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Abstract

Dissolution rates of UO, fuel are determined as a function of alpha and gamma dose rates. These room-temperature rates
are used to calculate the dissolution rates of used fuel at 100°C. Also, the apha, beta and gamma dose rates in water in
contact with the reference used fudl are calculated as a function of cooling time. These results are used to calculate used
CANDU fuel dissolution rates as a function of time since emplacement in a defective copper container for the Canadian
Nuclear Fuel Waste Management Program. It is shown that beta radiolysis of water is the main cause of oxidation of used
CANDU fuel in a failed container and that the use of a corrosion model is required for ~ 1000 a of emplacement in the
waste vault. The results obtained here can be adopted to calculate used nuclear fuel dissolution rates for other waste

management programs. © 1997 Elsevier Science B.V.

1. Introduction

The concept of direct disposal of used nuclear fuel in a
geological disposal vault is being considered in severa
countries [1-24]. The concept envisages sealing the used
nuclear fuel in corrosion-resistant containers that would
then be placed in a deep geological disposa vault. In a
recent case study for the Canadian Nuclear Fuel Waste
Management Program (CNFWMP) [24], it is assumed that
the fuel will be placed in 25 mm thick copper containers.
Since the predicted lifetimes of these containers are > 10°
a, only those containers emplaced with an undetected
defect need to be considered in a safety analysis. It has
been estimated that between 1 in 10* and 1 in 103
containers would contain defects capable of causing early
failures [25,26]. Although entry of water into the contain-
ers will not begin immediately on failure, since localy
unsaturated conditions are expected in the vicinity of the
containers, it is judicious to assume that complete flooding
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would occur instantaneously. Since the fuel cladding is
assumed not to act as a barrier in any manner, this would
lead to immediate wetting of the fuel with oxidizing
groundwater. This groundwater will be oxidizing because
of (a) dissolved oxygen from the air trapped in the con-
tainer, (b) oxygen that diffuses into the container once it
has failed and (c) the products of water radiolysis caused
by the ionizing radiation associated with the radionuclides
in the fuel [14,15]. Here, we present a model to calculate
fuel dissolution rates under these conditions, i.e, in a
rapidly failed copper container.

2. Model for used fuel dissolution

In a previous case study for the CNFWMP [16,17], the
model for UO,, fuel dissolution was assumed to be limited
by the solubility of UO,,, (up to U,04) and the diffu-
sional transport of dissolved uranium away from the sur-
face of the fuel. The solubility of uranium was calculated
using a thermodynamic model by sampling from a range
of concentrations of groundwater species and E,, (oxida
tion potential) and pH values [27]. This model is applicable
providing E, is not positive to the U,04,/U;0-, boundary
[17]. However, any model of fuel dissolution within a
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prematurely failed container must take into account the
fact that, initially, the redox conditions will be oxidizing,
due to the presence of dissolved oxygen and the produc-
tion of oxidizing radiolysis products. Under these condi-
tions, oxidation beyond the U,O4/U;0, boundary is in-
evitable and the dissolution rate will be determined by
kinetic factors making the use of a thermodynamically-
based model inappropriate [13].

There is a large body of evidence demonstrating that,
for more oxidizing conditions, the dissolution of fuel must
be considered as an electrochemical process and therefore
treated kinetically [5,28]. The dissolution reaction of UO,
is a coupled process under oxidizing conditions involving
the oxidative dissolution of the UO, and the reduction of
the available oxidant:
U0, UOZ™ +2e~ ())
2
Depending on the relative kinetics of these two half reac-
tions, the dissolving surface will adopt a potential, known
as the corrosion potentia (E.,,), between the equilibrium
values for these two reactions (Fig. 1). Under these condi-
tions, dissolution will occur with both reactions away from
equilibrium, and the fuel can be said to be undergoing
corrosion. As corrosion proceeds, the increase in the sur-
face concentration of dissolved uranium will lead to an
increase in the equilibrium potential of the surface reac-
tion, and the consumption of the oxidant will cause a fall
inthe value of E,, eq; i-€., the potential difference driving
the corrosion reaction will decrease as oxidant is con-
sumed. Consequently, if available oxidants are consumed,
and not replenished, and corrosion products accumulate in
the vicinity of the fuel surface, the need for a model based
on the kinetics of the corrosion process will diminish.
Providing the potential difference across the solid /solution
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Fig. 1. Relationship between potentials when the surface of the
fuel is not in equilibrium with its environment and an electro-
chemical driving force for corrosion exists.
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interface (i.e., the difference in equilibrium potential for
the two half reactions) is eventually reduced to zero, then
the reapplication of the solubility-based, transport-limited
dissolution model would be appropriate. The overal fuel
reaction is appropriately considered as a corrosion reaction
when E, > E_,, but as a dissolution reaction when E, ~
Econr- We conservatively assume that equilibrium would
never be established as redox conditions evolve but as-
sume that a constant corrosion rate will persist even at
long times.

