decreasing importance of oxidative dissolution as E.,py decreases
below the oxidative dissolution threshold, accompanied by the increasing
importance of the peroxide decomposition process. The change in relative
importance of these two processes, as the concentration of H,0, and hence
the composition of the U0, surface changes, is discussed in some detail in
Appendix F. 1In its present form, the model used by Christensen does not
account for such changes in mechanism. Obviously, a more extensive experi-
mental program and a more rigorous modelling procedure is required before a
complete understanding of the behaviour of U0, in the presence of alpha
radiolysis will be achieved.

Ve can use the predicted dissolution rates in Figure 18 to assess the
impact of alpha radiolysis on the dissolution of fuel under waste vault
conditions, as we did for gamma radiolysis in Section 6. Figure 21 shows
the dissolution rates as a function of alpha source strength. The use of a
logarithmic scale for source strength is for convenience only. Since our
measurements were made in a 25-um gap, these rates are equivalent to those
predicted by assuming that all the alpha energy is deposited in a 25-um
layer of water on the surface of the fuel. The second axis in Figure 21
relates the source strength used in our experiments to the alpha plus beta
activity-time profile in the fuel. The manner in which this relationship
was established is described in Appendix G. According to this scale, oxi-
dative dissolution supported by the alpha plus beta radiolysis of water
could be important for a period of time somewhere between 500 and 10 000 a
for CANDU fuel with a burnup of 685 GJ/kg U. A similar plot is shown
relating our dissolution rates to the alpha activity levels in PWR fuel in
Figure 22. This relationship is based on the calculations of Ingemansson
and Elkert (1991) for fuel with a burnup of 45 MW.d/kg U. Since their cal-
culations were made assuming all alpha energy is deposited within a 50-um
layer, a direct comparison with our results (measured with a 25-um cell
gap) is reasonable. Oxidative dissolution supported by alpha radiolysis
for PWR fuel appears possible for a period somewhere between 500 and

30 000 a.

* 1 Ci = 37 GBq
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These estimates of the impact of alpha radiolysis can only be considered
preliminary. They are sufficiently meaningful to demonstrate that the
importance of oxidative dissolution will decrease with time. However, the
period over which this process will remain significant is uncertain because
of the poor quality of the E.,zyz values obtained so far. Our suspicion,
based on a new series of experiments just under way, is that the lower dis-
solution rates are the most appropriate. If so, then the impact of alpha
radiolysis will be small and not as prolonged as suggested by Figures 21
and 22.

The data presented apply only to a single pH of 9.5, a value at which
oxidative dissolution appears to be in competition with H,0, decomposition.
Although we have yet to demonstrate the fact unequivocally, it seems likely
that the behaviour of U0, in the presence of alpha radiolysis will be
similar to its behaviour in H,0,. If so, then the effect of pH on the
corrosion potential, and hence on the dissolution rate in the presence of
alpha radiolysis, is likely to be large. The E.,zy for UO, exposed to H,0,
shifts to much more positive potentials as the pH decreases (see Figure F-5
in Appendix F). A similar effect in the presence of alpha radiolysis would
increase the dissolution rate by about two orders of magnitude for a drop
in pH from 9.5 to 7.0. This assumes that the current-potential profile
upon which our extrapolation is based (Figure D-1 in Appendix D) does not
change significantly with pH. Nicol and Needes (1975) have presented some
evidence showing that this profile is indeed independent of pH over the
range 6 < pH < 9.

Caution should be exercised in the use of such simple estimates, since many
factors, not considered in this report and not addressed within our resarch
programs to date, may affect the pH. For instance, the impact of pH on
Ecorr Vas determined for an H,0, concentration of 10-3 mol.L-1, a concen-
tration achievable only for large alpha source strengths (Figure 20), i.e.,
greater than those anticipated in used fuel. It is unclear whether the
impact of pH will be as large at lower H,0, concentrations equivalent to
lover source strengths. Also, while water contacting the fuel may be
buffered to around pH ~ 8.5 by the bentonite buffer, the pH within cracks
in the fuel, where alpha radiolysis is most prevalent, may be different.
Our present experimental program is designed to address many of these
questions.
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8. SUMMARY

Although more experimental data are needed, it is clear that the develop-
ment of an electrochemistry-based dissolution model is feasible. At
present, this development is only partially complete, and mathematical
expressions describing the kinetics of the anodic dissolution of UO, and
the kinetics of reduction of oxidants, such as oxygen and hydrogen per-
oxide, on UO,,, surfaces remain to be specified. However, predictions of
the dissolution rate of U0, have been obtained by extrapolating steady-
state electrochemical currents for the anodic dissolution of U0, to the
corrosion potentials measured in solutions containing various concentra-
tions of different oxidants, such as oxygen, hydrogen peroxide and the
products of the gamma and alpha radiolysis of water.

As the concentration of oxidant decreases, the rate of oxidative dissolu-
tion should eventually fall to a value less than the chemical dissolution
rate of U0,. Ve have estimated a value for this rate from the dissolution
rate of Ni0 measured in acidic solutions. Once the predicted oxidative
dissolution rate falls below this value, we assume that dissolution will
be basically chemical in nature and independent of the solution redox
conditions. This threshold dissolution rate is estimated to be

2 x 10-% ug.cm-2.4-%.

Using this approach, we have tried to define the nature and kinetics of the
dissolution process in a number of oxidants.

(1) In the presence of oxygen, the dissolution rate is first order
with respect to oxygen concentration, and oxidative dissolution,
as defined in Figure 3(a), becomes negligible once the dissolved
oxygen concentration falls below ~10-6 mol.L-1.

