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ABSTRACT

Strategies for the permanent disposal of spent nuclear fuel are being investigated by the U.S.
Department of Energy at the Yucca Mountain site and by Atomic Energy of Canada Limited
(AECL) in plutonic rock formations in the Canadian Shield. Uranium dioxide is the primary
constituent of spent nuclear fuel and dissolution of the matrix is regarded as a necessary step
for the release of radionuclides to repository groundwaters. In order to develop models to
describe the dissolution of the UO2 fuel matrix and subsequent release of radionuclides, it is
necessary to understand both chemical and oxidative dissolution processes and how they can
be affected by parameters such as groundwater composition, pH, temperature, surface area,
radiolysis and redox potential. This report summarizes both published and on-going
dissolution studies of UO2 and both LWR and CANDU spent fuels being conducted at the
Pacific Northwest Laboratory, Lawrence Livermore National Laboratory and Lawrence
Berkeley Laboratory in the U.S. and at AECL's Whiteshell Laboratories in Canada. The
studies include both dissolution tests and electrochemical experiments to measure uranium
dissolution rates. The report focuses on identifying differences in reactivity towards aqueous
dissolution between UO2 and spent fuel samples as well as estimating bounding values for
uranium dissolution rates. This review also outlines the basic tenets for the development of a
dissolution model that is based on electrochemical principles.
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RÉSUMÉ

L'U.S. Department of Energy et Énergie atomique du Canada limitée (EACL) examinent des
stratégies de stockage permanent du combustible nucléaire irradié respectivement au site Yucca
Mountain et dans Jes formations rocheuses plutoniques du Bouclier canadien. Le combustible
nucléaire irradié est composé principalement de dioxyde d'uranium, et la dissolution de la
matrice est considérée comme une étape nécessaire conduisant à la libération des radionucléides
dans les eaux souterraines à proximité du dépôt. Afin d'élaborer des modèles décrivant la
dissolution de la matrice du combustible d'UÛ2 et la libération de radionucléides qui s'ensuivra,
il est nécessaire de comprendre les processus de dissolution chimique et oxydative ainsi que
l'effet sur ceux-ci des paramètres tels que la composition de l'eau souterraine, le pH, la
température, la superficie, la radiolyse et le potentiel redox. Le présent rapport donne le résumé
des études publiées et des études en cours sur la dissolution de l'UO2 et des combustibles irradiés
LWR et CANDU réalisées au Pacific Northwest Laboratory, au Lawrence Livermore National
Laboratory et au Lawrence Berkeley Laboratory aux États-Unis ainsi qu'aux Laboratoires de
Whiteshell d'EACL au Canada. Les études comprennent des essais de dissolution et des
expériences électrochimiques destinés à mesurer la vitesse de dissolution de l'uranium. Le
rapport cherche surtout à déterminer les différences de réactivité entre l'UO2 et le combustible
irradié en matière de dissolution dans l'eau et à évaluer les valeurs frontières pour le calcul de la
vitesse de dissolution de l'uranium. Il donne aussi les grandes lignes de la mise au point d'un
modèle de dissolution fondé sur des principes électrochimiques.
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1. INTRODUCTION

In order to evaluate the safe disposal of spent fuel in an underground repository the long term
effects of the interactions between spent fuel, and ground waters needs to be examined. Spent
fuel dissolution and subsequent radionuclide transport processes in groundwater are generally
considered to be the main routes by which radionuclides could be released from a geological
repository. At the Yucca Mountain site in the United States, the U.S. Department of Energy
is investigating the disposal of spent fuel in containers directly in partially saturated tuff
formations (Dreyfus 1996), while in Canada, Atomic Energy of Canada Limited (AECL) is
investigating a disposal concept in plutonic rock formations in the Canadian Shield (AECL
1994). Because uranium dioxide (UO2) is the primary constituent of spent nuclear fuel, the
dissolution of the UO2 spent fuel matrix is regarded as a necessary first step for release, as
about 98% of the radioactive fission products are contained within the UO2 matrix (Johnson
and Shoesmith 1988).

The behaviour of fuel under waste disposal conditions can be envisaged as proceeding through
four phases:

1. A predissolution stage when the fuel is isolated by an intact container from contact
with groundwaters(stage 1).

2. A period immediately after the container fails (stage 2) when the fuel comes into
contact with groundwater and dissolves at a rate determined by the interfacial kinetics.

3. A period (stage 3) once significant dissolution has occurred when the dissolution
process becomes modified by the formation of secondary phases.

4. Finally in stage 4, the adsorption and transport properties of the corrosion products in
the host rock and any engineered barriers (e.g., clay in a Canadian vault) lead to the
establishment of slow transport control of dissolution.

Most fuel dissolution studies and investigations of the dissolution of unirradiated UO2 and
uraninite (a naturally occurring UO2 mineral) in aqueous solutions have concentrated on
measuring the kinetics of the interfacial dissolution reaction (stage 2). This intrinsic
dissolution rate sets an upper limit on the aqueous radionuclide release rate before it is
modified by the deposition of corrosion products (secondary phases) or adsorption/transport in
the surrounding medium.

There have been many investigations of the dissolution of UO2, spent fuel and uraninite under
both strongly and weakly oxidizing conditions, and as a function of various other
environmental variables. Several reviews of the dissolution behaviour of UO2 and spent fuel
have been written (Johnson and Shoesmith 1988; Grambow 1989). Important variables
considered in the investigations included pH, temperature, oxygen fugacity and
carbonate/bicarbonate concentrations. The data vary due to the differences in experimental
purpose and methods, the diverse history of the fuel or mineral samples, the formation of
secondary phases during the tests, the complexity of uranium in solution and the surface
chemistry of UO2, and the differences in surface area measurements of the test specimens.
The results of such diverse studies are thus difficult to compare and interpret.
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Groundwaters typically contain constituents such as carbonates, sulfates, chlorides, silicates,
and calcium in quantities that depend on the type of rock and its location and depth. Water
taken from wells near Yucca Mountain for example, contains all of these ions, is aerated and
has a pH near 8 (Wilson and Gray 1990). Waters from deep granite deposits of the Canadian
Shield typically contain much higher ion concentrations, particularly of calcium, sodium and
chloride, have a pH near 8.5 and are mildly reducing (Johnson and Shoesmith 1988;
Gascoyne et al. 1987). Of the anions commonly found in groundwaters, carbonate is
considered to be the most aggressive towards UO2 dissolution under oxidizing conditions, due
to its ability to strongly complex uranyl ions (UO2

+). Cations, such as calcium, may also
affect UO2 dissolution through surface adsorption mechanisms.

Different disposal strategies may lead to differences in the evolution of vault conditions. In
the Yucca mountain disposal strategy, the vault is in the unsaturated zone and groundwater
conditions would likely remain oxidizing. Also, there may be a period where the fuel could
be exposed to air-oxidation prior to contact with groundwater. This scenario can be
investigated experimentally through the use of pre-oxidized UO2 or spent fuel samples in
dissolution studies. In the Canadian disposal concept, vault conditions would be initially
oxidizing. However, after a few hundred years, oxygen would be consumed by oxidation of
iron-bearing minerals and other oxidizable impurities in the vault and engineered barrier
materials, as well as through corrosion of the fuel disposal container. Dissolution rates thus
need to be obtained for both oxidizing and mildly reducing conditions.

This report summarizes both published and on-going dissolution studies of UO2 and both
Light-water Reactor (LWR) and CANDU® spent fuels. These studies are being conducted at
the Pacific Northwest Laboratory (PNL), Lawrence Livermore National Laboratory (LLNL)
and Lawrence Berkeley Laboratory (LBL) in the USA, and AECL's Whiteshell Laboratories
(WL) in Canada, and comprise both dissolution tests and electrochemical experiments on UO2

and spent fuel. By performing these studies under conditions where the dissolution product is
rapidly transported away from the dissolution site (e.g., in flow-through tests, or by using
rotating disk electrodes in electrochemical experiments), the effects of secondary phase
formation on dissolution kinetics have been minimized. Using these procedures, the intrinsic
dissolution rate of spent fuel (uranium dissolution rate) has been measured as a function of
environmental parameters, such as oxygen concentration and carbonate concentration and the
presence of radiation fields. The uranium dissolution rate and radionuclide release rates are
the essential source terms in any kinetic model to predict fuel behaviour in a waste vault.

The emphasis in this report will be to identify differences in reactivities towards aqueous
dissolution between UO2 and spent fuel; to identify important parameters that control the
dissolution rates of the UO2 matrix phase of spent fuel; to estimate bounding values for UO2

and spent fuel matrix dissolution rates; and to provide the experimental basis for the
development of a release model for radionuclides from spent fuel that can be used in waste
package design and performance assessment studies.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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2. FLOW-THROUGH DISSOLUTION TESTS

2.1 EXPERIMENTAL

The dissolution rates of uranium from UO2 and spent fuel were determined by using a single
pass flow-through method that has been successfully used in the study of the dissolution
kinetics of glasses and various minerals (Knauss et al. 1990), of UO2 (Steward and Weed
1993; Wilson and Gray 1990) and of spent fuel (Gray et al. 1992). The advantage of the
single pass flow-through technique is that flow rates and specimen size can be controlled so
that the UO2 dissolves under conditions that are far from solution saturation. This minimizes
the effect of the precipitation of dissolved products on uranium dissolution rates or
radionuclide release rates. Under such conditions, the steady-state dissolution rates are
directly proportional to the effective surface area of the specimen (Helgeson et al. 1984).
Thus, the dependence of UO2 dissolution kinetics on pH, temperature, oxygen and
carbonate/bicarbonate concentrations can be evaluated.

The three laboratories participating in the flow-through dissolution tests agreed informally to
include a common leaching solution in test matrices and to measure sample surface areas
where practical. In addition, the three laboratories used a similar design for the flow-through
vessels and conducted dissolution tests on identical UO2 samples for comparison. The
preparation of the UO2 powder and the experimental conditions used have been described by
Gray et al. (1994).