3. Evolution of redox conditions in the failed container

The evolution in redox conditions within the container
will be determined by the sum effects of oxygen consump-
tion and the decay of radiation fields within the fuel. The
oxygen concentration will decrease at a rate determined by
its rate of consumption by the fuel and by other oxidizable
materials in the container, especialy the copper walls of
the container itself. The gamma:, beta- and alpha-radiation
fields at the surface of the fuel will decay with time at a
rate determined by the nature of the fuel and its in-reactor
history [29,30]. Radiolytically produced oxidants could
also be consumed by reaction with the copper container.
For apha and beta radiolysis, oxidants will be produced
locelly at the fuel surface and must be transported to the
walls of the container [30—32]. For gamma radiolysis, the
production of oxidants will be more widely dispersed. As
these oxidants are consumed, redox conditions will be-
come controlled by a complex suite of redox reactions
involving the products of corrosion processes (on copper
(Cu' /Cu" species) and any iron-containing structural com-
ponents (Fe'' /Fe'!' species) within the container) and the
oxidized products of fuel corrosion (UV' species).

4, Calculation of fuel dissolution rates

In this report we calculate the fuel corrosion rates based
on our recently developed electrochemica model [5]. In
this model the rates are predicted as a function of redox
conditions by extrapolating steady-state electrochemical
currents for the anodic dissolution of UO, to the corrosion
potentials measured in solutions undergoing radiolysis or
containing the various available oxidants.

These corrosion (dissolution) rates are then combined
with a knowledge of the evolution of redox conditions
within the container to predict the change in fuel corrosion
rate with time. This requires that the rate of consumption
of oxygen and the radiation decay profile as a function of
age of the fuel be known, as shown schematically in Fig.
2. Once the electrochemical driving force disappears (Fig.
1) then the rate of corrosion will fall to alow value. Below
this threshold value of the corrosion rate (Fig. 2C), the
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Fig. 2. Illustration of the procedure used to determine fuel corro-
sion rates as a function of time in the vault (C) from a knowledge
of corrosion rates as a function of radiation dose rate (A) and the
calculated radiation dose rate decay curves (B) (Fig. 3). The
horizontal dashed line in (C) denotes the threshold value of the
chemical dissolution rate.

process can be considered as a dissolution reaction, and a
solubility-based, transport-limited model would be as ap-
propriate as an electrochemical one [5], although we have
chosen to continue using the more conservative corrosion
rate-based model, as discussed above (Section 2).

4.1. Corrosion due to dissolved oxygen

The amount of oxygen available to cause corrosion of
the fuel can be calculated from the volume of air originally
trapped within the container. This assumes no more oxy-
gen will diffuse into the container through the small defect
since corrosion of the outside of the container will rapidly
reduce the concentration of oxygen close to its surface to a
small value [33].

The inventory of available oxygen has been calculated
to be 1.01 mol based on the amount of oxygen trapped in
the void volume (118 |) within the container (see appendix
C in Ref. [24]). If al of this oxygen were to cause
oxidation of the fuel according to the reaction

UO, + 20,= U0, 3

then the maximum amount of fuel oxidized would be
about 2.016 mol (~ 544 g) of UO,. Since a container will
contain 72 bundles, each comprising 21.3 kg of fudl, this
amounts to only a very small fraction (0.00035) of the
1534 kg of fuel. A possibility is that the oxygen could be
used in the dry oxidation of the fuel prior to wetting. This
can be shown to be very slow [34] and would not signifi-
cantly affect the subsequent rate of fuel dissolution [19].
While the available oxygen can only cause a limited
amount of fuel oxidation, the presence of dissolved oxygen
while radiation fields endure, especially gamma and beta,
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can lead to a dignificant increase in the rate of fuel
corrosion due to the production of the oxidizing products
of water radiolysis [5,10,11,15]. To determine whether this
effect need be considered, we have calculated the relative
rates of oxygen consumption by corrosion of the fuel and
by corrosion of the copper container (Appendix A). This
comparison shows that the rate of consumption by reaction
with copper is ~ 10% times higher than that by reaction
with UO, leading to the consumption of most of the
oxygen in the container in ~ 1.4 days (Appendix A).

Since the oxygen will be rapidly consumed by the
copper container we need only consider corrosion driven
by the radiolysis of deaerated solutions. This is a signifi-
cant advantage since the predicted corrosion rates in deaer-
ated solutions are much lower than in oxygenated solutions
[5,10].

4.2. Radiation dose rates for used fuel as a function of
time

The radiolysis of water produces both molecular and
radical oxidants and reductants [14,31,32], and the concen-
tration of the different species formed depends on both the
nature of the ionizing radiation and the dose rate to the
water. It is well known that low linear energy transfer
(LET) radiation (beta and gamma) produces more radicas
(eg., H, OH) than high LET radiation (alpha) which
results predominantly in the formation of molecular radiol-
ysis products (e.g., H,0,). The consumption of these
radiolytic oxidants by reaction with the container will not
prevent radiolytically induced corrosion of the fuel. Due to
the short range of alpha and beta particles in water, they
will only produce oxidants close to the fuel surface, and
the radicals (the main oxidants formed by gamma and beta
radiolysis) are too reactive to escape the reaction layer at
the fuel surface [35].

To evauate the effects of water radiolysis on the fuel
corrosion rate, it is necessary to know the dose rate to the
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Fig. 3. Alpha, beta and gamma dose rates in the water layer in
contact with the reference fuel, used CANDU fuel with a burnup
of 721 GJ/kg U, as a function of cooling time.
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water in the container due to the different types of ionizing
radiation. Here, we consider the effects of beta and gamma
radiation together since both are low LET radiations. Fig.
3 shows apha, beta and gamma dose rates in water in
contact with the reference used fuel (burnup of 721 GJ (kg
U)~1) for a single fuel bundle, as a function of time.
These results are obtained using the procedure and data
described elsewhere [30]. Since alpha and beta radiations
produce oxidants only in the vicinity of the surface from
which they are emitted, their dose rates are independent of
the number of fuel bundles in the container. However, for
gamma radiation the irradiation of adjacent surfaces will
occur and the dose rate to the water at the fuel surface will
depend both on the number of fuel bundles in the container
and on their placement geometry. We estimate that the
average gamma dose rate in the container will be about 4
to 7 times that calculated for a single bundle in Fig. 3 (see
appendix G in Ref. [24]).

