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Abstract

The extensive studies of used fuel dissolution inside a failed nuclear waste container have
been reviewed. The primary factor controlling fuel dissolution is the redox condition established
at the fuel surface by the radiolysis of water, how it evolves with time as radiation fields decay,
and how it is influenced by the presence of oxidant scavengers, especially H,, produced by
corrosion of the steel liner in the container.

If the container fails early, and oxidizing conditions are established, the fuel dissolution process
will be a corrosion reaction driven by radiolytically-produced H,O,. As radiation fields decay
and conditions become less oxidizing, the fuel corrosion rate will decrease. The rate, and its
evolution with time, will be influenced by the formation of corrosion product deposits, facilitated
by calcium and silicate in the groundwater, which lead to the formation of insoluble U"' phases.
These deposits could partially block the fuel corrosion process, but could also lead to the
formation of locally acidified sites at which the corrosion rate is increased. The location of
these sites would be pores in the deposit and/or flaws in the fuel surface. If the groundwater
contains sufficient bicarbonate, the formation of deposits would be inhibited and the fuel
corrosion process possibly accelerated by the formation of bicarbonate-uranyl ion complexes.

As redox conditions become less oxidizing these issues become less important. The
generation of acidity within deposits is unlikely, and since the corrosion rate becomes limited by
the available concentration of oxidants, the influence of bicarbonate on the corrosion rate
disappears. For sufficiently low radiation dose rates, a threshold for the transition from
corrosion to chemical dissolution has been identified electrochemically and validated by
dissolution rate measurements on used fuels and alpha-doped UO, specimens. For CANDU
fuel this threshold is expected to occur between 10,000 and 20,000 years. Beyond this
threshold fuel dissolution will be solubility-controlled and extremely slow.

The transition from radiolytic corrosion to chemical dissolution can be very rapidly induced in
the presence of oxidant scavengers, especially H,. Small concentrations of H, suppress the
redox condition to the threshold even for used fuels with high gamma/beta radiation fields. For
sufficiently high concentrations, the establishment of the reversible H./H" reaction on noble
metal epsilon particles can lead to galvanic protection of the fuel against corrosion. Itis
possible that this effect could lead to protection of the fuel against corrosion almost from the
time of container failure. Under these conditions fuel dissolution and radionuclide release
would be extremely small.
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1. INTRODUCTION

The recommended approach for long-term management of used nuclear fuel in Canada is the
Adaptive Phased Management approach (NWMO 2005). This approach includes centralized
containment and isolation of the used fuel in a deep geological repository in a suitable rock
formation. The Canadian repository concept is based on multiple barriers: the used fuel
bundles, durable metal containers, a clay buffer and seals around each container, and a deep
stable geologic environment. An illustration of a recent repository concept is shown in Figure 1
(McMurry et al. 2003).

‘ Deep Geologic Repository l

Figure 1: lllustration showing a deep geologic repository concept for used nuclear fuel.

This deep geologic repository can provide reasonable assurance in the long-term containment
and isolation of the used fuel bundles, an assurance considerably enhanced by the selection of
a copper-shell container (McMurry et al. 2000; King and Kolar 2000; King and Kolar 1996; Maak
2003). However, it is judicious to assume containers will eventually fail, thereby exposing the
used fuel bundles to groundwater. Furthermore, although the thin Zircaloy cladding on the fuel
is likely to provide a further barrier, it is usually conservatively assumed that groundwater can
contact the used fuel directly.

Since the used fuel contains the residual radioactivity, its behaviour on contact with
groundwater is important for long-term safety assurance. Over the past 25-30 years, a
substantial effort has been expended internationally to study fuel dissolution and radionuclide
release processes under a range of proposed waste repository conditions (Johnson and
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Shoesmith 1988; Shoesmith 2000; Johnson et al. 1994; Johnson et al. 1996; Shoesmith et al.
2005). This report will review the present understanding of the fuel corrosion/dissolution
process.

2. DESCRIPTION OF USED FUEL

CANDU fuel pellets are fabricated from high-purity unenriched UO» (235U = 0.71%) with a
typical grain size of 5 — 10 um, approach 97% of theoretical density, and are close to

stoichiometry (UO2 go1) in composition. The pellets are sealed within a Zircaloy-4 (Zr-Sn)
sheathing (cladding), and assembled into bundles. A typical bundle design is shown in Figure
2. On removal from reactor, the radioactivity, thermal heat output, and composition of the fuel
are roughly proportional to its burnup; the energy released per unit mass of uranium. The
typical burnup range for CANDU fuel is ~ 120 to 320 MWh/kgU and a reference value of 220
MWh/kgU has been used in recent repository studies (Tait et al. 2000).

Ceramic Pellets of
Uranium Dioxide
Inside the Sheath

Zirconium Alloy
Tube (Fuel Sheath)

Zirconium
Alloy Piug

Zirconium Alloy
End Plate N

Figure 2: Typical CANDU fuel bundle

The fuel undergoes a number of microstructural and compositional changes during in-reactor
use, as illustrated in the sequence of photographs in Figure 3A (McMurry et al. 2000). Un-
irradiated UO, fuel possesses a cohesive, interlocking microstructure with some internal
sintering porosity remaining from the fuel fabrication process. During in-reactor irradiation, the

sintering porosity left behind in the UO» grains by the fuel fabrication process is largely
eliminated. The individual grains grow, a process accompanied by the redistribution of non-
volatile fission products within the UO» fuel matrix, some of which form small metallic particles

(epsilon (g) particles) at grain boundaries. Volatile fission products can diffuse out of grains to
form gas bubbles at grain boundaries. These features are illustrated in the optical micrographs
in Figure 3B.



Figure 3: A - Scanning electron microscope photographs of UO, fuel (Hastings 1982)

(a) Typical microstructure of unirradiated UO,. Small inclusions = sintering porosity.

(b) Irradiated at low power (< 45 kW/m). Note the loss of sintering porosity and the
development of small intergranular fission gas bubbles (B).