The elements in common in the comparative tests were the UO2 sample, leaching method and
a "standard" leaching solution. The leaching solution was a 0.01 mol'L1 NaHCOyO.l mol»L'
NaCl solution equilibrated with air at room temperature. This results in a solution with a pH
of about 8 to 9. Depleted UO2 samples were crushed and screened (-140+235 mesh; 44 to
105 urn) to yield a multi-grained powder with a surface area of 267 cm2»g"1 as measured by
the BET method (typical UO2 grain sizes are 5 to 10 pm). Dynamic flow-through leach tests
were conducted at flow-rates of from 5 to 50 mL'h"1 and normalized dissolution rates were
calculated according to the following equation:

" - CF (1)
MAf

where R is the uranium dissolution rate (mg»m'2»d"'), C is the concentration of uranium in the
test cell effluent (mg'mL1), F is the flow rate in mL'd1, M is the mass of the test specimen
(g), A is the measured surface area of the specimen in m2»g' and f is the wt. fraction of U in
the UO2 specimen (0.881 mg U»mg' UO2). Tests were also conducted at various ion
concentrations, pH, temperature and oxygen concentrations.

Two similar sets of UO2 (LLNL) and spent fuel (PNL) dissolution experiments were
conducted (Steward and Gray 1994; Steward and Weed 1993) using a statistical experimental
design to systematically examine the effects of temperature (25 to 75 °C), dissolved oxygen
(0.002 to 0.2 atm overpressure), pH (8 to 10) and carbonate concentrations (2 to 200 x 10"*
mol'L1) on aqueous dissolution of UO2 and spent fuel. The surface areas of both UO2 and
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spent fuel samples were measured by the BET method to ensure comparability of results. A
general rate law of the form:

Rate = k[A]*[B]b[C]c. . .©"** ( 2 )

was used to fit the data to determine the rate dependence of the variables. The method is
described in more detail by Steward and Gray (1994).

The spent fuels that were used in the PNL tests were ATM-103 and ATM-106 PWR fuels
with a burnup of 33 and 50 MWd'kg"1 U and a fission gas release of 0.25% and 18%,
respectively (Guenther et al. 1988a, b), as well as ATM-105, a BWR fuel with a burnup of 31
MWd'kg1 U and a fission gas release of 0.6%. (Guenther et al. 1991). Both particle-sized
specimens (~1 mm fragments) and grain-sized specimens (crushed to 7 to 20 pm) were used in
these tests. The unirradiated UO2 specimens used at LLNL were about 1 cm across and
consisted of large UO2 crystallites.

The spent CANDU fuel was a Bruce 'A' reactor fuel (BJ49093C) with a burnup of 7.4
MWd'kg'1 U, an average linear power rating of 50 kW»m"' and a fission gas release of 7.03%.
The CANDU fuel was prepared for dissolution in a manner similar to that used for the
depleted UO2 used in the comparison tests (Gray et al. 1994). Crushed specimens
(~50 to 100 pm-sized particles) were used and a nominal surface area of 267 cm2»g"1 was
assumed for this fuel (because the method of preparation was similar to that used to prepare
depleted UO2 specimens (Gray et al. 1994)) to allow comparison of dissolution rates.
Unirradiated UO2 specimens were also prepared for dissolution tests in a similar manner.

2.2 RESULTS

2.2.1 Comparative Dissolution Rates

A series of flow-through dissolution tests were conducted on identical samples of unirradiated
UO2 powders leached in the 'standard' NaHCO3/NaCl solution at ambient temperature (Gray et
al. 1994). Steady-state dissolution rates averaged 2.2 ± 0.5, 1.5 ± 0.9 and 5.5 ± 2.7
mg'm'^d1 (±2o) at PNL, WL and LLNL, respectively. These results agree reasonably well
confirming that the use of a standard test under flow-through conditions does facilitate the
comparison of the results obtained in the different laboratories. The dissolution rates
measured using the statistical experimental design for UO2 and spent fuel specimens are
presented in Table 1 (Steward and Gray 1994) where the uranium dissolution rate, averaged
over all test conditions, was 8.6 mgnn'^d'1 for UO2 and 3.1 mgnn^d 1 for spent fuel.
Dissolution rates for spent CANDU fuel were ~15 mg»m'2»d' at 25°C in oxygenated solution
(air equilibrated solutions), significantly higher than the measured rate for LWR fuel. The
dissolution rate of both UO2 and spent fuel increases with temperature, with an activation
energy for both materials in the range 6.9 to 7.7 kcal'mol"1 (Steward and Gray 1994).
Moreover, regression analyses indicated that there was no strong dependence of dissolution
rates of UO2 and irradiated spent fuel on changes in pH; a stronger dependence was observed
for carbonate concentration in oxygenated solution, and the two materials responded
differently to dissolved oxygen concentration. A more extensive discussion of the effects of
various leaching conditions on dissolution rates is given below.
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TABLE 1

TEST PARAMETERS AND RESULTS FOR LWR FUEL
AND UP, DISSOLUTION TESTS(a)

Temp. Carbonate'"'
(mmol«L')

Oxygen(<
U Dissolution Rate

mg»m"2«d'
Spent Fuel UOj

1 50 20 9.0 6.34

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

50
50
22/25
74/75
74/75
21/25
22/25
22/25
27/26
78/75
25/26
77/75
23/25
74/75
78/75
19/26
50/50
21/26
75
50
50
50
75
75
75

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

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

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

7.05
5.07
3.45
14.2
8.60
0.63
2.83
2.04
1.79
1.49
2.05
2.89
2.83
0.69
1.98
0.51
1.04
1.87
4.75

2.42
77.4
10.9
2.55
6.72
9.34
0.12
9.21
1.87
5.11
0.22
5.61
0.51
0.23
4.60
1.52

12.3
7.96
10.4
6.48
23.3
54.0

Average
Average

Runs 4-9
Runs 4-19

5.29
3.08

18.2
8.57

(a) Taken from Gray et al. (1994). Numbers separated by a "/" are data for spent fuel and UO2 respectively
(SF/UO2)

(b) Made up using appropriate amounts of NajCO3 and NaHCO3

(c) Percent of oxygen in sparge gas
(d) Measured at room temperature. For used fuel, the measured values were within ±0.1 unit of the

nominal values listed.

2.2.2 Effect of Dissolved Ions on the Dissolution Rate

As previously mentioned, measurements of dissolution rates of UO2 and spent fuel at various
temperatures, carbonate concentrations and oxygen concentrations (Steward and Gray 1994)
showed that there was no significant dependence of the dissolution rate on pH over the range
7.8 to 10.3. Chloride ions do not appear to significantly affect uranium dissolution rates from
spent fuel, even at concentrations as high as 0.5 mol»L' (Johnson and Shoesmith 1988). Gray
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et al. (1994) have also demonstrated that UO2 dissolution rates are unaffected by Cl' in
solution.

Bicarbonate has been shown to accelerate the uranium dissolution rate of unirradiated UO2

(Wilson and Gray 1990; Shoesmith et al. 1989) by about a factor of 10 to 50, due to
complexation of the UO2

+ ion by the CO2,' ion. The enhanced dissolution of uranium in
HCO3 solution compared to deionized water can be seen in Figure 1 (Wilson and Gray 1990)
for unirradiated UO2 and in Figure 2a for irradiated CANDU fuel. Steward and Gray (1994)
suggested a carbonate reaction order of about 0.25 at carbonate concentrations from 2 x 10"4

to 2 x 10'2 mol'L'1 in aerated solution.

Wilson and Gray (1990) (Figure 1) demonstrated the effect of Ca and Si ions in solution on
the dissolution rate of UO2, observing that addition of 15 mg«Ll Ca to a 2 x 10'3 mol«L"'
HCOj solution decreased the U concentration in solution by a factor of about 3; a further
addition of 30 rng'L"1 SiO; decreased the uranium concentration by an additional factor of
about 100. Auger analysis of the UO2 surface indicated a thin (5 to 10 pm) layer containing
Ca and Si was present which was assumed to block dissolution. This layer appears to be
strongly adsorbed since it was not completely removed by subsequent leaching in DIW.
Experiments conducted at WL (Tait, unpublished results) have also observed a decrease in
dissolution rate of UO2 of about 100-fold in 0.02 mol»L"' HCOj solution containing 0.1 to
50 mg»L' SiO^. Bicarbonate solutions containing 4 to 40 mg»L' Ca2+ also resulted in a 50-
fold reduction in dissolution rate from 2 mg»m"2»d' to ~0.04 mg»m"2»d'. Subsequent
prolonged (several weeks) dissolution of these samples in fresh 10'2 mol'L'1 HCOj was
required to restore the dissolution rate to that of UO2 that had not been exposed to Ca or Si in
solution, supporting the contention that Si and Ca are strongly adsorbed, or incorporated into a
precipitated phase on the UO2 surface.

2.2.3 Effects of Water Radiolvsis

There have been a limited number of flow-through dissolution tests that have studied the
effect of radiation. The data from Steward and Gray (1994) (Table 1) indicate that the
average dissolution rate of UO2 in air-saturated solution is about 3 times higher than the
average of LWR spent fuel dissolution rates under the same conditions (the surface areas for
the UO2 and spent fuel samples were determined by BET). They concluded that this
difference is of the same order as the uncertainty in the results and, therefore, that the
dissolution rates for both LWR fuel and UO2 are about the same. In contrast, experiments at
WL on UO2 dissolution in the 'standard' solution under deaerated (2 ppb O2) conditions gave a
uranium dissolution rate of ~0.02 mg»m"2«d"\ which is about an order of magnitude lower than
CANDU fuel leached under similar conditions (0.15 mg'm^d'1 ). The surface area of the
CANDU fuel was estimated to be the same as that for the UO2 experiments, based on the
similarity of the sample preparation techniques; however, if the CANDU fuel surface area
were in fact higher, due to penetration of leachant down grain boundaries in the fuel particles,
this would result in a lower calculated U dissolution rate (equation 1) which would be in
closer agreement with LWR fuel results.