4.3. Corrosion rates used in the model

Since the oxygen within the container will be con-
sumed rapidly, only the corrosion rates due to the radioly-
sis of deaerated solutions need be used to predict radionu-
clide release rates. Fig. 4 shows these rates as a function of
gamma[5,10,11] and alpha[20] dose rates at room temper-
ature (22°C). The data used in these figures were recorded
in 0.1 mol I~* NaClO, (pH = 9.5), a solution typical of
the non-complexing groundwaters expected under waste

0

Log (Corrosion Rate) (molem2¢a-1)

-10,
2
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Fig. 4. Fuel corrosion rates for neutral non-complexing solutions
(0.1 mol 1~ NaClO,; pH =9.5) at room temperature ( ~ 22°C).
The results for gamma radiolysis (A) are from Shoesmith and
Sunder [5] and those for apha radiolysis (B) from Sunder et al.
[20]. The straight lines correspond to a fit to all the data (Appen-
dix C). The upper and lower horizontal lines show the predicted
corrosion rates for corrosion potentials of —100 and —200 mV
(vs. SCE), respectively. The solid data points (M and @) are
those not subsequently used in predicting fuel dissolution rates.
The points indicated by the symbol @ are dubious experimental
points (see Appendix C).
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vault conditions, and have been published elsewhere [5,20].
We assume that the corrosion rates due to beta radiolysis
are the same as those due to gamma radiolysis since both
are low LET radiations (Section 4.2). The rates for apha
radiolysis shown in Fig. 4 are from experiments carried out
in crevices 30 wm in width and are, therefore representa-
tive of the behavior expected in narrow cracks in the fuel
or at the fuel /cladding interface.

The upper horizontal dashed line in Fig. 4 represents
the corrosion rate (3.52 X 1077 mol m~2 a™ 1) predicted
by our model for a corrosion potential of —100 mV (vs.
SCE), the potential at which our electrochemistry /XPS
results tell us the surface composition is UO, 55 [11,13].
Above this value, the UO, 4, film achieves a constant
thickness and, under steady-state conditions, the rate of its
formation is balanced by the rate of its oxidative dissolu-
tion; i.e., steady-state corrosion conditions are achieved
[36]. Below this potential, the degree of oxidation of the
surface is determined by the potential achieved, and a state
of redox equilibrium appears to prevail [13]. Consequently,
we have taken this value as a threshold above which the
application of a corrosion model, as opposed to a trans-
port-limited solubility-based model, is essential [5]. For
values below this threshold, the process should be consid-
ered as a dissolution reaction. The lower horizontal line
represents the corrosion rate (8.79 X 107° mol m~2 a™?1)
predicted by our model for a corrosion potential of —200
mV (vs. SCE), the highest value observed in our experi-
ments in deaerated solutions. Inevitably, corrosion poten-
tials are less than —200 mV on unirradiated UO, in
deaerated solutions making the value a8 —200 mV a
conservative estimate of the maximum rate of dissolution
under deaerated conditions in the absence of any radiation
field. We consider this rate to be the lower limit of
applicability of our corrosion model. Consequently, the
need for a corrosion model disappears once the corrosion
rate falls to a value somewhere in the range between these
bounding values. In our calculations, once this occurs, we
assume that further dissolution of the fuel will continue
indefinitely at this constant threshold rate.

An aternative approach once the redox conditions have
become sufficiently  non-oxidizing’, and a corrosion model
is no longer essential, would be to return to the transport-
limited, solubility-based model used in the previous case
study [16]. However, the transition from a kinetic to a
thermodynamically based approach is complicated and the
effort necessary to implement such a transition hard to
justify. This is because the corrosion product, UY' (in the
form of hydrolyzed UO3* species) is not inert but can
become involved in redox reactions with various compo-
nents of the system, particularly the copper container and
the products of its corrosion, and any iron/iron oxides.
This will lead to a period when the redox potentia of the
system is buffered by a complex set of reactions, culminat-
ing eventualy in conditions for which the application of
the transport-limited, solubility-based model is appropriate.
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In the absence of a much more extensive kinetic database,
it is impossible to calculate how long this period of redox
adjustment would take.

4.4. The effect of temperature on the corrosion rate

The corrosion rates shown in Fig. 4 were measured at
room temperature ( ~ 22°C) whereas the temperature in the
container will be above this value for nearly 10° a[37,38].
We have taken the temperature in the container to be a
conservatively constant 100°C when calculating the corro-
sion rate of the fuel driven by the radiolysis of water.
However, by the time fuel corrosion rates fal to values
below our threshold value (see above), which is expected
to occur after a few hundred years, the temperature will
have fallen to between 60°C and 50°C. Consequently, we
have taken a temperature of 55°C to calculate the threshold
dissolution rate.