(c) Irradiated at higher power (> 50 kW/m), showing growth of fission gas bubbles (B) and the
initiation of tunnels (T).

(d) Magnified view of irradiated higher power fuel. Note the grain-edge tunnels (T) and the
development of fission gas bubbles (B) on all faces of the empty grain location.

Figure 3: B - Optical micrographs of polished and etched UO, fuel (Hastings 1982) and of

the segregation of metallic fission products from the UO, (Novak and Hastings 1991)

(a) Unirradiated UO,. Note sintering porosity in grain interiors.

(b) Irradiated UO, at low burnup (20 MWh/kgU at 50 kW/m). Note the increase in grain size
(equiaxial grain growth), the loss of sintering porosity, and the development of fission
gas bubbles and tunnels along boundaries.

(c) Irradiated UO; at high burnup (770 MWh/kgU at 52 kW/m), showing small white particles at
grain boundaries that are formed from incompatible metals such as Mo, Ru, and Pd that
have diffused out of the UO, grains. Well-developed fission gas bubbles (B) and
tunnels (T) are also present at grain boundaries. The scale is approximately the same
as in (b).

The radionuclides within used fuel are primarily from fission products and actinides, but small
guantities of activated lighter elements will also be present. The radionuclides within the used
fuel can be grouped into three distinct categories:
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1) Fission products which are volatile at reactor operating temperatures, and migrate
during reactor operation to the fuel/sheath gap.

2) Fission products, which migrate to grain boundaries, and reside there in fission gas
bubbles, or separate into solid phases such as perovskites ((Ba, Sr) ZrO3) and metallic
epsilon (g) particles (Mo, Ru, Rh, Pd, Tc).

3) Fission products and actinides/lanthanides that are retained in the fuel matrix.

On exposure to groundwater within a failed container, the fission products in categories 1 and 2
are assumed to dissolve quickly into the ground water as illustrated in Figure 4. For fission
products in category 1, this assumption is realistic since they are inevitably soluble and
completely unretained by the fuel matrix. For fission products in category 2, such an
assumption is conservative, since the grain boundaries are not immediately accessible to
groundwater, and release of radionuclides from these locations could be controlled to a
significant degree by the corrosion/dissolution of the fuel. Radionuclides in categories 1 and 2
are termed the instant release fraction. Discussions of the instant release fraction, and how it is
determined, are available elsewhere (McMurry et al. 2000; Johnson et al. 1994; Garisto et al.
2004; Werme et al. 2004).

Released instantly on
exposure to groundwater

nnnnn
ppppp

90% of Radionuclides

Released instantly on
exposure to groundwater Released slowly at a
rate controlled by the
dissolution rate of
the fuel matrix

Used Fuel Container ln\

Figure 4: Cut away view of a used fuel container showing the inner and outer vessels
and the fuel bundles (McMurry et al. 2003). Also shown is a schematic illustration of the three
distinct categories of fission products and actinides; the gap and grain boundary inventories
that constitute the Instant Release Fraction (IRF), and the matrix inventory, whose release will
be controlled by fuel corrosion/ dissolution.

The great majority of radionuclides (> 90%) are retained within the fuel matrix; i.e., category 3.
Since these are embedded within the dense UO, grains, they can only be released by diffusion
to the grain boundaries or by dissolution of the UO, grains themselves. Solid-state diffusion is
slow at repository temperatures (< 100°C), making used fuel corrosion or dissolution the
primary process for the release of this majority of radionuclides.
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3. PROCESSES CONTROLLING FUEL MATRIX DISSOLUTION

The release of the > 90% of radionuclides contained within the solid-state matrix of the used
fuel will be governed by the corrosion/dissolution of the UO, matrix. The rate of this process will
be related to, but not necessarily directly proportional to, the solubility of uranium in the
groundwater. At repository depths, groundwaters are inevitably oxygen-free and any oxygen
introduced during repository construction and operation prior to sealing will be rapidly
consumed by mineral and biochemical reactions in the surrounding clays and by minor
corrosion of the copper container (McMurry et al. 2000; King et al. 2000; King et al. 1996; Maak
et al. 2003). The groundwater chemistry will depend on its origin in the host rock. For relevant
Canadian Shield crystalline rock, it is expected to be Ca”*/Na‘/ClI/SO,* dominated with a pH in
the range 6 to 9 (McMurry et al. 2003). It may also contain small amounts of HCO5 (10 to 10°
mol/L).

For these neutral anoxic conditions, the theoretical solubility of crystalline UO,, calculated from
thermodynamic data, is extremely low (~10™° mol/L) (Werme et al. 2004). However,
measurements (Parks and Pohl 1988; Grenthe et al. 1992; Fuger 1993; Neck and Kim 2001,
Rai et al. 2003; Yajima et al. 1995; Rai et al. 1990; Guillamont et al. 2003) yield values of the
order of ~10"°° mol/L for pH > 4 (due to formation of amorphous UO, during the experiments).
Above pH = 4, the solubility is insensitive to pH. Since there is some variation in measured
solubilities depending on the degree of crystallinity of the solid, the OECD-NEA recommended
value is 10®° mol/L (Guillamont et al. 2003).

These solubilities are for uranium in the +4 oxidation state (U"), its normal condition in
stoichiometric UO,. The corresponding solubility equilibrium is

UO,(s) + 2H,0 — U(OH), (aq) (1)

If the concentration of dissolved U" is controlled at the fuel surface by this solubility equilibrium,
then the fuel dissolution rate will be controlled by the diffusive or advective transport of U away
from the fuel. Early Canadian safety assessment models, e.g., the first AECL case study
(Johnson et al. 1994), focused on such a solubility limited transport controlled model (Lemire et
al. 1989; Garisto et al. 1991; King et al. 2000). Solubilities calculated with this model were
consistent with the range of measured solubilities and the rate of release of those radionuclides
contained within the fuel matrix (category 3) was predicted to be very slow.