Recent flow-through experiments were conducted at WL on freshly powdered UO2 (50 pm to
100 um-sized particles) leached in aerated 'standard' solution in the presence and absence of a
gamma radiation field. The dissolution rate in the absence of the radiation field was
~4 mg'm^d"1; this is within the range of values reported in Gray et al. 1994 (1.5 to
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5.5 mgnn'^d'1). An 192Ir gamma source (t,A 74 d) was used to provide a gamma dose rate to
the solution in the leach vessel of ~360 Gy»h"' (measured by Fricke dosimetry) and the leach
rate increased to ~50 mg«m'2»d"'; upon removal of the source, the leach rate again decreased to
~4 mg'm^d"1. Since surface area is not a factor in this experiment, the increased dissolution
rate must be attributed to the radiation field. This radiation field is about a factor of ten
higher than the gamma radiation field from 15 a cooled CANDU fuel (~30 Gyh 1) ; however, it
is roughly equivalent to the P -radiation field strength from the fuel, which is about a factor of
10 higher than the y-dose rate (Sunder 1995)). The 192Ir source would thus approximate the
P-radiation field from the fuel and suggests that P-radiolysis effects may be more important
than Y-radiolysis effects. Further experiments will need to be conducted to examine the dose
rate dependence for this effect and to resolve the differences observed between the dissolution
rates of LWR and CANDU fuels, and unirradiated UO2.

2.2.4 Dissolution Rate Dependence on O7 Concentration

While there appear to be no strong differences in dissolution behaviour between UO2 and
spent fuel with variation in temperature, there are significant differences in behaviour with
variation in oxygen concentration (Table 2). Steward and Gray (1994) observed that the
dependence of UO2 dissolution on oxygen was half-order under all conditions tested (pH,
temperature, bicarbonate). Dissolution rates of LWR fuel, however, were observed to be
almost independent of oxygen concentration at room temperature (near zero order) but showed
a fractional dependence (0.73 and 0.35) for two experiments at 75°C with different pH and
carbonate concentrations (Steward and Gray 1994). The independence of dissolution rate of
the LWR fuel with oxygen concentration at room temperature is not understood and may
require further investigation.

TABLE 2

OXYGEN DEPENDENCE OF UNIRRADIATED UO: AND SPENT FUEL
DISSOLUTION RATES fmg'mM' ) IN 'STANDARD' LEACHANT SOLUTION

Conditions UO2 LWR fuel* CANDU fuel"

Air Saturated (~8 ppm O2)

O2 Depleted

2*
2.55"
10.9"

(25°C)
(25°C)
(75°C)

0.02' (25°C, 2 ppb O2)
0.23" (25°C, 80 ppb O2)
0.51" (75°C, 80 ppb O2)

0.63 (25°C)
8.6 (75°C)

0.51 (25°C, 120 ppb O2)
1.98 (75°C, 120 ppb O2)

15. (25°C)

0.15 (25°C, 2 ppb O2)

a) Steward and Gray (1994)
b) WL results, this report

Dissolution experiments conducted at WL give a UO2 dissolution rate of ~2 mgnn^d*1 at 25°C
in air-saturated (8 ppm O2) 'standard' HCOj solution. At an oxygen concentration of 2 ppb,
the rate decreased to ~0.02 mg»m'2*d', consistent with an approximately half-order oxygen
dependence. The dissolution rate of CANDU fuel (similar particle size and quantity to that
used in the UO2 experiments) behaved in a similar manner at room temperature giving
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dissolution rates of ~15 mg»m'2»d"' at 8 ppm O2 (Figure 2a) and ~0.15 mg-m^d'1 at 2 ppb O2

(Figure 2b), again consistent with an approximate half-order oxygen dependence. There thus
appears to be a variance between the results obtained on LWR fuel and CANDU fuel. The
burnup of the LWR fuel is about a factor of 4 higher than CANDU fuel, as is the gamma-
plus beta-radiation field. This may be a contributing factor to the differences in dissolution
rates at low oxygen concentration if the effects of LWR radiolysis are more important than
radiolysis effects with CANDU fuels.

2.2.5 Pre-Oxidation of Fuel

Gray and Thomas (1994) examined the dissolution rate of unoxidized and air oxidized spent
LWR fuels and UO2. Prior to leaching, the fuels (ATM-105, a moderate burnup, low fission-
gas release fuel and ATM-106, a high burnup, high fission-gas release fuel) were pre-oxidized
in air at 110 to 200°C to give surface stoichiometries of ~UO24 ( U ^ ^ , with no indication of
formation of U3O8). Intrinsic U dissolution rates for oxidized ATM-105 specimens (15 to
25-um grains) in air-saturated HCOj/CO2' solution were initially only slightly higher than for
unoxidized specimens with the difference decreasing with time to give a final dissolution rate
of ~7 mgnn^d1 . However, the ATM-106 fuel showed about a 5-fold increase in dissolution
rate for oxidized (U4O9+X) compared to unoxidized (UO2) fuel, which may be related to the
high fission gas release from this fuel as a result of elevated centreline temperatures and the
corresponding grain-growth and precipitation or migration of fission products to grain
boundaries. Further oxidation of particles of ATM-106 fuel to U3O8 resulted in about a 2-fold
increase in the intrinsic uranium dissolution rate over grains oxidized to U4O9+X. However, the
fractional dissolution rate (rate of uranium release per unit specimen weight) of the spent fuel
oxidized to U3O8 was about 150 times that of unoxidized particles due to the large increase
in surface area resulting from oxidation.

Unirradiated specimens of UO2 were oxidized to U3O7 and U3O8 (Gray and Thomas 1994).
The intrinsic dissolution rates of these three materials in air-saturated HCOj/COf solution
were only modestly different. Dissolution rates for UO2 and U3O7 were comparable
(~3 mg'm'^d"1) and the dissolution rate for U3O8 was about a factor of 2 to 4 times higher.
However, the fractional dissolution rate of U3O8 was ~200 times that of unoxidized UO2 due to
the large increase in surface area resulting from oxidation, similar to the results obtained with
spent fuel. Under deaerated conditions, the dissolution rate of U3O7 was about a factor of 4
greater than UO2, only slightly greater than the difference measured in air-saturated solution,
and this difference decreased as the test progressed. After 100 days, the dissolution rates of
UO2 and U3O7 in deaerated, 2 x 10"4 mol«L"' HCOj, were -0.8 and 1.4 mgnn^d"1,
respectively.

The above observations prompted Gray et al. (1993, 1994) to assert that any
oxidation/dissolution model must be able to explain why oxidation of either irradiated fuel to
U4O9+X or unirradiated UO2 to U3O7 has little effect on the subsequent intrinsic dissolution
rate, even in partially anoxic water. This will be discussed in more detail in Section 5.

2.2.6 Grain-Boundary Leaching

During in-reactor operation, a small fraction of volatile fission products, such as Cs, I and Xe,
migrate to cracks and void spaces in the fuel, the fuel/sheath gap region and to UO2 grain-
boundaries (Johnson and Shoesmith 1988). It is conservatively assumed that species at cracks
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or at the fuel/sheath gap region, and to a lesser extent, those species at grain-boundaries, are
more accessible for release to solution than those present in the fuel matrix (Johnson and
Shoesmith 1988). The extent of migration of these species in the fuel depends on the fuel
temperatures achieved during reactor operation. Leaching experiments on CANDU fuels have
established a strong correlation between stable Xe release to the fuel/sheath gap and the Cs
and I released upon initial contact of the fuel with water (Stroes-Gascoyne et al. 1987). These
releases can be reasonably predicted using fission-gas release models. Measurements of grain
boundary release of l29I from low-power (<42 kW'm1) CANDU fuels (Stroes-Gascoyne et al.
1995), have indicated a reasonable correlation with the 129I inventory predicted to reside at
grain boundaries using the diffusion-based fission gas release model. However, for higher
power fuels (>42 kW«m"') this relationship seems to break down and far less 129I is measured
to be released compared to the predicted grain-boundary inventory. There is no explanation
for this behaviour at present.

Gray et al. (1991) measured both gap and grain boundary releases of Cs from different LWR
fuels with fission gas releases of up to 18%. They found gap inventories of about one quarter
of the fission gas release value. Grain boundary inventories were found to be less than 1 % of
the total Cs inventory and not strongly correlated with fission gas release.

More recent efforts at PNL have independently measured grain boundary dissolution rates to
provide some measure of their contribution to the 'instant' release term (i.e., the gap + grain
boundary Cs and I inventories that are assumed to be released 'instantly' upon contact with
solution). Flow-through tests were performed at PNL on low-burnup, low fission-gas release
ATM-103 fuel fragments (0.5 to 5 mm) that had been separated from the fuel sheath. Most
of the Cs that dissolved during the first day (0.13%) came from the gap inventory; after the
first day, the excess Cs, compared to U, was attributed to Cs being leached from the grain
boundaries. Figure 3 shows the cumulative amount of Cs dissolved from the grain boundaries
relative to the total grain boundary inventory of Cs, which was independently measured in
another experiment. The results indicate that the grain boundary inventory would be released
in a period of about 2 a.

In contrast to the results with LWR fuel, Stroes-Gascoyne et al. (1985) studied the release of
Cs from CANDU fuel leached in DIW (~105 mol-I/1 HCOj) and tap water (~103 mol»L'
HCOj) under oxidizing conditions for 8 years with solutions being replenished on a 6 to 9
month period. A preliminary examination of data now available after an additional 9 years
(i.e., 17 years leaching; Stroes-Gascoyne, private communication) indicates that cumulative Cs
releases from this fuel are about equal to the predicted gap inventory (~9.6%) in tap water and
slightly less in deionized water. These results indicate that, even under oxygenated
conditions, there has been relatively little grain boundary leaching.

Stroes-Gascoyne et al. (1995) also studied 129I release from the gap and grain boundary region
of spent CANDU fuel over a period of 90 d. Results were fitted to half-order reaction
kinetics and it was calculated that, for high power fuel, it would take from 4 to 22 a to leach
the combined gap and grain-boundary inventory of 129I, whereas it would take about 400 a to
leach this inventory from a low power fuel. The combined gap + grain boundary inventory
released from the low power fuels showed a good correlation with the release of stable Xe
fission gas; however, release from high-power fuels was much lower than that anticipated on
the basis of the stable Xe fission gas release. Further work is continuing in this area to
investigate these differences.
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In addition to experiments that measure radionuclide release to infer grain boundary leaching,
fuels have been physically examined using SEM and ceramography techniques to determine if
there is any physical evidence for enhanced grain-boundary leaching. Gray et al. (1993,
1994) used the uranium dissolution rates measured on spent fuel crushed to either grain-sized
or to particle-sized specimens (hundreds of grains) to infer that water had penetrated the
surface of a the particle-sized ATM-105 fuel to a depth of two to three grains, and that water
had penetrated to a depth of six to nine grains in particles of ATM-106 fuel.. If this were the
case, there should be evidence for dissolution at the grain boundaries. Ceramographic
examination of these fuels was unable to provide unequivocal evidence of any grain-boundary
widening from dissolution of grain boundary surfaces. These observations were made on
spent fuel exposed for ~100 d to the test solution. However, much longer exposures gave
similar results, as described below.