(2) In hydrogen peroxide solutions, three distinct regions of
behaviour are apparent:

(a) For [H,0,] 25 x 10-3 mol.L-!, the dissolution rate
increases with hydrogen peroxide concentration with an
approximately first-order dependence.

(b) For 2 x 10-% < [H;0,] < 5 x 10-3 mol.L-1, the dissolution
rate is independent of peroxide concentration. In this con-
centration range oxidative dissolution occurs simultaneously
with peroxide decomposition to oxygen and water. Peroxide
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decomposition appears to predominate on surfaces of composi-
tion UO,,,, vhere x ¢ 0.33. On more oxidized surfaces,
decomposition appears to be blocked and oxidative dissolu-
tion appears to predominate.

(¢) For [H,0,] < 2 x 10-4 mol.L-1, the dissolution rate falls
rapidly as the threshold for oxidative dissolution is
approached. The behaviour in H,0, solutions is complicated
by a strong pH-dependence, dissolution being promoted as the
pH decreases.

In the presence of gamma radiation, oxidative dissolution is
rapid because of the fast reaction of U0, with radiolytically
produced radicals, such as OH and 0;. For dose rates of

21.6 x 103 rad.-h-! (216 Gy-h-!), the dissolution rate appears to
be first order with respect to the concentration of radiolysis
products. For dose rates < 6 to 10 Gy.-h-!, the oxidative
dissolution rate falls below the threshold value. For used CANDU
fuel this means that oxidative dissolution of U0, due to gamma
radiolysis is only important for ~200 a.

In the presence of alpha radiolysis, the dissolution process
appears to be similar to that observed in H,0, solutions. Unfor-
tunately, our measured corrosion potentials are not sufficiently
accurate to allow us to specify with any certainty the period for
which oxidative dissolution will be important. At present, our
best estimate of this period for CANDU fuel (burnup 685 GJ/kg U)
is between 500 and 10 000 a. For PWR fuel (burnup 45 MW.d/kg U)
this period is ~500 to <30 000 a.

Before the development of this model can be considered complete, a number
of major improvements are required:

(1)

(2)

A more complete study of the cathodic reduction of oxidants is
necessary in order to specify a mathematical expression for this
reaction.

Although a good general mechanistic understanding of the anodic
dissolution of U0, is available, our present extrapolation relies
on only six data points. A more extensive database is required
if the reliability of our extrapolation is to be quantified.
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So far, all our measurements have been performed on unirradiated
specimens cut from CANDU fuel pellets. Since we expect the
reactivity of U0, to vary after in-reactor irradiation, we need
to make a much more extensive series of measurements on elec-
trodes with different properties (i.e., conductivities, conduc-
tivity types (p- or n-type), grain size, densities, etc.). The
impact of many of these parameters on the dissolution process are
amenable to study by electrochemical methods, and we are in the
process of studying the electrochemistry of a number of SIMFUEL
(unirradiated U0, containing stable fission products simulating a
6% fuel burnup) specimens.

In H,0, solutions the dissolution behaviour of U0, is complicated
by the simultaneous occurrence of H,0, decomposition. Our
present mechanistic understanding of this latter process is poor,
as is our understanding of the major impact of pH on oxidative
dissolution in hydrogen peroxide solutions.

The oxidative dissolution of U0, in the presence of gamma
irradiation appears to be first order with respect to the
concentration of oxidizing radiolysis products. This claim is
based on only four data points.

Our understanding of oxidative dissolution in the presence of
alpha radiolysis is poor. A much more extensive experimental
program coupled to a more rigorous modelling procedure is
required if we are to use our electrochemistry-based model to
predict the impact of alpha radiolysis on used-fuel dissolution.

The effects of a number of other parameters on the oxidative
dissolution of U0, in radiolytically decomposed solutions remain
to be investigated. In particular, some understanding of the
impact of temperature and the presence of scavengers is required.
Our own unpublished electrochemical studies on the oxidation and
dissolution of U0, at 55°C show that the increase in temperature
(from 25°C) does not alter the threshold potential for oxidative
dissolution. The expected increase in dissolution rate with
temperature appears to be largely offset by a thickening of the
surface layer of U0, ;5. Many species likely to be present in
groundvater (e.g., Fe?+/Fe3+ from mineral dissolution, hydrogen
from container corrosion) are likely to scavenge radiolytically
produced oxidants, especially at low dose rates. Thus, Sunder et
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al. (1990b) have demonstrated that, in the presence of dissolved
H,, the extent of oxidation of U0, arising from alpha radiolysis
is reduced. Such effects are likely to shorten the period for
wvhich oxidative dissolution can be sustained.
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APPENDIX A

EVIDENCE FOR A THRESHOLD FOR OXTDATIVE DISSOLUTION

Our claim that a potential of ~-100 mV vs. SCE can be considered an
approximate dividing line between definitely oxidizing and nominally
reducing conditions can be justified from a combination of electrochemical
and X-ray photoelectron spectroscopy (XPS) experiments. Figure A-1 shows
the charge in coulombs obtained by integrating the electrochemical current
flowing through a U0, electrode controlled at constant potentials within
the range from -150 to 0 mV (vs. SCE) for a 24-h period in argon-purged
solution (Sunder et al. 1982). If we assume that all of this accumulated
charge can be attributed to the overall dissolution reaction,

U0, -+ UOZ* + 2e (A.1)

these values represent the total amount of uranium dissolved in 24 h.
Since current flow was transitory and complete after ~12 h at -100 and
-150 mV, these values of charge cannot be used to calculate a meaningful
dissolution rate. However, they clearly indicate that a threshold for
oxidative dissolution exists in the region between -150 and -100 mV (vs.
SCE). In these experiments, the limit of detection for a meaningful
electrochemical current density appears to be ~3 x 10-3 pA.cm-2, corres-
ponding to a minimum measurable dissolution rate of ~0.5 ug.cm-2.4-1,
Because anticipated dissolution rates are expected to be below this value,
the direct electrochemical measurement of U0, dissolution rates under
meaningful conditions is not feasible.