While groundwater entering the failed container may be anoxic, its radiolysis due to the residual
radioactivity from the fuel will produce a variety of chemical species including oxidants. These
species are produced directly at, or in the environment immediately adjacent to, the fuel surface
once it is wetted with groundwater. The possibility that water radiolysis could produce oxidizing
conditions has stimulated a revised approach to the modeling of used fuel dissolution. This is
the background behind current Canadian used fuel models, like those used in AECL’s second
case study (Johnson et al. 1996) and Ontario Power Generation’s third case study (Garisto et
al. 2004; Gierszewski et al. 2004).

Under oxidizing conditions, UO, can be oxidized to the +6 oxidation state (U"), e.g., as UO,*",
and dissolve since the solubility of U in the U"' state is many orders of magnitude greater than
in the U" state (as UO,) (Grenthe et al. 1992). It is now universally acknowledged that in the
presence of oxidants, this dissolution process must be considered a corrosion reaction, in which



-6 -

the oxidant is consumed to convert the insoluble U" (in UO,) to the much more soluble U (as
U0,2".

The rate of this reaction will depend on redox conditions (Shoesmith 2000; Johnson et al. 1996;
Werme et al. 2004; Shoesmith et al. 2003; Sunder et al. 1997; Shoesmith et al. 1998; King et
al. 1999; Sunder 1995; Carbol et al. 2005). The thermodynamic driving force for a corrosion
process is illustrated in Figure 5. The redox potential of the groundwater (Eregiox, COMmMonly
termed E;,) must be more positive than the equilibrium potential for fuel dissolution
((E®)uozuo2*"). The driving force for corrosion is the potential difference, Eregiox — (E)uoziuoz’"
Under such conditions the fuel will establish a corrosion potential (Ecorr) at which the anodic
fuel dissolution rate (UO, — UO,™" +2¢"), termed the corrosion rate, will be equal to the rate of
the oxidant reduction reaction (Ox + 2e" — Red), as illustrated schematically in Figure 6.

FUEL GROUNDWATER
— T Egeaox
| Change in redox
| potential as oxidanis
l are consomed
— ECORR
(E)yowo*

Figure 5: lllustration demonstrating the thermodynamic driving force for fuel corrosion
in an aqueous solution containing oxidants. Ecorr is the corrosion potential at which the
overall process takes place on the fuel surface.



FUEL GROUNDWATER
H,0 RADIOLYTIC
PRODUCTION OF
o, B,y | OXIDANTS

H,0,, OH*, O,

CATHODIC
REDUCTION OF

OXIDANTS
/ OH—
-

ANODIC
Uy OXIDATION AND

\ DISSOLUTION

> U022+ OF THE FUEL

Figure 6: lllustration showing the radiolytic production of oxidants by the alpha, beta,
gamma radiolysis of water, and the coupling of cathodic oxidant processes to anodic
fuel dissolution which constitutes the overall fuel corrosion process.

The sum of these two “half” reactions constitutes the overall corrosion process,
U0, + Ox — UO,”* + Red (2)
and the corrosion rate will be controlled by the kinetics of the slowest “half” reaction.

As shown in Figure 7, the radiation fields associated with the used fuel will decay with time,
leading to a decrease in the radiolytic oxidant concentrations, and, therefore, a decrease in
Erediox (En). This will lead to a decrease in both Ecorr and the fuel corrosion rate as the driving
force for corrosion is reduced by the consumption of oxidants and the decreasing rate of their
replenishment. If Egegox Were to fall to a value less than (E°)yozuo2?’, then corrosion would
become thermodynamically impossible and only chemical dissolution (via reaction 1) could
occur.
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Figure 7: Alpha, beta, and gamma radiation dose rates calculated as a function of time
for a layer of water in contact with a CANDU fuel bundle with a burnup of 220 MWh/kgU.

This evolution in solution redox conditions (Ey) makes the fuel corrosion process (and, hence,
the radionuclide release process) very dependent on the time to failure of the waste container.
Clearly, the longer the period of containment to prevent wetting of the fuel, the lower the rate of
production of radiolytic oxidants and, hence, the lower the thermodynamic driving force for fuel
corrosion. If the corrosion rate, and its evolution with time, is then to be determined it is
necessary to know the time groundwater contacts the fuel, the redox conditions in the
groundwater established by water radiolysis, whether these conditions are sufficiently oxidizing
to support fuel corrosion, and a measured relationship between redox condition and fuel
corrosion rate.

4. FUEL CORROSION THRESHOLD

The dependence of fuel corrosion rate (and Ecorr) On redox conditions is now well established,
based on electrochemical measurements (Shoesmith 2000; Johnson et al. 1996, Shoesmith et
al. 1991; Sunder et. al. 2004; Shoesmith et al. 1998), measurements of corrosion rates (or rate
constants) in the presence of oxidants (Ekeroth et al. 2003; Hossain et al. 2006; Gimenez et al.
1996; de Pablo et al. 1996; de Pablo et al. 2001; Clarens et al. 2004; Corbel et al. 2006; de
Pablo et al. 2004), and measurements in the presence of radiation fields (Carbol et al. 2005;
Corbel et al. 2006; Jegou et al. 2004; Mennecart et al. 2004; Stroes-Gascoyne et al. 2005;
Bailey et al. 1985; Sunder et al. 1992; Sunder et al. 1997; Wren et al. 2005).

Thermodynamically, it is also straightforward to determine the surface redox conditions when
UO, should be immune to corrosion and, hence, susceptible only to chemical dissolution.

Using the available data (Grenthe et al. 1992; Paquette et al. 1981; Lemire et al. 1980), E,, (and
hence, Ecorr) Would have to be less than -0.35V (vs. the saturated calomel electrode (SCE)) at
a groundwater pH of 9.5 (and would decrease by 0.06V for each unit increase in pH). However,
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given the complexity of the solid-state chemistry of UO, and its evolution during in-reactor
irradiation, it is judicious to establish an oxidative (corrosion) threshold experimentally.
Knowledge of this threshold is essential if the influence on fuel corrosion of redox active species
in the groundwater is to be accurately assessed. This is particularly important considering the
experimentally demonstrated influence of redox scavengers, Fe*" and H,, produced within a
failed, groundwater flooded, waste container.