Preliminary optical and SEM microscopy examinations have been conducted on sections of
clad spent CANDU fuel leached for 17 years in either air-saturated deionized water
(~105 mol'L"1 HCOj) or tap water (~103 moM/1 HCOj) (Stroes-Gascoyne, private
communication). Evidence for grain boundary dissolution is greatest in carbonated (tap) water
and appears to be limited to the outer ~0.5 mm (pellet/cladding) region of the fuel where there
is the highest residual sintering porosity. Grain boundary attack seems to be limited to the tip
of ~1 to 5-um wide cracks at or near the surface of the fuel (Figure 4a). These micro cracks
are isolated and occur infrequently in the outer 0.5 mm of the fuel. It appears that attack has
occurred to a depth of about 5 to 10 grains in the region of the tip of the microcrack: no
attack is evident in the wider portions of the microcrack. There is also no evidence for attack
down grain boundaries in the densified mid-pellet regions of the fuel, even where there has
been extensive fuel fracturing and micro-cracks exist (Figure 4b). In deionized water, there
appears to be very little evidence for grain boundary attack even in microcracks at the surface.
It thus appears that grain boundary attack only occurs near the fuel pellet surface and is
prevalent only in the presence of carbonate in solution. There is clear evidence for grain
boundary attack (separation of grains) and the lack of precipitation of secondary phases within
the micro-crack suggests mass transport of dissolved uranium out of the attacked region in
carbonate solution. The results from this study will be published in a report that is in
preparation (Stroes-Gascoyne, private communication).

3. ELECTROCHEMICAL AND CORROSION STUDIES

The primary purposes of conducting electrochemical experiments on UO2 dissolution are to
develop a mechanistic understanding of the oxidative dissolution process which can be used to
interpret the spent fuel dissolution experiments, and to provide both the mechanistic
framework and the data base required to produce a model capable of predicting the behaviour
of spent fuel under waste disposal conditions.

A variety of electrochemical and corrosion science methods and the technique of photothermal
deflection spectroscopy (PDS) have been used to investigate the details of the oxidative
dissolution process. In particular, the following areas have been studied.

1. Many of the mechanistic details of the dissolution process have been elucidated using
a combination of electrochemical techniques and PDS. The sensitivity of PDS to the
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flux of soluble species to and from the electrode surface make this technique ideal for
detecting dissolution processes at levels undetectable by standard electrochemical
methods.

2. The anodic dissolution reaction (UO2 - UO2+X - UO2
+ + 2e") has been studied as a

function of applied electrochemical potential and carbonate concentration. These data
are required for the construction of an electrochemical model for UO2 dissolution.

3. The kinetics of oxygen electroreduction have been studied on unirradiated UO2 and
SIMFUEL electrodes. The mechanism of this reaction must be known if the
electrochemical model is to be specified in mathematical terms which take account of
the dependence of the dissolution rate on oxygen concentration. Also, the site-specific
nature of this electron transfer reaction reflects many of the bulk and surface properties
of the fuel which control the chemical reactivity of UO2 surfaces.

4. Corrosion potential (ECORR) measurements have been performed on UO2 and SIMFUEL
electrodes in aerated solutions and in solutions subjected to gamma and alpha
radiolysis. When coupled with the electrochemically measured relationship between
dissolution current and applied potential, values of ECORR can be used to predict the
UO2 dissolution rate for the conditions under which the measurements were made.

3.1 EXPERIMENTAL

The electrochemical and open-circuit corrosion procedures have been described in detail
elsewhere (Sunder et al. 1981; Hocking et al. 1992, 1994; Shoesmith et al. 1989). All
electrochemical measurements were performed at rotating disc electrodes to avoid the
influence of transport processes in solution. The application of PDS to the study of the
oxidation and dissolution of UO2 was also described recently (Rudnicki et al. 1994).
Potentials were controlled or measured against a saturated calomel electrode (SCE) and all
potentials are quoted on this scale which has its zero point at +241 mV on the standard
hydrogen electrode scale (SHE).

Electrodes were fabricated from unirradiated CANDU fuel pellets (WL), unirradiated depleted
UO2 (LBL), a single crystal (LBL) and three SIMFUEL specimens (WL). The SIMFUEL
pellets were prepared at Chalk River Laboratories (AECL) and contain 11 stable elements in
proportions appropriate to replicate the chemical effects caused by reactor irradiation to
various degrees of burnup. The principal microstructure of SIMFUEL (Lucuta et al. 1991) is
virtually identical to that of ceramic UO2, but secondary metallic (Mo, Ru, Rh, Pd) and
perovskite ((Ba, Sr)ZrO3) phases are present as submicron particles on grain boundaries and
the additives Y, Ce, Nd, La and Zr are present dissolved in the UO2 grains. The pellets used
in the present studies were well-sintered ceramics with -97% of theoretical density and
simulated compositions representative of burnups to 1.5, 3.0 and 6.0 at.% in a CANDU
reactor. The design, fabrication and preparation of the electrodes has been discussed in detail
elsewhere (Sunder et al. 1981).

Experiments at WL were conducted in aerated or Ar-purged 0.1 mol-L"1 NaC104 (pH ~ 9.5).
In some cases, carbonate was added as NaHCO3 to yield solutions with carbonate
concentrations in the range 103 mol-L'1 to 0.5 mol-L"1. At LBL, electrochemical and PDS
experiments were performed in 0.5 mol-L1 NajSO,, (pH - 10.5). The differences in
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electrochemical behaviour in the perchlorate and sulphate solutions are minor (Sunder et al.
1981; Hocking et al. 1992). The experimental arrangements used to measure EcORR in the
presence of gamma and alpha radiolysis of water have been described elsewhere (Sunder et al.
1992; Bailey et al. 1985).

3.2 RESULTS

3.2.1 Photothermal Deflection Spectroscopv Studies

The application of this technique has provided much supplementary mechanistic information.
Of major importance are the following conclusions:

1. The oxidative dissolution of UO2 commences at potentials as low as -300 mV or less.
This is clearly indicated in Figure 5 (a to c), which shows that the increase in oxid-
ation current for E > -300 mV (Figure 5a) is accompanied by a deflection of the
probe beam toward the electrode surface (Figure 5b), an indication that oxidation of
the surface is accompanied by dissolution. The larger beam deflections shown in
Figure 5c (beam deflection is directly proportional to U concentration) clearly show
the enhancement of the dissolution process at more positive potentials.

2. By comparing the electrochemical and PDS behaviour of a sintered UO2 pellet and a
UO2 single crystal it has been shown that the oxidative dissolution process is
dependent on surface structure. For the single crystal, in which grain boundaries are
absent, insignificant dissolution was observed (over the potential range expected under
natural dissolution conditions, -300 mV to +100 raV). By contrast, as shown above
and discussed in more detail elsewhere (Rudnicki et al. 1994), oxidative dissolution of
sintered pellets is observed over this whole potential range.

3. By allowing natural corrosion in aerated solutions to occur prior to electrochemical and
PDS experiments, it was demonstrated that natural corrosion led to the formation of
surface oxides which blocked the dissolution process. This was clear from the absence
of any probe beam deflection, indicating dissolution, when the potential of the
corroded electrode was changed from the ECORR achieved during natural corrosion to
more positive, and hence more oxidizing, potentials.

3.2.2 Anodic Dissolution of UP.

Figure 6 shows electrochemically determined dissolution currents as a function of applied
potential recorded on a number of different unirradiated UO2 specimens in 0.1 mol-L"1 NaClO4

(pH ~ 9.5). Similar experiments remain to be performed on SIMFUEL specimens. As
indicated in Figure 6, two distinct regions of behaviour are observed:

1. For E < 300 mV (region A in Figure 6), the currents are non steady-state,
progressively decreasing as the accumulation of secondary phases blocks dissolution of
the UO2 surface.

2. For E > 300 mV (region B in Figure 6) steady-state dissolution currents are obtained
that are logarithmically dependent on potential.
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The wide distribution of points at 100 mV reflects the various lengths of time for which the
potential was held at this value in different experiments. The open squares show currents
recorded after 24 h of oxidation. The lowest data point (< 5 nA through an electrode surface
area of -1.6 cm2) represents the point below which a meaningful current cannot be measured
on this electrode. Even after 24 h oxidation, the current in this experiment was decreasing.
The non steady-state nature of the currents in region A makes their use in an electrochemical
model inappropriate.

For E > 300 mV (region B) the logarithmic dependence of the dissolution current on potential
is the behaviour expected for an electrochemical process. The steady-state nature of the
currents make them appropriate for use in an electrochemical model (Shoesmith and Sunder
1991). The data points used in a previous version of an electrochemical model (Shoesmith
and Sunder 1991) are connected by the line. The extrapolation of this line to steady-state
values of ECORR (i.e., (ECORR)SS) measured in natural corrosion experiments was used to predict
dissolution rates for the conditions under which this data was recorded (0.1 mol-L"1 NaClO4

(pH 9.5)). The more recent data (D,A in Figure 6) can clearly be fitted to a line with a similar
potential-dependence whose extrapolation will lead to the prediction of lower dissolution rates.
The scatter in the data at a given potential is approximately one order of magnitude and can
be attributed mainly to the natural variability in reactivity of different UO2 specimens.
Previous electrochemical experiments suggest that dissolution could be predominantly
occurring at grain boundaries (Johnson et al. 1982). If this is the case in the present
experiments then the large scatter would reflect not only the difference in reactivities of grain
boundaries in different fuel specimens, but also the unavoidable irreproducibility of a
dissolution process confined to such small areas at grain boundaries.