We have chosen an activation energy of 33.5 kJ mol ~*
based on our review of activation energies [4] and some
recently reported measurements [22]. Our review shows
that, in non-complexing solutions the measured activation
energies (29 to 34 kJmol ~1) are lower than those recorded
for carbonate-containing solutions (42 to 63 kJ mol ~1).
This undoubtedly reflects the inhibiting effect of oxidized
surface films and deposited corrosion products, the values
measured in carbonate solutions being closer to the ‘real’
value for unimpeded corrosion. Since the groundwaters
expected to flood the container will be relatively non-com-
plexing for the uranyl ion (UO3") the activation energy
we have chosen is the largest reported in non-complexing
solution

4.5, Calculation of fuel dissolved in a failed waste con-
tainer

Fig. 5a and b show the corrosion rates used in our
calculations plotted logarithmically as a function of radia-
tion dose rate for a temperature of 100°C. The reasons for
using only the limited data sets plotted in Fig. 5aand b in
our calculations are discussed in Appendix B. Also shown
on these figures are the ranges of gamma, beta and apha
dose rates expected over the first 1000 a assuming the fuel
is 10 a old when emplaced in the vault. For alpha radioly-
sSis, to predict used-fuel behavior it is necessary to extrapo-
late to dose rates lower than those used in experimental
measurements (Fig. 5a). For gamma/beta radiolysis, our
experimental data cover the high dose rate range expected
at short times and extrapolation is only required for the
lower dose rates prevailing at longer times. The chosen fits
to these data, and the errors associated with their extrapola
tion, are discussed in Appendix C.

The corrosion rate of fuel inside an instantaneously
failed container is calculated by the procedure outlined in
Fig. 2 using the fitted relationships for fuel corrosion rates
as a function of radiation dose rate (Fig. 5) and the

log (corrosion rate) (molem2e"1)

log (Corrosion Rate) (molem2ea™")

log (dose rate) (Gyea™)

Fig. 5. Fuel corrosion rates calculated for 100°C as a function of
radiation dose rate: (a) data for alpha radiolysis; (b) gamma,/beta
radiolysis. (Note, the eight ® points from Fig. 4 are not used in
(b) and the eleven @ points from Fig. 4 are not used in (&)
(Appendix C)). The solid lines are the fitted lines and the dashed
lines the + 10 values of this fit. The horizontal lines show the
range of dose rates between fuel ages of 10 and 1000 a for apha
(a), beta ( B) and gamma () radiation, respectively.

calculated dose rates for apha, beta and gamma radiation
(Fig. 3.

The total fuel corrosion rate per unit area of the corrod-
ing surface, c(t) (mol m? a™ 1), is given by the sum of the
rates due to each radiation source and the threshold disso-
Iution rate value (R,),

c(t) = 10%{ a(t+1t)}*+10%{ B(t+t,)}*

+10%{ Fy(t+1t)} " +R, (4

where a(t), B(t) and y(t) are the alpha, beta and gamma
dose rates to water at the surface of a single fuel bundle,
and F is the factor for gamma radiation to convert the
dose rate for a single fuel bundle to that expected in the
container; t =0 corresponds to the time at which water
enters the container and t; is the time since discharge of
the fuel bundle from the reactor. The terms a,, a;, a, and
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Fig. 6. Predicted corrosion rates for the reference fuel (assuming a constant vault temperature of 100°C) as a function of time of

emplacement in the vault assuming the container failsat t = 0: (

) total (c(1); (---) rate due to B radiolysis(cg); (- - -) rate due

to gamma radiolysis (c,); (— — —) rate due to alpha radiolysis (c,). The lower cross-haiched area is the range of threshold dissolution
rate values. The upper shaded area is the range of temperature-corrected measured fuel corrosion rates (Table 2).

b,, bs, b, are the fitting parameters for the slopes and
intercepts, respectively, of the lines plotted through the
data in Fig. 5. The procedure used to fit the data to obtain
values of a and b is also described in Appendix C. The
range of values for the threshold dissolution rate, R, is
shown in Fig. 6.

The corrosion rate, c(t) (from Eq. (4)), for ten-year old

fuel (t;=10 a), the range of values for the threshold
dissolution rate, R;, and the breakdown into contributions
from apha, beta and gamma radiolysis are shown in Fig.
6. The values of the parameters used to calculate the rates
are given in Table 1. The fraction of used fuel dissolved is
shown in Fig. 7.

According to the predictions of Fig. 6, corrosion due to

Table 1

Parameter values used in calculating used fuel dissolution rates in a failed container

Parameter Symbol Units Vaue?
Mass of fuel per container® m kg 1533.6
Areaof fuel per container® A m? 306.72
Maximum temperature® T °C 100
Chemical dissolution rate at 55°C°¢ R, molm-2a?! 220x 1077
Alphafuel dose exponent? a, 27172
Alphafuel rate convert factor? b, —23.1434
Beta fuel rate convert factor? bs —8.5426
Gamma fuel rate convert factor? b, —8.5426
Gamma dose vary factor® F 55
Gamma fuel dose exponent? a, 1

#The number of digits does not represent the ‘significant digits but the number used in the SYVAC program to obtain results shown in

Figs. 7 and 8.
®From Refs. [24,37].
“This work, Section 4.5.
9This work, Section 4.5, Eq. (4) and Appendix C.
°Eq. (4).
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Fig. 7. Fraction of used fuel dissolved calculated for the parameter
vauesin Table 1. For the chemical dissolution rate, R, a median
value of 2.20x 1077 mol m™2 a~! was used.

alpha radiolysis will be insignificant since the rate is
always less than the range of threshold values for the
solubility-limited dissolution rate, shown as the lower
shaded area in the figure. By contrast, corrosion rates due
to beta and gamma radiolysis are predicted to exceed the
threshold value for ~ 1000 a, due predominantly to the
high dose rates for beta radiation for this period (Fig. 3). If
we were to consider gamma radiation only, then corrosion
rates would fall below the threshold value in 200 to 300 a,
consistent with our previous calculations for the effects of
gamma radiation only [5].