Figure A-2 shows the results of two series of potentiostatic experiments in
argon-purged solution, one for 10 min and one for 1000 min, followed by XPS
analysis of the oxidized surface. For short oxidations, the surface is
never more oxidized than U0, ,, (U;0,), a composition achieved for poten-
tials >+100 mV. For longer oxidations, a composition of U0, ;; is achieved
around -100 mV. The vertical dashed zone outlines the potential range
(-150 to -100 mV) claimed from Figure A-1 as a threshold for oxidative
dissolution.
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APPENDIX B

UO,_OXIDATION AND DISSOLUTION DURING GAMMA RADIOLYSIS

Prior to the onset of oxidative dissolution in neutral to basic solutions
not containing significant amounts of complexing anions, a cathodically
cleaned U0, surface undergoes oxidation to the U0, ;; (U;0,) stage. This
oxidation process is the same whether the oxidant is dissolved oxygen,
hydrogen peroxide, or radiolytically decomposed water. Here, we discuss
briefly this oxidation process in gamma-irradiated NaClO, (pH = 9.5)
solutions. Ve have followed the corrosion potential (E.,zz) of UO,
electrodes for various lengths of time in solutions containing a variety of
scavengers added to them to maximize the concentration of various radicals
(e.g., OH*, 03). A wide range of gamma dose rates was used (~1 to

300 Gy-h-1). The details of this work will be published elsewhere (Sunder
et al., in preparation).

Figure B-1 shows the cathodic charge measured by cathodic stripping
voltammetry (CSV, see Appendix D) as a function of E_,zp achieved under
natural corrosion conditions by the time the experiment was terminated.
The length of these experiments varied from a few minutes at large dose
rates to a few hours at small dose rates. The cathodic charge is a direct
measure of the thickness of the film of UO,,, grown on the U0, surface
during corrosion (Shoesmith et al. 1984). This thickness is directly
related to E . z; up to ~100 mV, irrespective of whether oxidation is slow
or fast. A steady-state E.,z; is established around 100 mV, but the
surface film continues to thicken.

Figure B-2 shows the UYI:UIV ratio obtained by XPS analysis of an identical
U0, specimen exposed for the same length of time to the same solution as
the electrode. Consequently, we expect the surface composition of this
specimen to reflect that of the electrode itself. This ratio increases
slowly over the E.,zy range from -400 to O mV, during which the film thick-
ness is increasing linearly with potential (Figure B-1). Once steady-state
is achieved around 100 mV, the film thickening indicated by the results in
Figure B-1 is accompanied by a large increase in the UVI:UIV ratio.

Figure B-3 plots the UVI:UIV ratio against the cathodic charge. The
horizontal bar shows that the surface film thickens without a change in
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composition over the potential range from -200 to +100 mV. The U'I to UIV
ratio is ~0.7 within this range. The thicker films that build up under
steady-state conditions are much more oxidized.

These data demonstrate that oxidation of U0, occurs in two distinct stages.
Between -400 and ~0 mV, oxidation leads to the growth of a film that
achieves a composition of ~UO, ;; in the range from -200 to -100 mV, i.e.,
as our threshold for oxidative dissolution is approached (see Appendix A).
The thickness and composition of this film are directly related to the
E.orr achieved, irrespective of the rate of oxidation. This suggests that
oxidation is rapid and that the composition and film thickness are steady-
state values at potentials within this range.

If dissolution were to occur within the potential range (-400 to -100 mV),
it would likely proceed via Reactions (B.1) and (B.2):

U0, + xH,0 —> UO,,, + 2xH* + 2xe (B.1)

U0,,, + n(l - x)OH- + (x - 2)H,0 —> (1 - x)U(OH){4-»)+

+ xUO3+ + (2x - 4)E*  (B.2)

24 %

i.e., by rapid oxidation followed by the slow ion transfer of UV and UV?
species to solution (see Figure 3(b) in main report). Once steady state is
achieved, film growth leads to the formation of highly oxidized films,
indicating the occurrence of an oxidative process via Reactions (B.3) and
(B.4) (see Figure 3(a) of main report):

U0, + 0.33H,0 —> U0, 55 + 0.66H* + 0.66e (B.3)

U0, 5, + 0.66H* —> UO3* + 0.33H,0 + 1.34e (B.4)

followved by the formation of a UVI-containing secondary phase. In the
"non-complexing" electrolyte solutions employed in these experiments, this
phase is likely to be UO;.zH,0. This oxidative transformation occurs at a
constant potential. The fact that the formation of U0;.zH,0 does not .
appear to occur until E.,zz is well beyond the oxidative dissolution thres-
hold of -100 mV (Appendix A) is a reflection of the dynamic nature of the
experiment and of the difficulties of removing the specimen for analysis by
XPS without redissolution of the small amounts of UQ,.zH,0 on the surface.
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APPENDIX C