Uranium can exist in three different oxidation states, U", UY, and U"', but is effectively only
soluble as U, and then only to a concentration of approximately 10™° mol/L in neutral pH
solutions (Grenthe et al. 1992; Guillamont et al. 2003). Using electrochemical methods, and
subsequently analyzing the surface by X-ray photoelectron spectroscopy (XPS), the
composition of the fuel surface has been carefully mapped as a function of fuel surface
potential. Figure 8 clearly shows the increasing oxidation of the surface for potentials above
approximately —0.3V. At potentials below this value, the relative amounts of the three oxidation
states present are identical to those observed for reduction of the surface at very negative
potentials (-1.5V). The small amounts of oxidized states, U¥ and U"', observed at applied
potentials < -0.4 V can be attributed to an unavoidable slight air oxidation of the surface on
transfer from the electrochemical cell to the vacuum chamber of the spectrometer.

All three oxidation states of U can be detected, and their relative proportions vary with applied
potential (Broczkowski et al. 2007; Santos et al. 2004; Shoesmith et al. 2004). The U" state
exists only as an intermediate in the overall anodic (oxidative) dissolution process. As indicated
in the reaction scheme across the top of this figure, the top few nanometers of the surface are
converted to a mixed U"/U" oxide (UO,.,) prior to conversion to the more soluble U"' state.
Since the oxidation state of the U in the surface has increased, oxygen anions (O") are injected
into the fuel lattice to maintain charge neutrality. As will be discussed below, this thin surface
layer has catalytic properties, and is important in determining the kinetics of the overall
corrosion process. As the potential increases, the rate of oxidation and dissolution of the fuel
surface increases exponentially with applied potential (Shoesmith 2000) and the slightly soluble
U"' exceeds its solubility product at the fuel surface and deposits as UO3-yH,0. The behaviour
at very high potentials will be discussed below.

Based on this data, and additional electrochemical evidence (Santos et al. 2004; Shoesmith et
al. 2004), the evolution of the fuel surface composition can be specified as a function of
potential, Figure 9. In this plot, the potential axis is labelled Ecorr, and represents the response
of the fuel surface to the redox condition (Ey) in the exposure environment. Much of the detail
in these two figures will be addressed below. Here, it is noted that the onset of oxidation occurs
around —0.3 to -0.4V, i.e., within the region expected thermodynamically, and is relatively
insensitive to temperature. The vertical dashed line is conservatively drawn at —0.4V to
represent the threshold for the onset of fuel corrosion. Above this potential there is the
possibility of fuel corrosion at a rate controlled by the concentration of radiolytically produced
oxidants. For potentials below this threshold, fuel dissolution, and hence the mobilization of
radionuclides, can only occur by chemical dissolution, e.g., via reaction 1.
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Figure 8: The fractions of various oxidation states of uranium in a 1.5 wt% SIMFUEL
electrode surface as a function of electrochemical potential. The electrode was anodically
oxidized at each potential for 1 hour in 0.1mol/L (NaCl (pH=9.5) and then analyzed by x-ray
photoelectron spectroscopy (XPS) [Santos et al. 2004].
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Figure 9: The composition of a UO, surface as a function of potential (from Figure 8). The
vertical dashed line indicates the potential threshold above which UO, would be expected to be
subject to corrosion, and below which only chemical dissolution can occur. The arrow A
indicates the corrosion potential range predicted by a mixed potential model to describe fuel
corrosion due to the alpha radiolysis of water inside a failed waste container (Shoesmith and
King 2003]). The upper limit of this range represents the expected Ecorr if the container fails
on emplacement, and the lower limit represents the Ecorr predicted after 10° years.
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A similar effort to identify this threshold, based on the measurements of E, and dissolved U
concentrations in experiments employing a-doped material (***U or ***Pu), was undertaken
within a recent spent fuel project in Europe (Poinssot et al. 2005). U dissolution rates were
found to decrease with decreasing specific alpha activity in the fuel specimen, and there
appeared to be a specific activity threshold below which no influence of alpha radiolysis could
be detected. It was claimed that above this threshold, fuel dissolution was radiolytically
controlled (i.e., a corrosion process) while below it, dissolution was solubility-controlled (i.e., a
chemical reaction) as illustrated in Figure 10. Solubility-control was assumed to be established
for dissolved U concentrations < 10”° mol/L (comparable to the OECD-NEA recommended value
of 10" mol/L for the solubility of UO,), Ey, values < -0.01V (-0.25 V on the SCE scale used in
Figure 9), and the observation in long term tests that the U concentration did not increase with
time.
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Figure 10: lllustration showing the concept of an alpha activity threshold for the onset of
radiolytically-controlled fuel corrosion. Below the threshold, the fuel dissolution process is
solubility-controlled. The darker shaded areas illustrate the spread in measured rates of the
influence of alpha activity on fuel corrosion (adapted from Figure 25 in Poinssot et al. 2005, see
also Figure 38 in this report).

Since corrosion will not occur in the absence of oxidants, E, and Ecorg Should both decrease
towards the equilibrium potential as radiation fields decay. Thus, E, at the alpha activity
threshold (Figure 10) and Ecorr at the electrochemical threshold (Figure 9) should approach
the same value. While E,, from the a-doped fuel experiments has not been measured at pH =
9.5 (the value used to obtain the data in Figure 10), the measured pH dependence (over the
range 6 < pH < 8 (Poinssot et al. 2005)) of E,, suggests a value at pH = 9.5 in the region of
-0.1V (-0.35V vs. SCE) which compares well with the threshold defined in Figure 9. Considering
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the distinctly different experimental approaches used, the two threshold values are gratifyingly
consistent.