Also plotted in Fig. 6 is a shaded area (the upper LHS)
showing the dissolution rates determined from experimen-
tal measurements of used fuel with a burnup of 1110 GJ
(kg U)™1, i.e., higher than that for the reference fuel used
in our calculations. The upper bound of this areais the rate
at 100°C (9.4 +(4.8) x 1072 mol m~2 a™ 1) calculated

Table 2
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from the rate measured at 22°C in neutral non-complexing
solution (0.54 +(0.28) X 102 mol m~2 a™ 1) using our
activation energy of 33.5 kJ mol~?! [4,22]. The lower
bound is for a rate one order of magnitude lower. This
range represents the uncertainties encountered in measur-
ing the surface area of used fuel specimens [22].

The characteristics of used fuel used in the dissolution
rate experiments are compared to those of the reference
used fuel considered in our calculations in Table 2. Of
greatest importance when attempting to predict the corro-
sion rate is the sum of the beta and gamma dose rates since
it is the oxidants produced by these two processes which
have the major influence (the effect of alpha radiolysis is
predicted to be negligible). Consequently, we would pre-
dict approximately the same corrosion rate for both the
reference fuel and the fuel in the dissolution experiments
since this sum is nearly the same for both fuels (Table 2).
The predicted and experimental values are surprisingly
close though this may be fortuitous, since the experimental
rate chosen for the comparison is the upper limit of the
range of possible rates (shaded area in Fig. 6). If we were
to accept a larger value for the surface area of fuel used in
dissolution experiments then a lower corrosion rate (within
the range shown in Fig. 6) would be obtained, and the
margin of overprediction by our model would be greater.
A more detailed discussion of the uncertainties in estimat-
ing the area of the used fuel is given elsewhere (see
Section 4.2 of Ref. [22]).

As expected from the behavior of the dissolution rate
with time, the fraction of the fuel dissolved appears to
plateau (when plotted logarithmically as in Fig. 7) once the
gamma,/beta fields have decayed substantialy and, as a
consequence, the fuel corrosion rate has fallen (Fig. 6). For
times < 10° a only 2% of the fuel dissolves. However, if
the deviations in the parameter values (listed in Table 1)
are taken into account then it is possible that a much larger
fraction of the fuel could be dissolved over this period.
The total fraction of the fuel dissolved best illustrates the

Characteristics of the reference used fuel used for the calculation and that used in the dissolution experiments

Parameter Reference used fuel Experimental used fuel
Age (@ 10 11
Burnup (GJ (kg W)™1) 720 ~ 1110
Doserate (Gy a 1)

alpha 5.2 X 10° 9.39 x 10°

beta 3.3x10° 4.65x 108

gamma 1.4 x 1082 1.2 X 104
Experimental corrosion rate (mol m=2 a 1) — 94+ (48)x 1073
Predicted corrosion rate (mol m=2 a~ %) 13.42x 1073 13.25x 1072

#Includes the factor F (~ 5.5) to calculate the gamma dose rate in the array of fuel bundles within the container for the reference fuel.

®For a used fuel sample of ~ 0.4 g.
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Fig. 8. Distribution of fuel fraction dissolved after 10* a of
emplacement in the vault determined from 250 simulations of the
model using the values of the parameters and their associated
errors [24].

sum effect of the uncertainties in the parameters which
determine the corrosion rate of the fuel. Fig. 8 shows the
distribution of fuel fractions dissolved after 10* a of
emplacement in the vault determined from 250 simulations
of our model. It should be noted here we used a conserva-
tive assumption of constant fuel surface areain the calcula-
tions to obtain results shown in Fig. 8. This is a good
approximation until most of the fuel is consumed. While it
is probable that only a small fraction of the fuel will
dissolveit is clear that, for the conservatism and parameter
uncertainties incorporated in this model, there is a reason-
able probability that substantial amounts of fuel could be
dissolved at long times.

5. Reliability of predicted corrosion rates

The conclusion that corrosion due to apha radiolysisis
insignificant is based on the empirical relationship that
corrosion rate strongly depends on apha dose rate (the
slope (@) of the fitted line in Fig. 5ais 2.7 (Table 1)). As
the alpha dose rates for the reference used fuel are 1 to 2
orders of magnitude less than those used experimentally to
determine corrosion rates (Fig. 5a), this adds additional
uncertainty to the above conclusion. This large slope of 2.7
is not consistent with a simple dependence of corrosion
rate on the concentration of oxidants produced by alpha
radiolysis. A possibility is that the dependence of corrosion
potential on alpha source strength on which these predic-
tions are based is determined by a combination of both

i o T

corrosion of the fuel and decomposition of the radiolyti-
cally produced hydrogen peroxide. If the latter process
becomes more dominant at lower source strengths then we
would observe a dramatic decrease in corrosion rate as the
source strength decreases. This situation has been dis-
cussed in more detail elsewhere(e.g., see Refs. [4,5,20,28)),
but a thorough understanding remains to be devel oped.