In carbonate solutions, dissolution of the UO2 surface predominates over film growth over the
whole potential range and the dissolution currents are higher. This is not surprising
considering the increase in uranyl ion solubility due to complexation with carbonate. Figure 7
shows the dissolution currents as a function of applied potential for two carbonate
concentrations (0.5 and 10"2 mol-L1). Also shown is a set of data points recorded in
102 mol-L'1 carbonate solution in a base electrolyte of NaCl (0.1 mol-L'1) as opposed to
NaClO4. This carbonate/chloride solution is the standard solution used to compare the
dissolution behaviour of different fuels (Section 2.2.1). Clearly, whether Cl" or C1O4 is used
as the supporting anion, the nature of the anion is unimportant in determining the dissolution
behaviour. Also shown in Figure 7 are the dissolution currents measured previously in similar
solutions (Shoesmith et al. 1983). The agreement between the two sets of results is good.
Although not shown in Figure 7, similar curves have been obtained for carbonate
concentrations down to 2 x 10"3 mol-L"1.

3.2.3 Cathodic Reduction of Oxygen on UP? and Simfuel Surfaces

The current-voltage curves for O2 reduction on SIMFUELs are similar in form to that for
standard unirradiated UO2 (Figure 8, Shoesmith et al. 1994a). A first-order dependence of the
cathodic current on O2 concentration was also obtained. These results indicate that O2

reduction proceeds by the same basic mechanism on all the electrodes. For a given potential
in the range -0.1 V to -0.7 V, however, the current (I) for O2 reduction increases in the order

I(UO2) < 1(1.5 at.% s) < 1(3.0 at.% s) < 1(6.0 at.% s)
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where s indicates a SIMFUEL with the quoted simulated burnup. Clearly, the current for O2

reduction increases with an increase in the percentage of simulated burnup suggesting a more
rapid oxidation process will occur.

3.2.4 Open-Circuit Corrosion Experiments on UO7 and Simfuel

Previous studies of the corrosion of unirradiated UO2 have shown that the rate of increase of
ECORR in aqueous solution is a measure of the rate of oxidation of the electrode (Shoesmith et
al. 1989; Sunder et al. 1992; Bailey et al. 1985; Shoesmith and Sunder 1991; Shoesmith et al.
1994a). The time for ECORR to rise to a value of -100 mV is thought to be a reasonable
estimate of the rate of this surface oxidation process (Sunder et al. 1990). Eventually, EC0RR

achieves a steady-state value which can be used in an electrochemical model to predict the
fuel dissolution rate.

Figure 9 shows a series of curves of EC0RR as a function of time of exposure to O2-saturated
solutions of 0.1 mol-L'1 NaC104 (pH - 9.5). If the time for Eco^ to reach a steady-state
value is accepted as a measure of the rate of oxidation of the fuel then it is clear that the
SIMFUEL electrodes oxidize more rapidly than unirradiated UO2.

Despite these differences in oxidation rates, all three SIMFUELs and the UO2 electrode
achieve approximately the same final corrosion potential. This coincidence suggests that the
corrosion rate of UO2 fuel may be unaffected by burnup (degree of doping). Because the
steady-state electrochemical dissolution currents for the SIMFUELs remain to be determined,
such a conclusion must be considered tentative.

3.2.5 Effects of Water Radiolvsis

An extensive series of experiments has been performed to determine the influence of gamma
and alpha radiolysis on the oxidative dissolution of fuel (Sunder et al. 1992; Sunder et al.
1995). In these experiments the change in ECORR with time was followed as described above.
Similar cathodic reduction experiments to those performed with oxygen (Figure 8) are
impossible at the low concentrations of oxidants produced radiolytically (for gamma dose
rates up to -300 Gy-h"1).

In these studies, the form of the ECORR-time curves is the same as observed in aerated and
oxygenated solutions. The rate of rise of ECORR (proportional to the rate of oxidation of the
fuel) increases with gamma dose rate as does the final steady-state value of EC0RR ((ECORR)SS).
The values of (ECORR)SS achieved in argon-degassed solutions are more positive (for dose rates
>30 Gy»h') than those measured in unirradiated aerated solutions. Although data at
sufficiently high dose rates is sparse, the dissolution rate appears to be dependent on the
square root of the dose rate for dose rates >25 Gy»h'. If both gamma radiation and dissolved
oxygen are present, even higher dissolution rates are predicted.

The predicted fuel dissolution rate, obtained from similar measurements, is also dependent on
the alpha strength (Figure 10) (Sunder et al. 1995). However, for alpha radiolysis, the
(ECORR)SS values do not become more positive than those obtained in oxygenated solutions, or
those obtained in solutions containing hydrogen peroxide (Shoesmith and Sunder 1991).
Consequently, the impact of alpha radiolysis on fuel dissolution rates is expected to be lower
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than that of gamma radiolysis. However, the longer duration of alpha fields under disposal
conditions, and the possibility that alpha radiolysis could be confined to tight spaces (in
cracks or grain boundaries) make it potentially a more corrosive process.

4. DISCUSSION

4.1 MECHANISM OF OXIDATIVE DISSOLUTION

The overall process of oxidative dissolution of UO2 is electrochemical in nature and can be
written, in a simplified manner, in the form of two half-reactions, an anodic reaction

UO2-'UO2.x~>UO%*+2e (3 )

and the necessary complementary cathodic reaction

Ox+ne-Red

where Ox and Red represent a redox couple. The oxidants available to drive oxidative fuel
dissolution under waste vault conditions include dissolved oxygen and the oxidizing species
(e.g., OH», O2, H2O2) produced by the radiolysis of water.

The corrosion behaviour of UO2 in the near neutral to basic solutions expected under disposal
conditions can be summarized in terms of the schematic of the corrosion potential (ECORR) as
a function of exposure time in Figure 11. The form of this curve is quite general and has
been observed for UO2, SIMFUEL and spent fuel in solutions containing various amounts of
dissolved oxygen and in solutions radiolytically-decomposed by either gamma or alpha
radiation. To aid in interpretation the behaviour has been separated into three regions as
indicated.

In region 1 (ECORR < - 100 mV) the surface becomes progressively more oxidized as ECORR

increases. By the time ECORR ~ -100 mV a composition close to UO233 is achieved on UO2.
The time for EC0RR to reach -100 mV can be used as an estimate of the rate of this surface
oxidation process (UO2 —» UO2+X —> UO233). In region 2, the oxidative dissolution of this
surface oxidized film (as UO2

+) becomes important. As EC0RR approaches its steady-state
value (ECORR)SS, the UO2 33 film achieves a constant thickness and the rate of its formation is
balanced by the rate of its subsequent oxidative dissolution, i.e., steady-state dissolution
conditions are achieved. As the dissolution rate increases (as ECORR approaches (ECORR)SS)
precipitated secondary phases begin to accumulate on the electrode surface (region 3).

The PDS results (Figure 5) clearly indicate that dissolution commences at potentials as low as
-300 mV. Since potentials (ECORR) measured in argon-degassed solutions are generally in this
range or higher (Shoesmith and Sunder 1991), these results demonstrate that the dissolution
process is oxidative in nature even under nominally anoxic conditions. The implications for
the development of an electrochemical model to predict fuel dissolution rates will be
discussed below.
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The results of electrochemical and PDS experiments indicate that at least four factors could
control the rate of oxidation of the fuel surface and, hence, may also possibly affect its
dissolution rate. These are:

1. The extent of burnup, (i.e., the concentration and nature of fission products,
particularly rare earth dopants).

2. The degree of non-stoichiometry of the fuel, (i.e., uranium to oxygen ratio)
(Shoesmith et al. (1995).

3. The radiation dose rate due to the combined effect of alpha, beta and gamma radiation.

4. The presence on the dissolving surface of precipitated secondary phases (such as
UO3»2H2O).

The potential importance of burnup is illustrated by the effect of simulated burnup in
SIMFUELs on the kinetics of the oxygen reduction reaction. Not only is the cathodic
reaction (Equation 4) likely to be predominant in driving fuel dissolution under oxidizing
conditions, there is some evidence to suggest that its kinetics are important in determining the
overall rate of the dissolution process. The increase in current with an increase in the
percentage of simulated burnup (Figure 8) is consistent with an increase in density of donor-
acceptor sites in the electrode surface as the dopant concentration in the SIMFUEL increases.
The substitution of the trivalent ions (such as Y3+, La3+, or Nd3+) for U4+ in the uraninite
structure leads to further ionization of the remaining uranium ions to U5+ or U6+ to maintain
the overall charge balance. This leads to an increase in the number density of donor-acceptor
sites required for the catalysis of oxygen reduction. The critical role of these donor-acceptor
sites in the electroreduction of O2 has been discussed in detail elsewhere (Hocking et al.
1994). However, experiments presently underway on SIMFUELs containing either metallic
segregants or rare-earth dopants only, indicate that such an explanation for the catalysis of
oxygen reduction is incomplete. The role of the metallic segregants in catalyzing the O2

reduction process appears to be critical although a thorough understanding of this process
remains to be determined.

The faster rate of SIMFUEL oxidation (indicated by the faster rise in ECORR in Figure 9) can
be attributed to the catalysis of the oxygen reduction reaction by the increased number of
donor-acceptor sites, and/or the presence of intermetallic segregants. If SIMFUEL is accepted
as an analog for irradiated fuel, then these results clearly indicate that spent fuel will be more
rapidly oxidized than unirradiated fuel. This hypothesis appears to have been confirmed by
the results of similar corrosion experiments performed on spent fuels (Shoesmith et al. 1995).
The interpretation of these results obtained on spent fuels is complicated by the presence of
radiation fields which also accelerate the oxidation of the fuel.

The presence of non-stoichiometry in the fuel also leads to the ionization of uranium ions
from the U4+ state to U^/U6*, thereby increasing the number density of donor-acceptor states.
As a consequence, the reduction of oxygen is catalyzed on the oxidized UO2 surface which
exists when UO2 is corroding naturally under steady-state conditions, (i.e., at (ECORR)SS)
(Hocking et al. 1992, 1994).
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Despite the differences in oxidation rates, all three SIMFUELs and the unirradiated UO2

electrode achieve approximately the same final value of (ECORR)SS (Figure 9). This
coincidence suggests that while the fuel oxidation rate may be affected by burnup (degree of
doping) its dissolution (corrosion) rate may not. Because the steady-state relationship
between potential and electrochemical dissolution current remains to be determined for the
SIMFUELs, such a conclusion must be considered tentative. However, a common oxidative
dissolution rate would be consistent with a dissolution process controlled by the properties of
a UO2 33/UO3»2H2O layer, which forms on SIMFUELs as well as on UO2. It has been
demonstrated electrochemically and by X-ray photoelectron spectroscopy, that surface oxides
and secondary phases form on the electrode surface under natural corrosion conditions
(Sunder et al. 1992; Shoesmith et al. 1994b). By allowing natural corrosion to occur in
aerated solutions prior to electrochemical and PDS experiments, we have demonstrated that
the formation of these surface phases leads to the blocking of the dissolution process.