5. KEY INFLUENCES DETERMINING THE FUEL CORROSION RATE

While the above measurements and considerations establish the basic corrosion nature of the
fuel dissolution process and its dependence on redox conditions in the presence of radiolytically
decomposed water, a much clearer understanding of the chemistry/electrochemistry involved is
required to justify long-term predictions for safety assessment calculations. The key reactions
anticipated within a failed, groundwater-flooded container have been defined using the mixed
potential model (MPM), a model based on electrochemical principles and the extensive
electrochemical database available (Shoesmith et al. 2003; Shoesmith et al; 1998), and are
summarized in Figure 11. In this model the Zircaloy cladding is conservatively assumed to
provide little or no protection of the fuel against contact with groundwater, and reasonably
assumed to be inert and chemically uninvolved in the reactions described.

uUo, Aqueous Solution In A Failed Container Carbon |Cu

Fuel Steel
Liner

Uo, 4+— Uo.2* Fuel

- ’ Dissolution
H,0 H,0
2 /‘ 7/
0, Fell(s) Fe'l(aq) «— Fe

Redox

: H,0
Scavenging >
H,0, H,0 H,
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H,O
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NW Water
Radiolysis

Figure 11: lllustration showing the key reactions anticipated inside a groundwater
flooded waste container.

Two corrosion fronts exist, one on the fuel surface and a second one on the surface of the
carbon steel liner. On the fuel surface, corrosion is driven by reaction of UO, with the products
of water radiolysis. If the container and cladding are reasonably assumed to prevent wetting of
the fuel surface until y/p radiation fields have decayed to insignificant levels (within 1000 years,
Figure 7), the source of oxidants will be the alpha radiolysis of water. This makes H,O, the
primary oxidant available to drive fuel corrosion (Ekeroth et al. 2003; Ekeroth et al. 2006;
Nielson et al; 2006), although the production of O, via H,O, decomposition would introduce a
second oxidant (see below).
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On the steel surface, corrosion can be sustained by reaction with water to produce Fe" and H,.
Since these corrosion fronts are interconnected by diffusion processes in the groundwater,
many possibilities exist for homogenous redox reactions between radiolytic oxidants and soluble
fuel and steel corrosion products, leading to the precipitation and redissolution of U and Fe solid
phases, and the possibility of adsorption/desorption processes on these solids. A more
complete description of possible reactions is given elsewhere (Shoesmith et al. 2003;
Shoesmith et al; 1998).

Based on this scheme, and calculations and sensitivity analyses performed using the model
(King et al. 1999; King et al. 2000; King et al. 2001a; King et al; 2001b; King et al; 2002; King et
al. 2002b; Kolar et al. 2003), the following key issues were identified:

1) The composition and reactivity of the fuel surface as a function of redox condition;

2) The influence of groundwater species and corrosion product deposits on the fuel
surface;

3) The kinetics of H,O,/O; reduction in support of fuel corrosion; and

4) The scavenging of radiolytic oxidants and/or the inhibition of their reaction with the fuel
surface by the products of steel corrosion, particularly H,.

6. COMPOSITION OF THE FUEL SURFACE

Figure 8 illustrates that the composition of the surface changes as the potential is increased
through the corrosion region (i.e., for potentials greater than the threshold of —0.4 V). Since
redox conditions inside a failed container will change as radiation fields decay with time, Ecorr
and, hence, the composition of the surface, would also be expected to change and influence
the corrosion process.

Over the potential range from the threshold at -0.4V to approximately OV (the actual value
depends somewhat on temperature (Broczkowski et al. 2007)), the U" content of the UO,.,
surface layer increases with potential. Since the conductivity of UO, increases as x in UO,.y
increases (Hyland et al. 1983; Winter 1989), and a surface comprising mixed U"" states has
been shown to be catalytic for O, reduction (Hocking et al. 1991; Hocking et al. 1994), this
change in composition can be expected to influence corrosion kinetics. The line A in Figure 9
shows that predicted (Shoesmith et al. 2003; Shoesmith et al. 1998) Ecorr values (over 10°
years) fall within this range; i.e. the fuel surface should always be able to support corrosion.
However, it should be noted this prediction does not take into account all the possible surface
reactions, which could significantly reduce the value of Ecorr (section 10).

A number of additional features in Figure 8 are noteworthy.

(1) Dissolution has been shown to commence as soon as the potential exceeds the
threshold value of —0.4V (Rudnicki et al. 1994).

(ii) For potentials greater than OV (at room temperature; -0.2V at 60°C), a U"' deposit
begins to accumulate on the fuel surface. Since this deposit will be an insulator, it
would be expected to block the fuel corrosion process occurring on the underlying
conductive UO,., layer.
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(iii) At high potentials, the decrease in U"' content of the surface indicates that
passivation is incomplete. This can be attributed to the development of local acidity
due to hydrolysis of dissolved U"' (Wren et al. 2005),

nUO,™" +yH,O — (UO,),(OH),*™* + yH" (3)

At room temperature the onset of this process occurs around 0.3 to 0.35 V, Figure 8, while at
60°C, it can occur at a potential as low as 0.1 V (Broczkowski et al, 2007). The potential
consequences of such a process will be further discussed below.

7. REACTIVITY OF THE FUEL SURFACE

Measurements of fuel corrosion rates show wide variations in fuel reactivity (Poinssot et al.
2005; Shoesmith et al. 1994; Oversby 1999). It is in some cases unclear whether these
differences are attributable to real variations in fuel reactivity, or to differences in experimental
conditions and specimen treatment. Reports of a difference between the measured dissolution
currents for single crystals and sintered discs by a factor of 10° (Nicol et al. 1973), and between
UO, and natural uraninites containing ill-defined impurities (Grandstaff et al. 1976), suggest that
the presence of defects and impurities introduced during in-reactor fission (section 2) could
exert a significant effect on the corrosion rate. Also, there is electrochemical evidence to show
that fuel reactivity increases with the degree of non-stoichiometry (x in UO,.,) (Shoesmith et al.
2001). While in-reactor irradiation is unlikely to lead to a significant change in the degree of
non-stoichiometry, residual non-stoichiometry from the fuel fabrication process is likely to
remain. The most likely location of this non-stoichiometry is within grain boundaries, making it
difficult to know whether the grain boundary inventory of fission products is presently
overconseratively included in the instant release fraction (section 2).