REDOX CONDITIONS FOR WHICE THE SOLUBILITY-BASED MODEL
FOR FUEL DISSOLUTION IS APPROPRIATE

In the solubility-based model, the dissolution rate of the used fuel is
limited by the solubility of UO,,,, provided the groundwater flow is slow
enough for local saturation to occur. For x = 0, dissolution can be
envisaged as proceeding via the chemical dissolution reaction,

U0, + (n - 2)H,0 ——> U(OH){4-m)+ 4+ (n - 4)B (C.1)

in the absence of oxidant. For 0 < x < 0.25 (the composition range over
which the model is applied (Lemire and Garisto 1989)), dissolution requires
a continuous source of oxidant, is oxidative and proceeds by the following
reactions:

U0, + xH,0 —> UO,,, + 2xH* + 2xe (C.2)

U0,,, + n(l - x)OH- + (x - 2)E,0 —> (1 - x)U(OH){4-m)+
+ xU03+ + (2x - 4)H* (C.3)

In both cases, it is assumed that the dissolution reaction is reversible,
and therefore capable of approaching equilibrium. Such a situation is
achievable if the overall rate of dissolution is controlled not by inter-
facial rate parameters but by transport in the surrounding clay/sand
mixtures.

In terms of the redox conditions within the vault, this sequence of assump-
tions requires that the composition of the fuel surface be that which is in
equilibrium with the surrounding redox environment. For the electro-
chemical kinetics of the oxidative dissolution process to be negligible
(i.e., infinitely fast compared to the rate-controlling transport step) the
redox potential at the UO,,, surface must equal the redox potential in the
surrounding environment (often termed Eh). If we were to succeed in
measuring the potential at the solid/environment interface, the corrosion
potential, then we would obtain the single value representative of these
redox conditions. Furthermore, this potential could only be achieved for
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that single surface composition in equilibrium with its surroundings for
that single redox condition. This situation is shown in Figure C-1(a).
Since no potential difference exists across the solid/environment inter-
face, the rate of ion transfer (U,,;;4 + U;,,,6n) cannot be controlled by
electrochemical parameters.

The results presented in Appendix B for the oxidation of U0, in water
decomposed by gamma radiolysis showed that for potentials <-100 mV, the
composition of the surface did dictate the value of the corrosion potential
and vice versa. This correlation suggests that the conditions required for
the solubility-based model may be achieved in this potential range

(E < -100 mV). Our results do not, however, demonstrate that the required
reversibility is achieved.

Vhen testing the solubility-based model, Lemire and Garisto (1989) calcu-
lated the impact of various parameters and combinations of parameters on
the solubility of fuel. Based on calculations for 40 000 sampled contact
wvaters, whose properties represented the range of conditions expected in a
disposal vault, they found that the highest uranium solubilities repre-
sented oxidative dissolution of U0, ,; at potentials approaching that for
the U0, ,5/U0, ,; stability line (Figure C-2). Our own experimental
results (Appendices A and B) show that, once U0, ;; is the stable phase,
oxidative dissolution becomes irreversible in character and leads to the
transformation of U0, ;;, by dissolution and precipitation processes, to
secondary phases such as U0;.zH,0; i.e., dissolution is proceeding via
Reactions (C.4) and (C.5):

U0, + 0.33H,0 —> U0, ,; + 0.66H* + 0.66e (C.4)

U0, 55 + 0.66Hf —> UO03* + 0.33H,0 + 1.34e (C.5)

Under these conditions, use of the solubility-based model is no longer
varranted, since the redox potential at the UO,,, surface will not be equal
to the redox potential in the surrounding environment. This situation is
depicted in Figure C-1(b). Since a potential difference exists across the
interface, electrochemical parameters will be important in determining the
dissolution/transformation rate. The corrosion potential is determined by
the balance between the kinetics of the overall U0, dissolution reaction,

U0, » U03* + 2e (C.6)
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and the corresponding oxidant reduction reaction,

Ox + 2e » Red (C.7)
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D.1 ANODIC DISSOLUTION OF UO,

Extensive studies of the anodic oxidation and dissolution of UO,, generally
coupled with X-ray photoelectron spectroscopy (XPS) analyses of the oxi-
dized surfaces, have been published. A good mechanistic understanding is
available and has recently been reviewed (Johnson and Shoesmith 1988,
Sunder and Shoesmith 1991). This mechanism can be stated in the simple
reaction step,

U0, » U0+ + 2e (D.1)

Figure D-1 shows the steady-state dissolution currents recorded at

0.1 mol.L-1 NaClO0, (pH = 9.5) and used in our extrapolations to determine
dissolution rates under natural corrosion conditions. Graphs such as
these, which plot the logarithm of the current against the applied poten-
tial, are known as Tafel plots. Also shown as a horizontal bar in

Figure D-1 is the range of E.,zyz values measured in the presence of various
oxidants in this work. Obviously, the extrapolation involved is long (up
to ~500 mV), yielding corrosion currents ranging over many orders of
magnitude. Such long extrapolations on such sparse data lead to corrosion
currents (dissolution rates) with significant uncertainties. A more
extensive series of measurements is required if these uncertainties are to
be removed, or at least quantified.