4.2 COMPARISON OF DISSOLUTION RATES FOR UO2 AND SPENT FUELS

The dissolution rates measured in the standard test solution using the flow-through method at
the three different laboratories agreed reasonably well. This agreement gives us confidence
that fuel dissolution rates can be reproducibly measured for UO2 and spent fuel.

One of the largest uncertainties in interpreting results from spent fuel dissolution experiments
is in determining the actual surface area exposed to solution. Surface-area measurements of
multi-grain spent fuel particles are inherently ambivalent. The BET method will generally
overestimate the effective surface area by including some of the internal grain boundary
surfaces that are not open to penetration by water. In contrast, geometric methods used to
estimate the surface areas of particle specimens generally assume that none of the grain
boundaries are exposed to water. In reality, a small portion of the grain boundaries clearly
are penetrated by water (Gray et al. 1993, 1994).' Thus, the geometric method actually
underestimates the effective surface area of the particle specimens even though the calculated
areas include a surface roughness factor of three (Gray et al. 1993).

Since there is no credible way to measure a viable surface area of multi-grain spent fuel
particles, an experimental solution is to grind the fuel sufficiently to produce a powder
comprised of individual grains or subgrains. The measured surface area of this type of
specimen, using either a BET method or a particle-size distribution (geometric) method, will
accurately represent the surface area that is actually exposed to the test solution.

With unirradiated UO2, the grain boundaries are believed to be tight enough to preclude any
significant penetration by water. This belief is based on the agreement between two different
methods of measuring the surface area of a UO2 powder specimen. A particle-size
distribution method, which is based on geometry, gave a surface area of 88.3 cm2#g"' while a
BET measurement on a portion of the same powder gave 267 cm^g"1 (Gray and Thomas
1992). This factor of three difference can be entirely attributed to surface roughness and

1 In this view, essentially 100% of the grain boundaries that intersect the surfaces of a particle
are penetrated by water to a depth of one, or a few, grain diameters. However, grain
boundaries in the interior of the particle are not penetrated. Thus, only a "small portion" of
the total volume of grain boundaries in a particle are penetrated by the water.
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strongly indicates that the krypton used in the BET measurement did not significantly
penetrate the grain boundaries. If the krypton had penetrated the grain boundaries, it is
expected that the BET measurement would have indicated a very much larger surface area
(probably at least 10 times larger) than the geometric measurement. Since the krypton
apparently did not penetrate the grain boundaries of the UO2, then it can be assumed that
water will not penetrate them either. Therefore, it follows that either geometric or BET
measurements of the surface areas of unirradiated UO2 specimens can provide an accurate
measure of the surface area that is actually exposed to the test solution. Because of the noted
difficulties with spent fuel surface area measurements, surface area differences may account
for some of the observed higher U dissolution rates from multi-grain particle samples of spent
CANDU fuels compared to UO2 samples with a similar particle size distribution as discussed
in Section 2.2.3.

The effect of temperature on the dissolution rates of UO2 and spent fuel is similar and quite
small, an activation energy of 6.9 to 7.7 kcal'mol"1 being obtained in a 'standard1 carbonate
solution (10~2 mol'L'1) (Steward and Gray 1994). This value is somewhat smaller than other
published activation energies measured in oxidizing carbonate solutions (>0.1 mol»L"') which
range from 10 to 15 kcal'mol"1 (as reviewed in Sunder and Shoesmith 1991). An activation
energy value as low as ~5 kcal'mol'1 was obtained by Thomas and Till (1984) for the
dissolution of UO2 in a granitic groundwater containing very little carbonate (~103 mol«L"').
While proof remains to be obtained, these results suggest that the activation energy may
depend on the carbonate concentration of the solution. The lower activation energies obtained
at lower carbonate concentrations may be attributable to retardation of the dissolution process
by secondary phases precipitated on the dissolving surface of the fuel. The expected increase
in dissolution rate with temperature, due to the normally high activation energies for oxide
dissolution processes, is offset by a thickening of the oxidized surface layers. Some
electrochemical evidence exists to support this view (Sunder and Shoesmith 1991).

4.3 EFFECT OF DISSOLVED IONS ON THE DISSOLUTION RATE

4.3.1 Effect of pH

From the waste management point of view, the pH range 5 to 10 is of greatest importance.
In this work the range 7.8 to 10.3 has been studied and it has been observed that there is little
influence of pH on the dissolution rates of either UO2 or spent fuel. These observations are
consistent with the electrochemical observations of Nicol and Needes (1973, 1975), and the
UO2 dissolution experiments of Thomas and Till (1984). Only for pH <5 would a significant
influence on the dissolution rate be expected (Sunder et al. 1991; Sunder and Shoesmith
1991). Under these more acidic conditions, the formation of UO233 films do not appear to
restrict the oxidative dissolution process.

4.3.2 Groundwater Ions

Dissolution experiments on spent fuels appear to indicate that chloride ions do not have any
affect on dissolution, even at concentrations as high as 0.5 mol»L"' (Johnson and Shoesmith
1988). The presence of calcium and silicate ions, however, has been shown to cause a
significant decrease in the dissolution rate of UO2 (Wilson and Gray 1990). Since no
analyses of the blocked UO2 surface were performed, the nature of the surface species formed
by adsorption of Ca and Si cannot be specified. However, it is likely that phases would be
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formed that are similar to those observed on single crystals of UO2 dissolving in a calcium,
magnesium, and silicon containing mineral water (Lahalle et al. 1989). On the basis of X-ray
photoelectron spectroscopic analyses, these authors concluded that dissolution was reduced by
a factor of 10 to 100, compared to what was observed in deionized water, by the formation of
a Mg/Si hydrous oxide which overlaid a layer of hydrated UO, on the surface. While these
results must be considered tentative, and calcium rather than magnesium is present in our
cases, the formation of a similar mineral oxide layer is to be expected. Certainly, a similar
decrease in dissolution rate (by a factor of up to 100) is observed in our experiments.

4.3.3 B icarbonate/Carbonate

Carbonate ion has been found to affect UO2 dissolution rates. The results of flow-through
dissolution tests presented in this report suggest that the effect of carbonate is small, a
reaction order of only ~ 0.25 being obtained for dissolution of UO2 in the carbonate
concentration range 2 x 10"* to 2 x 10~2 mol»L''. However, the reaction order with respect to
carbonate is complex, and the present dissolution data is not yet extensive enough to
determine a reliable reaction order with respect to carbonate.

Reaction orders, determined electrochemically (Shoesmith et al. 1983), distinguish three
distinct categories of behaviour:

1. For carbonate concentrations ^lO"4 mol»L', the dissolution current appears to be
independent of carbonate concentration. Such concentrations are insufficient to
prevent the deposition of secondary phases that can block the dissolution process.

2. For intermediate carbonate concentrations (~5 x 10"3 mol»L~' to 10"2 mohL1) a first-
order dependence on carbonate is obtained providing a sufficiently positive potential
(E > 200 mV) is applied. For lower potentials (-100 mV) a much lower reaction order
of -0.25 is obtained. Since the ECORR for UO2 in aerated carbonate solutions is unlikely
to exceed a value of -100 mV, it is appropriate to compare this value to the value of
0.25 obtained by Steward and Gray (1994) in flow-through dissolution experiments
with spent fuel. While the exact coincidence in the two values is undoubtedly
fortuitous, the agreement suggests that for natural open-circuit dissolution conditions,
the reaction order with respect to carbonate will be low.

3. For electrochemical experiments with carbonate concentrations >102 mol«L"'
(>103 mol»L' at E >200 mV) a U dissolution reaction order of -0.5 was obtained.
This is consistent with the value reported by Hiskey (1979) for UO2 dissolution in
concentrated carbonate solutions. Grandstaff (1976) observed a reaction order close to
zero for uraninite dissolution in high carbonate concentrations and attributed this to the
total coverage of the UO2 surface by adsorbed carbonate. In a.c. impedance
experiments conducted by Shoesmith et al. (1994b) it was clearly demonstrated that
absorbed carbonate is involved in the dissolution process at higher carbonate
concentrations.
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A more comprehensive discussion of the dependence of dissolution rate on carbonate
concentration will be attempted when a series of electrochemical experiments presently
underway is completed.

4.4 DISSOLUTION RATE DEPENDENCE ON O, CONCENTRATION

The electrochemical investigations have yielded a reaction order of one for the reduction of
oxygen on normal p-type unirradiated UO2 and on SIMFUELs with simulated burnups from
1.5 to 6.0 at%. This does not mean that the overall oxidative dissolution reaction, given by
the sum of the two half-reactions (Equations (3) and (4) with (4) written for O2 reduction),
must also exhibit a first-order dependence.

For UO2 dissolution in aerated carbonate solutions, the literature reports reaction orders for O2

ranging from 0.5 to 1.0, based on chemical dissolution studies (Grandstaff 1976; Hiskey 1979)
and on electrochemical dissolution studies (Needes et al. 1975; Shoesmith and Sunder 1991).
Unfortunately, the conditions under which these studies were performed varied, and the
adoption of a reaction order value is not yet merited. However, on the basis of
electrochemical principles, a first-order dependence of the cathodic reaction on oxygen is
likely to yield a reaction order for the dependence of the overall dissolution reaction on
oxygen concentrations of <1. The reaction order of 0.5 measured in fuel dissolution studies
(Section 2.2.4) could prove appropriate, though confirmation remains to be obtained. A
reaction order of one with respect to oxygen for the overall dissolution reaction would suggest
a process for which oxygen reduction was totally rate determining and the anodic dissolution
reaction was fast. Such a situation might be anticipated at high carbonate concentrations and
high temperatures when secondary phase formation would be minimized. Under these
conditions, the rate of the half-reaction (3) would be expected to be fast compared to the rate
of half-reaction (4), and the kinetics of the latter would be rate controlling. A reaction order
of zero is to be expected if the dissolution process is slow due to the presence of deposited
secondary phases, conditions most likely to prevail at low carbonate concentrations and/or low
temperatures. A scenario such as this could explain the change in reaction order with respect
to oxygen for LWR fuel dissolution from 0 at low temperatures to fractional order at 75°C
(0.35 and 0.73) in the fuel dissolution experiments of Steward and Gray (1994).