Experimental measurements to determine corrosion
rates due to alpha radiolysis were made in a thin crevice
[20] making the concentration of radiolytic oxidants at the
fuel surface dependent on the balance between their radi-
olytic production and their rate of loss by diffusive flux
out of the crevice. Intuitively, we would expect this sur-
face concentration to be larger the narrower the width of
the crevice since this would reduce their rate of diffusive
loss. Consequently, our predictions could underestimate
the effects of alpha radiolysis in tight wet cracks in the
fuel.

While the agreement between predicted and measured
fuel dissolution rates is gratifying, this may be partly
fortuitous for a number of reasons. When applying our
electrochemical model we chose to extrapolate the highest
values of anodic dissolution current recorded. The experi-
mental data show that a less conservatively chosen extrap-
olation [21] could yield corrosion rate values one to two
orders of magnitude lower than those used in our calcula-
tions. This, coupled with the uncertainties involved in
defining the corrosion rate of used fuel (due to the difficul-
ties in measuring/estimating surface areas), shows that
considerable uncertainties still exist in predicted corrosion
rate values. A major problem in defining both electrochem-
ical dissolution currents and used fuel corrosion rates in
neutral non-complexing solutions is the unpredictable ac-
cumulation of corrosion products (e.g., UO;- 2H,0) on
the dissolving/corroding surface, and the extent to which
they block the corrosion process [4,21,22,28].

According to Fig. 7, calculated using the mean values
of parameters, al the fuel would be dissolved in ~ 107 a
However, taking into account the uncertainties in the pa-
rameter values would lead to a reasonable probability that
al the fuel would be dissolved in < 10% a This seems
unredlistically rapid for a system in which non-oxidizing
conditions should be relatively quickly established and is
at odds with expectations based on natural analog studies
[39]. While our model contains many conservatisms which,
if relaxed, would substantially decrease the predicted fuel
dissolution rates and fractions dissolved, it is the values of
predicted rates for times greater than 10° a which are
predominantly responsible for such extensive dissolution.

There are good grounds to believe that our predictions
significantly overestimate the rates at long times. Firstly,
in predicting the influence of gamma (and hence beta)
radiolysis we ignored the decrease in rate at low dose rates
(Fig. 4 and Appendix C). If this decrease was to be
incorporated into our model then the dissolution rates
predicted for gamma and beta radiolysis would decrease
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substantially as the dose rate decayed to < 10° GJ a™*;
i.e., after ~ 1000 a (Fig. 3). Secondly, the real decrease in
rate expected when conditions become non-oxidizing is
avoided by assuming the threshold values used (Fig. 6 and
Table 1).

6. Applicability to other fuels

The dissolution rate vs. dose rate relationships derived
here are also applicable to used fuels other than CANDU
fuel provided the contact with water occurs under anaero-
bic conditions. If one has a knowledge of the dose rate vs.
time profile of a used fuel, the results and procedure
presented here can be adopted to predict its dissolution rate
as a function of time.

7. Summary and conclusions

Used nuclear fuel corrosion rates have been calculated
assuming the instantaneous flooding with groundwater of a
defective copper container occurs. The only significant
source of oxidants in the failed copper container will be
the radiolysis of water since the oxygen dissolved in the
water will rapidly react with the copper walls of the
container. The fuel dissolution rates are calculated as a
function of the dose rate and cooling time at a temperature
of 100°C, a conservative upper limit of the fuel tempera-
ture in the geological disposa vault. The rates decrease
with time as radiation fields decrease. It is shown that for
used CANDU fuel, the corrosion caused by apha radioly-
sis is insignificant. The corrosion of the used fuel caused
by beta and gamma radiolysis is important for ~ 1000 a.
Over this period ~ 2% of the fuel will be dissolved.
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Appendix A. Rate of consumption of the oxygen in the
container by reaction with the fuel and /or the con-
tainer

A.1. Consumption by reaction with fuel

Johnson [40] has conservatively estimated the fuel sur-
face area to be ~ 2 cm? g~ ! based on the determination
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of the particle size distribution of fuel fragments from a
Bruce bundle. Each container in the vault will hold 72 fuel
bundles each containing 21.3 kg of UO,. Consequently,
the total surface area of fuel exposable to water is 3.07 X
108 cm?,

The consumption rate of O, by reaction with the fuel
can then be calculated from the concentration of O, in the
air-saturated water (~2x 10~* mol 1=1) and the corro-
sion rate of UO, in aerated solution. We have used our
electrochemical model to predict a rate of ~2x 1078 g
d~! ecm™2 for the corrosion of UO, in aerated solution at
~ 25°C [5]. Since the overall reaction for the consumption
of O, by the corrosion of fuel

2U0,+ 0, + 2H,0— 2U02* +40H"~ (A1)

shows that two molecules of UO, are oxidized by each
molecule of O,, this leads to a consumption rate for O, of
~13x1079 mol s7%.