These features suggest that in-reactor burnup leading to lattice doping with fission products and
the formation of noble metal epsilon particles could influence corrosion rates. Generally, it has
been assumed that the primary influence of burnup will be to increase the instant release
fraction and to enhance the radiation fields leading to the production of radiolytic oxidants
(Johnson et al. 1994; Johnson et al. 1996; Tait et al. 2000; Garisto et al. 2004; Carbol et al.
2005). However, the increase in fission product doping of the UO; lattice has been shown to
influence the kinetics of air oxidation of fuel (Thomas et al. 1993; Choi et al. 1996; Cobos et al.
1998; McEachern et al. 1998), leading to the suspicion that a similar influence on corrosion
could be observed.

Raman spectroscopy studies show that fission product doping (varied in SIMFUELS (Lucuta et
al. 1991; Matzke et al. 1991) with different degrees of simulated burnup) has a significant
influence on the structure of UO,, Figure 12.

The peaks at 450cm™(P1) and 1150cm™(P2) are signatures for the well defined cubic fluorite
lattice of UO,, and the broad peak(s) in the region 500-700cm™ (P3) are attributed to a
damaged lattice (He et al. 2007). The loss in intensity of P1 and P2 with respect to P3 as the
fission product doping level increases clearly indicates a loss of cubic symmetry. This loss of
symmetry correlates with an influence on the oxidation and dissolution currents, Figure 13.
While the influence of doping (simulated burnup) on the oxidation step (UO, — UQy.y; ip(l) ) is
marginal there is a definite suppression in dissolution current (UO., — UO,*"; ip(z)) with
increased doping.
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Figure 12: Raman spectra recorded on three SIMFUEL specimens with different degrees
of simulated burnup (He et al. 2007).
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Figure 13: Anodic currents recorded on three SIMFUEL electrodes with different degrees
of simulated burnup in 0.1 mol/L NaCl (pH=9.5): ip(l) was recorded at a potential of + 0.1V
(vs. SCE) when only the surface oxidation reaction, UO, — UO,.y, is occurring: ip(z) was
recorded at +0.4 V (vs. SCE) when the predominant reaction occurring is the anodic dissolution
reaction, UO,y — UO,”" (He et al. 2007).
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This influence of fission product doping parallels that observed for air oxidation (Thomas et al.
1993; Choi et al. 1996; Cobos et al. 1998; McEachern et al. 1998). The reasons for this effect
are not fully understood, but a possibility is that the formation of dopant-vacancy clusters
reduces the availability of vacancy sites for O incorporation into the surface, the first step in
the oxidation/dissolution sequence. More pertinent is the evidence (from x-ray diffraction as
well as Raman spectroscopy (He et al. 2007)) that doping to the 1.5 at % level exerts only a
marginal effect on fuel reactivity. Since CANDU fuel burnups are commonly in this range
(Johnson et al. 1994; Johnson et al. 1996; Garisto et al. 2004), any influence of burnup on the
corrosion rate of CANDU fuel would be limited to its influence on cathodic kinetics (i.e., H,O,/O,
reduction in support of fuel corrosion, section 9).

8. INFLUENCE OF CORROSION PRODUCT DEPOSITS

If fuel corrosion were to persist for long periods of time, then corrosion product deposits would
accumulate on the corroding fuel surface. This accumulation could have a nhumber of effects:

1) It would suppress corrosion by blocking the fuel surface to an extent determined by the
porosity of the deposit, Figurel4.

2) It could restrict the diffusive mass transport of species to and from the reacting surface,
Figure 14. Since the primary oxidant driving corrosion (H,0O,) is produced by radiolysis
at the fuel surface, a sufficiently thick, low porosity deposit could prevent diffusive loss
of H,O, from surface sites. Such a deposit could also hinder the access of redox
scavengers (Fe*, H,) to the corroding surface, thereby reducing the efficiency of
scavenging.

3) Deposits could incorporate radionuclides released during fuel corrosion, thereby
preventing, or at least delaying, their release to groundwater and modifying the yield and
distribution of a-radiolysis products (Burns et al. 1997; Buck et al. 1998; Finch et al.
2002; Burns et al. 2004).

4) By restricting the diffusion of dissolved UO,”" away from the fuel surface, deposits could
lead to a local acidification (via hydrolysis by reaction (2)) within pores in the deposit or
within defects in the fuel surface (fractures, locations of missing grains, fission-induced
porosity). In the absence of acidification, these pores and defects would be expected to
seal by precipitation, since the concentration of dissolved U"' would be highest at the
fuel surface, and, hence, it is there that precipitation would most likely occur (if the
concentration exceeds the solid solubility). However, the development of acidity at the
fuel surface introduces a pH gradient within the pores/defects leading to an inverse
gradient in solubility, which could maintain porosity and sustain film growth, as illustrated
schematically in Figure 15.
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8.1 Influence of Redox Conditions and Groundwater Speciation on the Nature of Surface
Deposits

The physical and chemical properties of deposits will be determined by the combination of
redox conditions, temperature, and groundwater composition. The key groundwater
constituents are COs?/HCO5, which will increase UO,*" solubility and hinder the formation of
deposits, and Ca®" and silicate, which will stabilize insoluble UO,** deposits. As discussed
abgve in section 3, the groundwater entering the failed container could contain both HCO,” and
ca”.
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Figure 14: lllustration showing a porous deposit on a corroding surface exposed to an
agueous environment. The presence of the deposit leads to a decrease in the area of the
corroding surface (A) exposed to the solution, and to a slowing of the diffusion of solution
soluble species to the surface: Doy is the diffusion coefficient of the soluble species; ¢ is the
porosity of the deposit, 1 is the tortuosity of the pores, and D¢ is the effective diffusion
coefficient of the soluble species (D = €t Doy)-
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Figure 15: lllustrations showing the influence of a corrosion product deposit on the local
chemistry at the corroding fuel surface. The first panel shows that the hydrolysis of
dissolved U"' (UO,*") at the fuel surface produces a lower pH at the corroding surface than at
the mouth of the pore. As illustrated in the second panel, this pH gradient leads to a solubility
gradient within the pore. Since the solubility is highest at the corroding surface, dissolved UO,
diffuses down the solubility gradient and deposits (as UOs.xH,0) on the outside of the deposit.