Also indicated in Figure D-1 are the potential ranges for various surface
compositions (U0,,, » U0, ;3 » U0, 4,) and the potential threshold for
oxidative dissolution (see Appendix A). Our electrochemical data are
recorded on a surface different in composition to that on which natural
corrosion occurs. Unfortunately, if we extend our electrochemical measure-
ments to lower potentials, it is very difficult to establish steady state
and hence obtain reliable dissolution currents. However, similar experi-
ments in carbonate solution exhibit the same relationship between current
and potential, despite the fact that bicarbonate/carbonate prevents the
formation of surface phases beyond U0, ,; (Shoesmith et al. 1984,1989).
This similarity in Tafel slopes indicates that the kinetics of anodic
dissolution are not particularly dependent on surface composition in this
potential range.

Some justification for our electrochemical approach was gained when the
rate obtained by extrapolating the data in Figure D-1 to E .,z measured in
aerated solution was found to be within an order of magnitude of the rate
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obtained from fuel leaching studies under similar conditions (Shoesmith et
al. 1989). Ve also attempted to use the same extrapolation to obtain a
corrosion rate under argon-purged conditions (Figure D-1). The rate
obtained was extremely low, between three and five orders of magnitude
lover than that under aerated conditions (Shoesmith et al. 1989). It is
doubtful that this value is quantitatively significant.

The possibility of secondary phase formation (e.g., as U0O;.zH,0) was
minimized in recording the data plotted in Figure D-1 by using an electrode
of small surface area in a large volume of stirred solution. Consequently,
the current measured is the maximum sustainable dissolution rate for
Reaction (D.1),

Uo, —> UO03* + 2e (D.1)

at the potential applied, and is unattenuated by the presence of films of
corrosion product. The presence of precipitated secondary phases cannot
accelerate oxidative dissolution beyond this rate (current), since the
reaction is irreversible. However, the buildup of substantial layers of
corrosion product (secondary phases) could inhibit dissolution, because of
their low permeability, and the actual dissolution current may be lower
than that measured in our electrochemical experiment. If measurements were
made in the presence of corrosion product films, a meaningful extrapolation
to natural corrosion conditions would be unobtainable. The log I-E plot
would likely not remain linear with applied potential, as illustrated in
Figure D-2.

By extrapolating electrochemical data measured as described here, we obtain
maximum values of corrosion current for the oxidative dissolution of
U0,/U0, ;5. The real rates would be expected to decrease as corrosion
product layers thicken. In natural groundwaters, Lahalle et al. (1989)
have shown that dissolution is strongly inhibited by the formation of Mg/Si
hydrous oxides on UO,.

D.2. CATHODIC REDUCTION OF OXIDANTS

We have recently reported our detailed studies of the cathodic reduction of
oxygen on UO, electrodes (Hocking et al. 1991). A preliminary study of the
reduction of hydrogen peroxide on UO, has also been performed (Shakerinia
et al., in preparation). Here we confine our discussion to the reduction
of 0, for which we possess a good, but not complete, mechanistic under-
standing.
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The kinetics of oxygen reduction are dependent on the composition and
electronic properties of the electrode surface. Figure D-3 shows two
steady-state log I-E plots for oxygen reduction in aerated solution: one
recorded on a cathodically reduced electrode as the potential is made more
positive; and one recorded on an electrode allowed to naturally corrode in
aerated solution for up to 6 d before the reduction curve is recorded as
the potential is made more negative.

On the reduced electrode, a linear Tafel region (A in Figure D-3) is
obtained between ~-0.4 and -0.6 V. The deviations from linearity at higher
and lower applied potentials coincide with changes in the surface composi-
tion of the electrode. This dependence on surface composition is important
since 0, reduction appears to require the adjacent donor/acceptor proper-
ties of uranium in two oxidation states (U*V/UY or UTV/U'I). On the
naturally corroded electrode, there appears to be two distinct Tafel
regions (B and C in Figure D-3), the switch from one to the other again
coinciding with a change in composition of the surface. The increased
current for 0, reduction has been attributed to an increase in density of
donor/acceptor sites on the naturally corroded surface.

Only an extrapolation from region B yields a corrosion current in the same
range as that obtained by the extrapolation of the anodic currents in
Figure D-1. Extrapolation from regions A and C yields corrosion currents
up to two orders of magnitude greater than that obtained by the anodic
extrapolation. This behaviour confirms that anodic dissolution is coupled
to oxygen reduction on an oxidized surface, and that any mathematical
expressions used to represent oxygen reduction must be determined by
experimentation in the narrow potential region B.

The Tafel slope in region B is close to 120 mV-!, the theoretical value
expected for an electrochemical process involving one electron in the rate-
determining step. Since our results indicate that the rate of the oxygen
reduction reaction is controlled by the first electron transfer (Hocking et
al. 1991), such a slope indicates that the number of donor/acceptor sites
is effectively unlimited in this potential region; i.e., the parameter N’
in Equation (11) of the main report (I_ = k, ,N'[0x]9 exp(-b’E)) can be
taken as one.

Also shown in Figure D-3 is the same range of measured corrosion potentials
as that shown in Figure D-1. The two plots are for aerated solutions and
will extrapolate to the positive potential end of this range. By recording
similar plots at different oxygen concentrations, we have shown that, for
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standard unirradiated CANDU fuel, the reaction order with respect to oxygen
is first order in the Tafel region; i.e., the parameter, q, in the above
Equation (11) is equal to one. So far, the oxygen dependence has only been
determined on cathodically reduced electrodes.

D.3. CORROSION OF UO, UNDER OPEN-CIRCUIT CONDITIONS

Ve have followed the corrosion potential (E.,gzyz) of cathodically reduced
U0, electrodes in the presence of a number of chemical and radiolytically
produced oxidants (Sunder and Shoesmith 1991). In all cases, the form of
the curve of E.,zz With time is the same as shown schematically in

Figure D-4, the potential rising exponentially to a steady-state value.