A.2. Consumption rate by reaction with copper

The consumption rate of O, by the copper container
can be estimated using the mixed-potential model for
copper corrosion published by King et a. [41]. In this
model the mechanism assumed for the anodic dissolution
of copper in saline solutions is

k
Cu+Cl~ = CuCl+e~

ko1

(A2)

k
CuCl + Cl~ = cucl;

-2

(A3)

where k,, k_;, k,, k_, are rate constants. The coupled
cathodic reaction in this mechanism, the reduction of O,,
is

O, +2H,0+4e~ — 40H". (A.4)

The results of King et al. show that Eq. (A.2) is fast
and can be considered to be at equilibrium [41]. This
means that the anodic reaction is mass-transport limited as
opposed to the cathodic reaction (Eq. (A.4)) which is
kinetically limited in aerated solution. By combining elec-
trochemical expressions for the anodic and cathodic cur-
rent densities with mass transport equations for steady-state
diffusion, the corrosion current can be expressed in terms
of the O, concentration by the expression

nakaakl I(2 a(22I -
k .k ,

i3_

corr

(neFk2[0,]o)°
F
exp[ﬁ( £ ES)] (A5)

which can be rewritten as
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exp[ﬁ(Es—Eg)}) , (A6)
where

k _k,k,a2 -
K= maK1K2 8¢
k_,

(A7)

which is appropriate when mass transport rates are high as
will be the case inside the container. (By high we mean
relative to the rates of mass transport in the compacted
buffer /backfill material outside the container.) In these
equations aq - is the activity of chloride in the groundwa-
ter, n. is the number of electrons in the cathodic reaction,
F is the Faraday constant, kg is the standard rate constant
for Eq. (A.4), K., is the anodic mass transfer coefficient
(55%x 107% cm s~ ! for an assumed diffusion layer thick-
ness of 0.1 cm), [O,], is the O, concentration in the
flooded void space, R is the gas constant, T is the
temperature, E? and EC are the standard potentials for
Egs. (A.2) and (A.4), respectively. It is clear from Egs.
(A.5) and (A.6) that i, will decrease with time as O, is
depleted. We can calculate an initial value of i, (7 X
1075A cm~2) from Eq. (A.5) using the value of [O,], for
aerated solution (2 X 10~* mol |~1) and the values given
by King et a. [41] for the other parameters. This is
equivalent to a consumption rate for O, on the inside of
the container (area 3.7 X 10* cm?) of ~ 1.3 10™° mol
s L This rate is 1 X 10* faster than the rate of consump-
tion by fuel, and was calculated on the assumption that the
reaction

Cut > Cu*" +e” (A.8)

is fast in the solution and will use the same amount of
oxygen as used for Eq. (A.2).

A.3. Time to consume all the oxygen

Given the large disparity in the rates of consumption of
0,, it is reasonable to assume that the great majority will
be consumed by reaction with the copper container. An
estimate of the time required to exhaust the available O,
(to) can be obtained by using a ‘mean’ value of i,
((i gorr)ryy) Obtained from Eq. (A.5) using a value for [O,],
equal to half the fully aerated value and the equation

t®<= Qox Ne F/[(icorr)m ACu] (A9)

where Q,, is the initial quantity of O, present in the
container (1.01 mol), and A, is the surface area of the
inside of the container (3.7 X 10* cm?). This calculation
shows that all the available O, in the container would be
consumed by reaction with the container in ~ 1.4 days.
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Appendix B. Sources of corrosion rates used in the
model

Values of corrosion potentials measured as a function
of dissolved O, concentration [5,42], gamma radiation
dose rate [5,10,11] and alpha source strength [20] have
been published. These values range from > 150 mV in
solutions exposed to the highest gamma dose rates to
< —200 mV for unirradiated deaerated solutions. As the
current—potential relationship used in our model is based
on data obtained with potentials > 200 mV, it is clear that
an extrapolation to the more positive corrosion potentials
representative of oxidizing conditions will yield more reli-
able values of corrosion rate than the lengthy extrapola-
tions to the negative end of the corrosion potential range
measured under much less oxidizing conditions.

In Fig. 4 the corrosion rates obtained in this manner are
plotted logarithmically as a function of the dose rate for
both gamma and alpha radiation, and the lines represent
linear fits to the data. While this fit appears to be reason-
able, it obscures a number of features of the data. Fig. 9
shows a plot of the log of the corrosion rate against the
square root of dose rate for the data recorded in the
presence of gamma radiation. (Data in Fig. 9 do not
contain the eight solid square points shown in Fig. 4, as
discussed in Appendix C. It contains five data points at
zero dose rates which cannot be shown in Fig. 4 due to the
log scale used in this figure.) The square root of the dose
rate is approximately proportional to the concentration of
radiolysis products [35]. The solid line drawn in Fig. 9
shows that the logarithm of the corrosion rate is a linear
function of the square root of dose rate for dose rates
> 1.6 X 10° Gy a~ L. The dashed lines are simply crude
envelopes for the data.

log (Corrosion Rate) (mol*m2ea1)

0k L L ) " L . .
0 200 400 600 800 1000 1200 1400 1600

(Dose Rate)'2 (Gyea)'2

Fig. 9. Fuel corrosion rates (at 100°C) as a function of the square
root of the gamma dose rate, using the data from Fig. 4. The solid
lineis a linear fit to the data points for dose rates > 1.6 10° Gy
a~!. The dashed lines are envelopes for the data.
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For lower dose rates, however, the dependence of
corrosion rate on the concentration of radiolysis products
appears to be unredlistically large, a fact that is obscured
when the data are plotted logarithmically as in Fig. 4A.
Our electrochemistry and XPS results show that this devia-
tion from first order kinetics coincides with a change in the
oxidation/dissolution mechanism of UO, [511]. In the
linear region (dose rate > 1.6 X 10° Gy a~ 1) dissolution
is occurring from an oxidized surface layer of composition
UO, 5, For dose rates > 1.6 X 10° Gy a™! the surface
composition is a function of potential (UO,,, with x
decreasing as the potential decreases) and with decreasing
dose rate less positive corrosion potentials are achieved
[11]. The application of our electrochemical model, there-
fore, predicts corrosion rates that fall rapidly as the dose
rate decreases.