4.5 EFFECTS OF WATER RADIOLYSIS

Electrochemical experiments on unirradiated UO2 electrodes have clearly demonstrated that
the dissolution rate of UO2 increases with increasing gamma and alpha dose rate. Using the
relationships developed between gamma dose rate, or alpha source strength, an attempt to
predict the evolution of fuel dissolution rates under disposal conditions as a function of time
has been made (Shoesmith and Sunder (1991). These predictions require that the radiation
field associated with the spent fuel be calculated from the initial composition and burnup
history of the fuel using codes such as the ORIGEN code (Parks 1992). It should be
emphasized that the rates predicted in this manner do not take into account the long-term
modifications of the dissolution process expected as corrosion products build up on the fuel
surface and/or transport processes in the surrounding media start to become rate controlling.

Calculations of this kind have been performed for the reference spent fuel in the Canadian
Nuclear Fuel Waste Management Program (Bruce CANDU reactor fuel, burnup 685 GJ»kg'
U) (Shoesmith and Sunder 1991; Sunder et al. 1995). According to these calculations, the
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rate of oxidative dissolution driven by gamma radiolysis will fall to a very low value for
times >200 a. For dissolution supported by alpha radiolysis, oxidative dissolution will be
important for time periods up to -600 a. These times represent the periods for which
dissolution under anoxic conditions must be considered an electrochemical process and
modelled according to kinetic principles. For longer times, oxidative dissolution due to
radiolysis may still proceed, but conditions at the fuel surface approach redox equilibrium and
the application of a solubility-based model, as presently done in the Canadian Nuclear Fuel
Waste Management Program, is appropriate.

Despite these electrochemical demonstrations that water radiolysis will accelerate UO2

dissolution, our comparison of unirradiated UO2, and LWR and CANDU spent fuel
dissolution rates does not show consistent behaviour. In the case of CANDU spent fuel the
dissolution rate at 25°C appears to be approximately one order of magnitude higher than that
for unirradiated UO2. By contrast, the dissolution rate for LWR spent fuel at 25°C is the
same as that of UO2 within the uncertainties in the measurements. This apparent discrepancy
is surprising since LWR fuels have a burnup that is typically more than 4 times higher than
CANDU fuels and will produce a higher radiation dose rate to the solution than CANDU fuel.
One possibility is that these differences are due more to problems of accurate surface area
measurement than radiolysis effects. The dissolution rate given for CANDU fuel could be
overestimated due to an underestimate of the surface area of the fuel, which was taken to be
the same as that of the UO2, based on the similarity of their preparation techniques. If the
CANDU fuel surface area were in fact an order of magnitude higher, due to the penetration of
leachant down the grain boundaries in the fuel particles, a decrease in the calculated
dissolution rate would result.

This difference in response of the dissolution rates of spent LWR and CANDU fuels is
similar to the different responses to variations in oxygen concentration; the dissolution of
CANDU fuel showing an -0.5 order dependence on O2 concentration compared to an
effectively zero order dependence for LWR fuel at room temperature. This similarity in
behaviour suggests that the response of the two fuels to redox conditions is determined by
differences in reactivity of the two fuels and not by the nature of the oxidant. A difference
due simply to inconsistent determinations of surface area would suggest that no significant
response to redox conditions existed, a conclusion apparently incompatible with
electrochemical results.

It is possible that electrochemical studies overestimate the impact of irradiation on dissolution
rate. Electrochemical studies on spent fuel (Shoesmith et al. 1995) show that rapid oxidation
and the attainment of very positive (ECORR)SS values (>200 mV) is not necessarily
accompanied by the predicted increase in dissolution rate. A possible explanation for this is
that, in the presence of radiolytic oxidants, the formation of secondary phases, which block
dissolution even at positive potentials, is enhanced. The non-steady state nature of the
dissolution currents in the potential range up to -300 mV (Figure 6, region A) confirms that
dissolution is blocked, even at these potentials, by the accumulation of oxidized phases on the
fuel surface. It thus appears that much remains to be explained regarding the effect of
radiation on dissolution, since a similar hypothesis does not appear to explain the apparent
independence of the dissolution rate for LWR on dissolved oxygen concentration.
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5. DIFFERENCES AND VARIATIONS IN FUEL REACTIVITY

The factors which control fuel reactivity and its variation from site to site (i.e., grains vs.
grain boundaries) and from specimen to specimen (i.e., UO2 vs. CANDU vs. LWR fuel) are
not yet comprehensively understood. In the section on mechanism (Section 4.1), burnup, the
presence of non-stoichiometry (UO2+X) and the precipitation of secondary phases on the
dissolving surface were identified as the structural properties of the fuel most likely to control
its reactivity and hence, its dissolution rate. Many of these factors have been investigated
electrochemically, but the use of this understanding in the interpretation of spent fuel
dissolution behaviour has so far been limited. Dissolution studies do, however, suggest that
burnup does not have a significant influence on UO2 dissolution.

Despite the fact that many details remain to be explained, the electrochemical experiments
clearly indicate that the mechanism of oxidative dissolution remains generally the same for
both UO2 and both types of spent fuel. Since the first step in the process of oxidative
dissolution is the oxidation of the surface, a process which appears to follow a similar reaction
path for UO2, SIMFUELs with various simulated burnups and spent CANDU and LWR fuels,
it is likely that the chemical state of the surface is very similar in all cases. Evidence to
support this claim is obtained from electrochemical measurements and from dissolution
experiments under flow-through conditions on preoxidized UO2 and spent fuel specimens that
show similar dissolution rates to unoxidized specimens. If preoxidation of UO2 establishes a
UO2+X surface with the same chemical characteristics as those achieved by the natural
corrosion of unoxidized specimens in aerated solutions, then similar dissolution rates would be
expected once steady-state conditions had been achieved. If this is the case, then the
properties of the fuel matrix (e.g., burnup, degree of non-stoichiometry) could be masked and
their influence on dissolution rate limited. The absence of any clear evidence to support an
influence of burnup on dissolution rate appears to support this claim.

The question of the sensitivity of grain boundaries to enhanced dissolution has proven more
intractable. It is likely that grain boundaries are the sink for sintering defects as well as
residual porosity in fuel pellets. Residual porosity is likely to enhance the access of leachants
to grain boundary sites and the presence of defects (in the form of an increased degree of
non-stoichiometry) is likely to make these sites more reactive to oxidative dissolution.
Electrochemical and PDS experiments indicate, by comparing dissolution from the surface of
sintered UO2 pellets to that from single crystals, that dissolution appears to start at these
defect sites. Whether they are subsequently blocked, and preferential dissolution therefore
avoided by the formation of secondary phases, remains to be demonstrated. Some evidence
exists, based on electrochemical experiments on spent fuel (Shoesmith et al. 1995), to suggest
that dissolution from grain boundaries is blocked in this manner. These results can be
contrasted with dissolution results from single crystals of UO2 (Steward and Weed 1993) and
multigrain-sized particles of UO2 (Gray et al. 1994) which indicate that the dissolution rates
are similar, when surface area is taken into account, and thus suggests that enhanced
dissolution from grain boundaries in UO2 is not a significant mechanism.

Various estimates have been made of the importance of grain-boundary dissolution and
leaching from spent fuels. Gray et al. (1993, 1994) and Stroes-Gascoyne (private
communication) have shown that penetration of grain boundaries by solution is not universal,
and is confined to only a few grains in depth. For CANDU fuel leached for 17 years under



-23 -

oxidizing conditions, grain-boundary dissolution was observed only at the base of narrow
cracks and was confined to the outer rim area where residual porosity and sintering defects
are to be expected. Attack appeared to have occurred to a depth of ~5 to 10 grains, consistent
with the claim by Gray et al. (1993, 1994) that grain boundaries in LWR fuels could be
accessible for dissolution to a depth of between 2 and 9 grains from the surface. The
importance of the properties of the grain boundary is clearly indicated in the case of 17 year
leached CANDU fuel, for which no grain boundary attack was observed in the mid-pellet
region of the fuel, even where extensive fuel fracturing and micro-cracking existed as a result
of high fuel operating temperatures in this region.

Attempts to quantify enhanced dissolution and leaching of radionuclides from grain
boundaries have not been successful. Cesium leaching profiles for LWR fuel appear to be
diffusion-limited with time, and suggest that the entire grain boundary inventory would be
leached in about 600 days (Figure 3). By contrast, leaching experiments with CANDU fuel
show little physical evidence for enhanced grain boundary leaching, even after 17 years
exposure to oxidizing solutions. Extrapolation of Cs leaching results suggests that tens to
hundreds of years would be required to release the grain boundary Cs inventory. It thus
appears that the time required to release grain boundary inventories from spent fuels may vary
from periods of years to hundreds of years, and may be dependent upon fuel operating
characteristics and microstructure.

The preceding results thus indicate that there are differences in leaching from grain boundaries
in UO2 and used fuels. Ongoing experiments should provide further insight into grain-
boundary leaching mechanisms and their importance in UO2 and spent fuels.

6. MODELLING FUEL DISSOLUTION

While the development of a model to predict fuel dissolution rates is not the primary purpose
of this report, much of the information presented here is of value in establishing the basic
tenets of a model based on electrochemical principles. To date, for Canadian disposal
conditions a solubility-based model has been used. This model was demonstrated to be
appropriate, providing vault redox conditions were in the range controlled by Fe2+/Fe3+ redox
equilibria, and the composition of the fuel surface did not exceed UO2 33 (Shoesmith and
Sunder 1991). This approach is not appropriate for the Yucca Mountain repository conditions
which are expected to remain oxidizing.

Since the PDS results indicate that electrochemical, (i.e., oxidative) dissolution of UO2

commences at potentials as low as -300 mV (vs SCE), the application of an electrochemical
model is appropriate over a much wider range of potentials than previously thought. Despite
this, the use of a solubility-based model remains a reasonable approximation providing redox
conditions are controlled by Fe27Fe3+ and the overall rate of dissolution is controlled by
transport in the surrounding medium and not by interfacial rate parameters. Such an approach
may be applicable to Canadian disposal conditions but a kinetic (electrochemical) model will
be required for the oxidizing conditions expected at Yucca Mountain.