The rate of potential rise and the final steady-state E.,zz depend on the
nature and concentration of the particular oxidant. The horizontal hatched
area indicates our threshold for oxidative dissolution (Appendix A).

During the potential rise, the U0, is undergoing solid-state surface
oxidation to UO,,,, and a surface film of U0, ;, approximately 5 to 7 nm in
thickness is achieved by the time E.,p; pPasses the threshold for oxidative
dissolution. The oxidation process in this region is fast, the value of
Ec.orr being determined by a combination of surface composition and film
thickness, as described in Appendix B for oxidation in gamma-irradiated
solutions. We have used the time taken to reach the threshold as a measure
of the rate of the oxidation process and demonstrated the differences in
oxidation rates for a number of radiolytic oxidants (Sunder et al. 1990).

From the threshold for oxidative dissolution to the final steady state,
further oxidation and dissolution to produce the secondary phase U0;.zH,0
occurs, with some evidence that the process may be concentrated at grain
boundaries (Shoesmith et al. 1989, Sunder et al. 1991). At steady state,
the predominant process occurring is oxidative dissolution. Our experi-
ments were terminated before substantial buildup of secondary phases
occurred on the electrode surface. The steady-state E.,z; value is
determined by the redox potential of the solution, and the kinetics of
the oxidative-dissolution and oxidant-reductant reactions occurring on the
surface. This steady-state value of E .,z is the one at which the corro-
sion current (oxidative dissolution rate) is determined.
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D.4. CATHODIC STRIPPING VOLTAMMETRY OF SURFACE OXIDE FILMS

The consequences of surface oxidation of U0, during corrosion can be deter-
mined by electrochemically reducing the surface films formed using a
cathodic potential sweep at a constant sweep rate, v = dE/dt. A series of
such stripping voltammograms is shown in Figure D-5 for U0, exposed for
various times on 0,-saturated 0.1 mol.L-! NaCl0, (pH = 9.5) (Shoesmith et
al. 1989). Similar experiments have been performed on U0, electrodes
corroded (oxidized) in H,0, and in water decomposed by gamma radiolysis.

The cathodic sweep was started from the E.,p achieved by the electrode
during the corrosion period. By integrating these current profiles (over
the potential range shaded in Figure D-5), the charge (Qp;.y) from the
reduction of oxide films can be determined as a function of exposure time
to the oxidizing solution. This charge is directly related to film
thickness. From the known unit cell dimensions for U0, ;; (Shoesmith et
al. 1984), ve estimate the thickness of these films to be only 5 to 7 nm.
In this manner, we can shov that by the time steady state is achieved, the
U0, ;53 layer (reduced at peak b in Figure D-5) has reached a constant
thickness, and that only small amounts of UO;.zH,0 (reduced at peak a) are
present on the surface.

Ve have weak evidence, from electrochemical experiments, suggesting that
dissolution and the formation of secondary phases (e.g., UO;-.zH,0) were
occurring predominantly at grain boundaries (Shoesmith et al. 1989). A
stronger indication that the oxidative dissolution process is enhanced at
grain boundaries is provided by the secondary ion mass spectrometry (SIMS)
and Rutherford backscattering spectroscopy (RBS) analyses of Christensen et
al. (1990), made on UO, specimens exposed to strongly irradiated aqueous
solutions (700 to 800 Gy-h-1) (7 x 104 to 8 x 10* rad-h-!). An oxidized
surface layer up to 200 nm in depth was observed. The variation of SIMS
and RBS signals are consistent with a decreasing degree of oxidation with
depth, suggesting penetration down grain boundaries.
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APPENDIX E

CHEMICAL DISSOLUTION OF METAL OXIDES

The parameters controlling the dissolution rates of oxides have been
revieved by Segall et al. (1988). A characteristic of oxide dissolution
processes is the wide range of dissolution rates, generally measured in
acidic solutions, which can vary by many orders of magnitude even for the
same oxide.

According to Segall et al., the slowly dissolving semiconducting

oxides generally possess dissolution rates in the range 10-% to

10-* ugmol.cm-2.d-!. The rate-controlling process is either charge transfer
to the surface to form surface ionic species (Mr+, 02-) before interfacial
ion transfer to the solution, or surface alterations to produce these
surface 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. The dissolution
rates are found to vary substantially with the conditions of preparation
and subsequent treatment, which can affect both the degree of non-
stoichiometry, hence the conductivity, and the concentration of reactive
sites in the surface.

Since U0, is generally a p-type semiconductor (Hocking et al. 1991), its
chemical dissolution behaviour would be expected to parallel that of other
p-type oxides, which range from the "fast-dissolving" MnO and CoO to the
slow-dissolving NiO. Segall et al. (1988) have categorized these oxides
according to their conductivity (see Figure E-1), and include U0, with the
slowly dissolving oxides, such as NiO.

The major difference between the slow- and fast-dissolving oxides appears
to be the intrinsic conductivity, which makes solid-state charge transfer
rate-limiting for slowly dissolving oxides, such as NiO, but not for the
more rapidly dissolving oxides like CoO. This difference is apparent in
the effect of annealing temperature and the presence of dopants on the
dissolution rates of both oxides. For Ni0 an increase in annealing tem-
perature (700 to 1450°C), which decreases the extent of non-stoichiometry
and hence the conductivity, decreases the dissolution rate by up to three
orders of magnitude. That charge transfer in the solid is rate-determining
is confirmed by the impact of donor or acceptor defects that increase and
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decrease the dissolution rate respectively (Pease et al. 1980). By con-
trast, the impact of annealing conditions and dopants exerts a relatively
small influence on the dissolution rate of Co0.