2+

The influence of deposits is hard to study on a laboratory timeframe since their rate of
accumulation is very slow, especially when redox conditions are only slightly oxidizing.
However, similarities in the alteration phases (redeposited dissolved U solids) observed in
laboratory experiments and those observed in the geological alteration of natural uraninite
deposits (Buck et al. 1997; Wronkiewicz et al. 1996; Wronkiewicz et al. 1992; Finch et al. 1999;
Office of Civilian Radioactive Waste Management 2004) provides evidence that the overall
alteration processes observed in the laboratory are similar to those likely to control alteration
over the repository time frame (Finch et al. 1992; Finch et al. 1991).

Most studies on the influence of Ca** and silicate on the formation of surface deposits have
been performed under oxidizing conditions, and clearly demonstrate the incorporation of these
species into oxidized uranium phases. Consequently, U"' silicates are expected to be the
primary, thermodynamically stable phases formed by fuel alteration under Yucca Mountain
(Nevada, USA) conditions (Office of Civilian Radioactive Waste Management 2004). In
addition, single-pass flow-through loop experiments and electrochemical studies show that the
effect of these two species is immediate (after their addition), suggesting a direct effect on the
kinetics of the dissolution process as well as on the nature of the deposits formed. Uranium
concentrations measured in the flow-through loop experiments with UO, pellet fragments
showed the fuel corrosion rates and radionuclide release rates to be suppressed by a factor of
200, with the larger influence being exerted by the silicate (up to a factor of 100) (Wilson et al.
1990; Tait et al. 1997).

Figure 16 shows that the replacement of Na* by Ca*" in a 0.1 mol/L chloride solution very
significantly suppresses the anodic dissolution of UO, at 0.25 V, a strongly oxidizing potential
(Figures 8 and 9). Experiments at less oxidizing potentials (0.1 V) showed that Ca”" did not
inhibit the initial surface oxidation step (UO, — UO..,), Figure 17, confirming that its influence is
primarily on the dissolution step (UO,., — UO,*"). Since there was no evidence for its



-19 -

incorporation into surface phases in these short term experiments, the influence of Ca** was
attributed to its ability to absorb on the fuel surface and retard protonation steps involved in
dissolution (Santos et al. 2006a).

0.0 0.2 0.4 06 0.8 1.0
[Na'][Ca ]

Figure 16: Anodic dissolution charges measured on a 1.5wt% SIMFUEL in a 0.1 mol/L
solution (pH = 9.5) containing different ratios of CaCl, and NaCl. The charges were
measured after 100 hours of anodic oxidation at 0.25 V, and are directly proportional to the
number of moles of dissolved U, which could be calculated using Faraday’s Law (Santos et al.
2006a).

Silicate also suppresses the anodic dissolution of UO, (Santos et al. 2006b), but by
incorporation into U"' deposits which form on the fuel surface, Figure 18 (A and B). The
coadsorption of water indicates that dissolution is suppressed by the accumulation of a
hydrated U"' silicate deposit. More recent experiments conducted at low applied dissolution
currents confirm the formation of a U silicate deposit, Figure 19.
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Figure 17: The relative fractions of the three uranium oxidation states in the surface of a
1.5wWt% SIMFUEL electrode as a function of the fraction of Ca®* present in a NaCl/CaCl,
solution with an overall concentration of 0.1 mol/L (pH =9.5). Each anodic oxidation was
performed at 0.1 V for 18 hours prior to surface analysis by XPS. The dominance of the U"
state confirms that the oxidation reaction (UO, — UO..,) is not retarded in a Ca**- dominated
solution (Santos et al. 2006b).
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Figure 18: A - Atomic percentage of Si on the surface of an electrochemically-oxidized
1.5wWt% SIMFUEL electrode. B- Correlation between the amounts of U" and silicate on
the SIMFUEL surface. The electrode was anodically oxidized at each potential for 1 hour in a
solution containing 0.1mol/L silicate + 0.1mol/L NaCl (pH = 9.5) prior to surface analysis by
XPS. B shows that the amounts of U"' and silicate on the electrode surface are correlated,
indicating the formation of a U"'silicate surface deposit (Santos et al. 2006b).
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Figure 19: Scanning electron microscopy (SEM) image and energy dispersive X-ray
(EDS) maps of a 1.5 wt% SIMFUEL surface slowly electrochemically oxidized in a
solution containing 0.1 mol/L NaSiO; + 0.1 mol/L NaCl (pH = 9.5). A current of 20 hA was
applied for 600 hours prior to analysis of the surface. The SEM image shows an area of the
surface covered by deposit (right hand side) and an uncovered area (left hand side). The
strong Si and O, and lower U, signals indicate the deposit is a U"' silicate. The localized signals
for Na and CI can be attributed to the presence of NaCl in the wet porous deposit when the
electrode is in the electrochemical cell. When the specimen is removed and placed in the
microscope, the water evaporates leaving behind the NaCl.

For the initially slightly oxidizing to long-term anoxic conditions expected in a deep geologic
repository, the investigation of the influence of corrosion product films is considerably more
difficult. Attempts to analyze deposits (alteration products) on the surface of fuel specimens
exposed to solutions containing Ca®* and silicate were unsuccessful, although the formation of
coffinite (USiO,4.nH,0) was suspected, and minor amounts of ekanite may have been formed
(Amme et al. 2005). However, the presence of silicate clearly suppressed dissolved U
concentrations, suggesting a direct influence on the chemical dissolution process. While by
themselves inconclusive, these observations are consistent with analyses from the Cigar Lake
deposit (Saskatchewan, Canada) where reducing conditions were maintained by the presence
of pyrite oxidation to yield the redox scavenger, Fe**. Analyses of samples from this deposit
showed no evidence for the formation of oxidized secondary deposits, and only very minor
evidence for chemical conversion to coffinite (Cramer et al. 1994). The mixed U""' solid,
ianthinite, has been observed under oxidizing conditions (Burns et al. 1997), but the authors
speculated that its formation was a consequence of local depletions of oxidants at the sites at
which it was observed.
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Figure 20 summarizes the phases that would be anticipated to form under different redox
conditions based on published studies. The mineralogy of U is very complex (Wronkiewicz
1999), and the phases given represent general observations and not an exhaustive list of
possibilities.
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Figure 20: Possible secondary phases that could form under different redox conditions
on a corroding/ dissolving UO; surface.