The electrochemical results indicate that the mechanism of UO2 and fuel dissolution
(expressed by the sum of the half-reactions 3 and 4) are basically the same although the
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kinetics may change depending on the properties of the fuel, and whether enhanced grain
boundary dissolution is involved. The applicability of a single reaction mechanism gives us
confidence that appropriate mathematical expressions based on electrochemical principles can
be developed and incorporated into a predictive model.

While further justification remains to be obtained, there is cause to be optimistic that
appropriate reaction orders can be specified for the dependence of dissolution rate on oxygen
and carbonate concentrations. The presence of precipitated secondary phases complicates the
choice of appropriate reaction orders but also appears to lead to a common dissolution rate for
a range of fuel types. If it can be demonstrated that surface oxidation does indeed lead to a
common dissolution rate for UO2, and LWR and CANDU fuel under oxidizing conditions,
then the development of a predictive model will be much simplified.

In its present partially developed form, our electrochemical model extrapolates dissolution
current - applied potential relationships of the form plotted in Figures 6 and 7 to the steady-
state corrosion potential (ECORR)SS taken from plots similar to those in Figure 9. When we
extrapolate the dissolution currents plotted in region B of Figure 6 to (ECORR)SS measured for
natural corrosion in aerated 0.1 mol»L' NaClO4 (pH ~9.5), we predict a dissolution rate for
UO2 within the range 0.016 to 5.4 x 10'4 ^ 1

If we extrapolate the data used previously in our model (Shoesmith and Sunder 1991), shown
by the line in Figure 6, then a rate of 0.04 mg»m"2»d' would be predicted. This value is low
compared to a previously published predicted range of dissolution rates of 0.1 to
0.9 mg»m"2«d"1 (Shoesmith et al. 1989). This can be attributed to the slightly lower (ECORR)SS

value measured in the present work. The lower values obtained in the present electrochemical
work can be attributed predominantly to the lower dissolution current values obtained
(Figure 6). The large scatter in dissolution currents, which leads to the wide range of
predicted dissolution rates, appears to be attributable to the localized nature of the dissolution
process (i.e., its enhancement in grain boundaries) and the unpredictable effects of secondary
phase formation. A range of dissolution rates different by a factor of 30 would not be
surprising given the uncertainties in grain boundary sensitivities and the effects of secondary
phase formation.

The predicted dissolution rate in the standard carbonate-containing solution used in the flow-
through tests is a much more certain value since the dissolution current-applied potential
relationship is more accurately defined (Figure 7). A value of ~10 ± 5 mg'm'^d'1 is obtained
which compares favourably with the values measured in the flow-through tests which range
from 1.5 ± 0.9 to 5.5 ± 2.7 mg'm'^d'1. It is possible that the better agreement obtained in
carbonate-containing solutions reflects the decreased importance of secondary phases in this
case.
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7. SUMMARY

The primary aims of the studies described in this report have been;

1. To develop an understanding of the mechanism of fuel dissolution.

2. To use this understanding to interpret the dissolution behaviour of spent fuel.

3. To synthesize this information into a model to predict the long term dissolution and
radionuclide release behaviour of spent fuel.

The application of a variety of electrochemical techniques and flow-through dissolution tests
on UO2 specimens, various SIMFUELs and both CANDU and LWR spent fuels has shown
that the basic chemical steps involved in oxidative dissolution are common to all types of
specimens. These observations suggest that there is a generally universal dissolution
mechanism for UO2 and spent fuels and that differences in fuel properties may be of only
secondary importance. Consequently, the dependence of fuel dissolution rates on
environmental parameters such as redox conditions, groundwater composition and temperature
will be the primary factors required in the development of a model to predict radionuclide
release.

All of these parameters have been studied with varying degrees of success. Electrochemical
experiments have clearly defined the dependence of the dissolution rate on the redox
conditions. However, attempts to demonstrate that the uranium dissolution rate from UO2 and
spent fuel has a simple dependence on dissolved O2 concentration and radiation dose rate have
not yielded either a well defined reaction order with respect to dissolved O2 or a clear
demonstration of the total significance of radiation effects. Despite these ambiguities, it is
conservative to accept that a dissolution model should account for a dependence on both O2

concentration and radiation dose rate.

The effects of groundwater constituents have been more successfully defined. Of the most
commonly expected constituents, Cl' has been shown to have no effect on the dissolution
process, Ca2+ and SiOj" to lead to surface species which block dissolution, and COf /HCO3~ to
accelerate dissolution. Both electrochemical and dissolution experiments suggest the
dependence of the dissolution rate on carbonate concentration will be low (reaction order
~0.25) for natural corrosion conditions. This is consistent with published information, as is the
observed lack of a pH dependence (7.8 < pH < 10.3).

The temperature dependence of the dissolution rate gives an activation energy of ~7 kcalnnor1,
which is within the range of published values for dissolution in non-complexing solutions.
Generally higher values (~15 kcal'mol'1) have been published for dissolution in carbonate-
containing solutions, suggesting that our low value may be due to the increasing accumulation
of precipitated phases as temperature increases.

While no attempt has been made to specify and develop a model for fuel dissolution, it is
now clear what the primary determining parameters are, and in many cases acceptable values
for these parameters have been measured. Although refinements are necessary, appropriate
reaction orders can be specified for the dependence of dissolution rate on oxygen and
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carbonate concentrations. The presence of precipitated phases complicates these choices but
also appears to lead to a common dissolution rate for a range of fuel types.

Even though we feel confident in claiming a sufficiently detailed understanding to specify and
develop a model to predict long term behaviour, a number of unknowns remain. The
presence and potential effect of oxidized surface phases on the dissolution behaviour are
difficult to characterize and appear to lead to uncertainties in some of the parameters required
for modelling. The dissolution process may not be homogeneously distributed across the fuel
surface, and the possibility of enhanced dissolution at grain boundaries remains undecided.
While a dependence of dissolution rate on redox conditions has been demonstrated for
CANDU fuel it has not been clearly observed for LWR fuel. Whether this is due to a basic
difference between the two types of fuel, a difference in experimental methodology, or real
uncertainties in the effects of radiation remains to be determined. The problem of accurately
specifying the surface area of the fuel specimens (whether as powders, fragments or pellets) is
a significant problem in attempts to compare the results from different laboratories. Often the
effects of other variables (e.g., radiation dose rate) appear to be lost in the uncertainties
involved in specifying the surface areas. Finally, additional analytical verification of
electrochemical predictions is required before we can be confident that results determined
electrochemically can be used to predict the behaviour of spent fuel.
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FIGURE 1: Uranium Concentrations Measured in a Flow-Through Experiment With
Unirradiated UO2 Pellet Fragments (Wilson and Gray 1990). Air-equilibrated
solution; temperature 25°C (except when noted otherwise).
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FIGURE 2(a): Normalized Uranium Dissolution Rate From Spent CANDU Fuel at 25°C in
Aerated 0.02
(~8 ppm O2)
Aerated 0.02 mol'L"1 HCOj/O.l mol'L'1 NaCl and Aerated Deionized Water
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FIGURE 2(b): Normalized Uranium Dissolution Rate From Spent CANDU Fuel at 25°C in
Deaerated 0.02 mol«L' HCO3/0.1 mol'L1 NaCl (~2 ppb O2)
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FIGURE 3: Cumulative Fraction of l37Cs Dissolved From the Grain Boundaries of ATM-103
0.02 Fuel Fragments in Aerated 0.02 mol'L' HCOj/CO," at 25°C

FIGURE 4: SEM Micrograph of CANDU Fuel Leached in Tap Water at 25°C
(~10~3 mol»L"' HCO3 ) for 17 a. a) Outer pellet region b) Centre pellet region
(Stroes-Gascoyne, private communication).
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FIGURE 5: Photo-Deflection Spectroscopy Experiment Showing the Probe Deflection for
five Sweeps to Progressively More Positive Potential Limits, a) Current
response b) Concentration deflection for the first three sweeps c)
Concentration deflection for the last two sweeps on a larger scale. The
deflection of the probe beam is proportional to the dissolved uranium
concentration (Rudnicki et al. 1994).
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FIGURE 6: Electrochemically Determined Dissolution Currents as a Function of Applied
Potential Recorded on a Number of Different Unirradiated UO2 Specimens in
0.1 mol»L"' NaClO4 (pH = 9.5). In region A, the currents are non-steady-
state values; in region B, the currents are steady-state values. The line
connects the data points used previously in an electrochemical model
(Shoesmith and Sunder 1991).
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FIGURE 7: Electrochemically Determined Dissolution Currents as a Function of Applied
Potential Recorded on a UO2 Electrode in Various Solutions at 25°C.
(1) (*) 0.01 mol»L' NaC104 plus 0.01 mol-L1 NaHCO3 (pH = 9.5, argon
purged; (•) Data in same solution ( Shoesmith et al. 1983); (x) Data in same
solution (aerated); (+) 0.1 mol'L"1 NaCl plus 0.01 mol*!/1 NaHCO3

(pH= 8.2, aerated); (2) (*) 0.1 mol-L"1 NaClO4 plus 0.5 mol»L ' NaHCO3

(pH= 9.5, argon-purged); (•) Data in same solution taken from Shoesmith
et al. 1983.
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FIGURE 8: Current-Voltage Curves for the Cathodic Reduction of O2 on Unirradiated
UO2 (p-type) and Various SIMFUELs in 0.1 mol'L1 NaClO4 (pH= 9.5, 25°C)
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FIGURE 10: Dissolution Rates of UO2 as a Function of Alpha Source Strength in Solutions
Undergoing Alpha Radiolysis (0.1 mol»L"' NaClO4, pH= 9.5, 25°C). The
second x axis (time axis) shows the time at which such activity levels are
achieved on the surface of a reference Bruce CANDU fuel
(7.938 MWd'kg1 U). The solid line shows the maximum possible dissolution
rate in such a solution; the horizontal dashed line corresponds to the
threshold below which the application of a kinetic model based on
electrochemical principles is no longer necessary if the repository conditions
are weakly reducing (Canadian repository conditions).
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