If the kinetics of UO, dissolution parallel those of NiO, then we can use a
rate of ~10-3 pumol.cm-2.d-! (pH = 2, 30°C). Virtually all p-type oxides
show a linear dependence of log(rate) on pH with a slope of approximately
-0.5. Provided this pH dependence holds into the neutral to alkaline pH
range (8 to 10), we obtain a dissolution rate ranging from ~2 x 10-¢ to

~2 x 105 pg.cm-2.d-1. These rates are compared with our predicted rates
of oxidative dissolution and the results of Bruno et al. (1991) in

Figure E-2.

Extrapolation of our electrochemical current-potential relationship
suggests that such dissolution rates should be established over the
corrosion potential range from -50 to -150 mV, a range which straddles our
threshold potential for the onset of oxidative dissolution. Such a coinci-
dence may be fortuitous considering the approximations involved in deter-
mining this range of chemical dissolution rates. However, the procedure
does establish a criterion, consistent with our observations, for deter-
mining the corrosion potential range of validity for our oxidative model,
and to determine when it becomes more appropriate to consider dissolution
as purely chemical. We have taken the upper value of this range of rates
as an appropriate value for the chemical dissolution rate of U0,, making a
corrosion potential of ~-50 mV the threshold value above which oxidative,
as opposed to chemical, dissolution dominates. In mechanistic terms this
is equivalent to a switch from dissolution by Reactions (E.1) and (E.2) at
Ecorr < -50 mV,

U0, + xH,0 —> UO,,, + 2xH* + 2xe (E.1)

U0,,, + n(l - x)OH + (x - 2)H,0 —> (1 - x)U(OH){4-n)+
+ XU0Z* + (2% - 4)H* (E.2)

to dissolution by Reactions (E.3) and (E.4) at E .,z < -50 mV,

U0, + 0.33H,0 —> U0, ;5 + 0.66H* + 0.66e (E.3)

U0, 45 + 0.66H* > U03* + 0.33H,0 + 1.34e (E.4)

Such an interpretation suggests that the dissolution of U0,,, will always
be oxidative in nature, and that in the absence of external oxidants the
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rate of the dissolution process will be controlled by the transport of
defects from the bulk of the solid. These defects will be in the form of
02- interstitial ions with accompanying lattice uranium atoms in the oxida-
tion states UV or UI. The elimination of such defects at the oxide/
solution interface will involve the transfer to solution of uranium atoms
in oxidation states above +4. The rate of dissolution according to this
scheme will be very dependent on the non-stoichiometry of UO,,, . Since
this non-stoichiometry can vary over a very wide range for UO,,,

(0 < x < 0.33), the rate of dissolution is likely to vary drastically,
depending on the treatment of the oxide. Chemical dissolution exclusively
in the form of U4+,

U0, + (n - 2)H,0 —> U(OH){4-2)* + (n - 4)E* (E.5)

(see Figure 3(c) of main text), will only occur for U0,,, with x close to
zero in the complete absence of oxidants, and should have an extremely low

rate.
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APPENDIX F

PEROXIDE DECOMPOSITION AND OXIDATIVE DISSOLUTION IN
H,0,-CONTATNING SOLUTIONS

For intermediate hydrogen peroxide concentrations (2 x 10-4 to

5 x 10-3 mol.L-!) at pH = 9.5, we have interpreted the independence of UO,
corrosion potential (Figure 11 of the main text) to be a result of the
predominance of peroxide decomposition over uranium oxide dissolution.
Instead of the reduction process,

H,0, + 2e —> 20H- (F.1)

coupling with the oxidative dissolution reaction,

U0, 55 + 0.66B* —> UOZ*+ + 0.33H,0 + 1.33e (F.2)

it is coupled to the peroxide oxidation reaction

H,0, —> 0, + 2H* + 2e (F.3)
to yield the overall decomposition process,

26,0, —> 0, + 2H,0 (F.4)

In previous publications we have speculated on the nature of the intermedi-
ates involved in this decomposition process (Sunder et al. 1987, Shoesmith
et al. 1985). The shift in potential with H,0, concentration for the two
half reactions (F.1 and F.3) will be equal but opposite in sign, and the
value of E_,z; would not be expected to shift with peroxide concentration,
as observed, if these two reactions were coupled.

The kinetics of the peroxide decomposition reaction are very dependent on
the composition and defect structure of the electrode surface. Our X-ray
photoelectron spectroscopy (XPS) results show that the behaviour of H,0,
appears to change from predominantly H,0, decomposition on U0, ;; to
predominantly causing uranium dissolution on U0, ;,/U0;-2H,0. This is
apparent when we compare the compositions of Figure F-1 with the
dissolution rates in Figure 11 (main text). These results are consistent
wvith those of Needes and Nicol (1973), who showed electrochemically that
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H,0, oxidation to 0, predominates at low applied potentials, but was
blocked as oxidative dissolution took over on more oxidized surfaces
(Figure F-2).