It is possible that this predicted decrease in corrosion
rate at low dose rates is real and can be taken to represent
expected fuel behavior. However, it is also possible that
extrapolation of currents measured at positive potentials
[21,42] to corrosion potentials achieved in this region
where the surface composition is potential-dependent is
not merited; i.e., our electrochemical model no longer
applies. Even if our model is still applicable, the length of
the extrapolation needed to predict rates for low dose rates
makes the values obtained uncertain. This uncertainty can
be a few orders of magnitude as is clear from Fig. 4 for
both gamma and alpharadiolysis. In the log fit used in Fig.
4, the weight of these low rates is increased with respect to
the more accurate higher rates. For these reasons, the
values plotted in Fig. 4 with closed symbols are not used
in our predictions of fuel behavior.

The consequences of not using these data points lead to
conservative predictions of corrosion rates at low dose
rates since it assumes that the linear relationship observed
at high dose rates will dtill apply as they decrease. This
implicitly assumes that our electrochemical model estab-
lished at potentials > —100 mV (vs. SCE) applies for
potentials below this value also.

Appendix C. Determination of the fitting parameters
for corrosion rates

By discarding the values for low dose rates (Fig. 4), we
avoid predicting a major decrease in corrosion rate for
used fuel at these low doses. This is particularly important
for apha radiolysis since we are predicting rates at dose
rates substantially lower than those used experimentally
(Fig. 5a). In the absence of a firm knowledge of the
distribution of errors in the experimenta points, it is
difficult to decide what is the most appropriate relationship
to use to fit the data and subsequently to extrapolate it.
Consequently, we have performed least-square fits to the
power-law dependence,
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c=hd?, (C.1)

where ¢ is the dissolution rate and d is the dose rate
(a(t), B(t) or y(1)), both after a logarithmic transforma-
tion of the data points (‘log fit') and directly for the
original points (‘direct fit'). The log fit corresponds to
minimizing the following sum of residuals

¥ (log ¢, —log( ba?))* (C2)
i

which is a linear problem both in log b and in a. The sum
of residuals to minimize in the direct fit is

2 (¢—bd?)

(C3)

which results in a non-linear problem requiring a numeri-
cal solution of a single highly non-linear equation for the
unknown a.

For alpha radiolysis we have used the log fit and
estimated the error in a predicted value by calculating its
standard deviation (Fig. 5a). This log fit was deemed more
appropriate than a direct fit for two reasons. Firstly, values
in a residuals plot are more symmetrically distributed
around zero for the log fit than for the direct fit. (The
residual plots for the alpha radiolysis look very similar to
those for the gamma radiolysis, Figs. 10 and 11, as dis-
cussed below.) Secondly, the log fit effectively increases
the weight of the low dose-rate points with respect to the
high dose-rate points; this is appropriate since, for apha
radiolysis, we are aways interpolating between the experi-
mental points and zero dose rate (Fig. 5a).

For corrosion due to gamma/beta radiolysis a direct fit
would be more conservative if an extrapolation to higher
dose rates was required. (However, as for alpha radiolysis,
the predominant need is for an extrapolation to lower dose
rates.) For a direct fit of the gamma radiolysis data the
residuals plot shows the typical triangular shape that war-
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Fig. 10. Residuals plot for the least-square fit of the corrosion
rates due to gamma radiolysis as a function of gamma dose rate
(direct fit, data from Fig. 5b).
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Fig. 11. Residuals plot for the least-square fit of the corrosion
rates due to gamma radiolysis as a function of gamma dose rate
after a logarithmic transformation of the data points (data from
Fig. 5b).

rants a logarithmic transformation (Fig. 10), and the subse-
quent log fit yields a residuals plot with a more uniform
distribution of values in a band of constant width about
zero (Fig. 11).

This log fit yields a value for the slope of 1.86 + 0.29
and would yield very conservative predictions of corrosion
rates if extrapolated to higher dose rates. However, its
extrapolation to lower dose rates will be particularly de-
pendent on the accuracy of our experimental data points at
lower dose rates. When deciding which data points were
appropriate to fit, we discarded a number of points for low
dose rates because they were corrosion rates predicted
from low corrosion potentials in the region where the fuel
surface composition is changing with potential. In this
region our model may not apply, or, if it does, will yield
corrosion rates which decrease rapidly with dose rate (Fig.
9). This is consistent with our understanding of the UO,
oxidation /dissolution process. However, if the corrosion
rate does decrease rapidly with dose rate for d < 10° Gy
a~! then the four points at d ~ 10* Gy a~* (denoted by
@ in Fig. 4) are in error and grossly overpredict the rate
for this dose rate. Their inclusion in our fit will, however,
exert a significant influence on the slope since the log fit
gives extra weight to these points, and a value for the slope
of ~1.39 + 0.12 is obtained.

If the four data points (@) are not included in our fit
then a higher slope would be obtained and the extrapola-
tion of this fit would predict lower corrosion rates at the
lower dose rates than the extrapolation of the log fit when
these data points are included. To avoid underestimating
predicted corrosion rates at lower dose rates without ex-
cluding these points we have forced through the data of
Fig. 5b a straight line of unit slope (Table 1). The straight
line in Fig. 5b is the unforced fit (dope ~ 1.39) to
illustrate the conservatism inherent in the forced fit proce-
dure.
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