It is possible that H,0, decomposition is catalyzed by the presence of
adjacent U4+ and US* sites on the electrode surface, as shown schematically
in Figure F-3, and inhibited when these sites are blocked by the formation
of secondary phases, such as U0;.2H,0. Evidence in support of this mech-
anism comes from experiments in carbonate solutions when the solubilization
of Ué+ species by complexation with carbonate prevents secondary phase
formation. In these solutions E.,zp does not shift to more positive values
at higher H,0, concentrations (Figure F-4). This behaviour suggests that
decomposition may still predominate over dissolution even at high H,O0,
concentrations.

The kinetics of electron transfer reactions involving H,0, on U0, are very
dependent on the defect structure of the surface. Whether or not hydrogen
peroxide is observed during rotating Au-ring UO,-disc experiments on the
electrochemical reduction of oxygen,

0, + 20,0 + 2e —> 2H,0, (F.5)
26,0, + 2e —> 40H- (F.6)

depends on the fineness of polish on the U0, surface (Hocking et al. 1991).
On rough electrodes (polished to a 600-grit finish), no peroxide is
released to solution, presumably because its subsequent reduction via
Reaction (F.6) is facilitated when a high density of defects is present on
the surface. By contrast, significant amounts of peroxide are released
from smooth electrodes (polished to a 1l-um finish).

For U0, oxidation by H,0,, a matter of more immediate importance is the
impact of a decrease in pH. Figure F-5 shows the dependence of corrosion
potential on pH in 0.1 mol.L-! NaClO, containing 10-3 mol.L-! H,0,. As the
pH decreases, E.yzz increases rapidly, suggesting that the rate of oxida-
tive dissolution is accelerated significantly at lower values of pH. A
similar increase of E.,zz with pH is not observed in oxygen-containing
solutions (Figure F-6).
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APPENDIX G

RELATIONSHIP BETWEEN ALPHA SOURCE STRENGTH USED IN EXPERIMENTS
AND THE ALPHA PLUS BETA ACTIVITY-TIME PROFILE FOR TRRADIATED CANDU FUEL

The relationship between the time profile of the alpha plus beta activity
of the irradiated fuel and the alpha source strength used in the experi-
ments was derived using the data given in Figure 2.1 of Smith et al. (1987)
(Figure 17 in the main text). This figure gives the activity, as a func-
tion of time in terms of kilograms of uranium in irradiated CANDU fuel with
a burnup of 685 GJ/kg U in the Bruce nuclear reactors.

The diameter of alpha sources used in the experiments was 1.6 cm, and
therefore the area of the source was ~2 cm?. To relate activity of the
irradiated fuel, as given in Smith et al. (1987), with that of the sources
used in the experiment, one has to calculate the activity from an equiva-
lent surface area of the irradiated fuel (Sunder et al. 1990).

Vater at the surface of the used fuel will experience an alpha flux, mainly
from the top 11 um of the fuel, as a result of the limited mean free path
of the alpha particles in solid U0, (Nitzki and Matzke 1973). The density
of the used CANDU fuel is reported to be ~10.36 g/cm® (Tait et al. 1989).
Therefore, the mass of an 1l-um-thick layer of the used fuel, of surface
area 2 cm?, is ~0.0228 g. This corresponds to ~0.02 g of uranium. Thus,
to relate the alpha source strength used in the experiments with the
predicted alpha plus beta activity of the irradiated fuel, one has to
calculate the activity in 0.02 g of uranium as a function of time from the
data in Smith et al. (1987).

If the activity of the irradiated fuel, in Smith et al. (1987), at time t
is Z Ci/kg, then the equivalent source strength in the experiments is

Z x 108
x 0.02 = 202 uCi (G.1)
103

A derivation of the relationship between the time profile of the alpha plus
beta activity of the used-fuel surface and alpha strength of the sources
used in the experiments should include a discussion of two other factors
that have an important bearing on the radiolysis of water in contact with
the used fuel.
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(a) First, the decrease in the number and energy of alpha particles formed
in the top 11 um of used fuel and reaching the water layer in contact
with the fuel. Not all the alpha particles formed in the used-fuel
surface will escape into the solution as assumed above in
Equation (G.1). Johnson has suggested that the fraction of the alpha
particles reaching the solution in contact with the used fuel is only
~0.25 of the total number generated in the surface layer, because of
geometric constraints (Johnson 1982). This suggestion is supported by
the later calculations of Hosoe et al. (1984) and Garisto (1989).
Also, there is some decrease in the energy of the alpha particles
because of inelastic collisions within the fuel matrix before they
reach the water in contact with fuel (Garisto 1989).

(b) Second, the real surface area of the fuel is about three times greater
than the apparent geometric surface area used for Equation (G.1)
(Johnson and Shoesmith 1988). CANDU fuel is fabricated from UO,
particles with a typical grain size of 5 to 10 pm (Johnson and
Shoesmith 1988), and when used as an electrode, appears to have a
roughness factor of ~3 (Shoesmith et al. 1984). Cracking of the fuel
pellets in reactor leads to an increase in the fuel surface area
(Johnson and Shoesmith 1988). Also, the water in the cracks in the
fuel can receive alpha particles from several directions, resulting in
increased water radiolysis. Therefore, we believe that the alpha
radiolysis experienced by a water layer in contact with the fuel
surface could be significantly greater than that calculated using the
apparent geometric area, as in Equation (G.1).

Thus, while Equation (G.1) overestimates the extent of alpha radiolysis
because of the factors discussed in section (a) above, it underestimates
it because of the factors discussed in (b). Therefore, we accept
Equation (G.l1) as a reasonable approximation for establishing a relation-
ship between the time profile of the alpha plus beta activity of the
irradiated fuel and the alpha source strength used in experiments.
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