While these studies identify the chemical nature of phases that may form as deposits on UO,,
they provide no information on the physical properties of deposits required to determine their
behaviour on the fuel dissolution/corrosion process. Of particular importance is their porosity
since this parameter will have a significant effect on the chemical conditions at the fuel surface.
In particular, its influence on diffusive mass transfer of species to and from surface active sites
will be the primary determinant of surface redox conditions and their control by redox active
species in the groundwater, in particular the products of steel corrosion (Fe** and H,). These
difficulties make it necessary to make assumptions when attempting to model the influences of
deposits (Shoesmith et al. 2003), and then attempt to test the assumptions by comparing the
model predictions with observations.

8.2 Development of Local Acidity at the Corroding Fuel Surface

The possibility of forming acidic conditions within surface flaws in the fuel and/or pores in
corrosion product deposits has been identified in electrochemical experiments (Santos et al.
2004; Santos et al. 2006c¢) and in corrosion experiments with used fuel (Shoesmith et al. 1996).
It is also suspected to occur at high alpha dose rates (Wren et al. 2005), and is the most likely
explanation for the aggressive corrosion observed on spent fuel specimens tested in
unsaturated drip tests (Finn et al. 1994; Finn et al. 1997). Electrochemical studies (Santos et
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al. 2006) have shown that the mechanism of oxidation/dissolution of fuel changes for pH < 5.
Oxidation of the surface to UO,., prior to dissolution is no longer observed and both the
solubility (Grenthe et al. 1992) and the dissolution rate (in aerated solutions (Torrero et al.
1997)) increase substantially.

In Figure 9, acidification is identified as a possibility for potentials above about 0.1 V, but
electrochemical experiments indicate that the process cannot be ruled out for potentials as low
as 0 V (Santos et al. 2006). Model calculations (Shoesmith et al. 2003) indicate that the
maximum Ecorr Sustainable at expected alpha dose rates could approach about -0.05 V (line A
in Figure 9) introducing the possibility that local acidification may be possible.

Under natural corrosion conditions anodes and cathodes are not artificially separated as they
are in an electrochemical experiment, and the alkalinity produced by oxidant reduction

(H20, + 260 — 20H)) should, at least partially, neutralize the acidity produced by the anodic
reaction, as illustrated in Figure 21. However, separation of anodes and cathodes can be
achieved if the surface properties are non-homogeneous, as they will be in used fuel due to the
presence of grain boundaries, which may differ from grains in compaosition, and noble metal
epsilon particles (section 2). If container failure were to occur early, while y/p radiation fields
were significant, experiments on used fuel indicate that the development of acidity would be a
real possibility (Shoesmith et al. 1996). However, for the low alpha dose rates expected if
container failure were delayed, it is experimentally very difficult to determine whether local
acidification is possible or not, and attempts to model the process are underway (Cheong et al.
2007). The primary goal of such a model is to determine whether the conditions required to
produce acidity are achievable at the slow rates of fuel corrosion anticipated within a failed
container.

UVI deposit e
H,0,
20H- H,0,
UVI deposit ; 200 _,p.0
2 s
+2xH* \’Ué;(gmx@’ﬁ
> UO,(OH),2
UV deposit
UV deposit

Figure 21: lllustrations showing how acidity can develop within pores in a corrosion
product deposit. The first panel shows that acidity can develop at the anodic dissolution site
providing it is separated spatially from the cathodic site. The second panel shows that, if the
two sites are not separated, then the alkalinity produced by H,O, reduction will, at least partially,
neutralize the acidity.
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The reactions considered, and the model format used, for the anodic dissolution reaction
(assuming the cathodic reaction occurs at a remote galvanically-coupled site) are illustrated in
Figure 22. The ability to develop acidity will be related to the relative rates of fuel dissolution at
the base of pores (or flaws) and the diffusive flux of protons away from the fuel surface to the
bulk of solution. The fuel dissolution rate is related to the redox conditions (Ecorr at the fuel
surface) and the dimensions of the pore/flaw (i.e., its depth and cross sectional area). The
additional influences of groundwater species (Ca**, silicates, HCO5/CO5”) which could diffuse
into the pore have, so far, not been considered.

Species swept away A
Solution
yH,O in the pore
Anodic UO,
dissolution
2D Axial _tem B

Symmetry<'>

U0,2* Hydrolysis

UOZZ* (aq) + OH(aq) = U°2°H+(aq)

UO,0H"(aq) + OH(aq) = UO,(OH),(aq)
| UO,(OH),(aq) + OH{aq) = UO,(OH);{aq)

- UO,(OH),(aq) + OH-(aq) = UO,(OH) 2(aq)

Water Equilibrium
H,0 = H'(aq) + OH-(aq) Ry

Figure 22: A - lllustration showing the electrochemical, chemical, and transport
processes considered in a model to predict the pH at the bottom of a pore in a corrosion
product (UO3xH,0) deposit on a corroding UO, surface.

B - lllustration showing the axial symmetry assumed for the pore, and the hydrolysis
reactions involved in generating acidity (Cheong et al. 2007).

Preliminary calculations, Figure 23, show that, as demonstrated experimentally, Figures 8 and
9, acidity can develop in relatively shallow pores/flaws (~ 1um deep) at oxidizing potentials
(0.3 V), but a pore/flaw approaching 1 mm in depth would be required for this to happen at

— 0.05 V, the maximum potential thought sustainable by alpha radiolysis (line A in Figure 9).
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Figure 23: The pH predicted at the base of a pore in a corrosion product deposit as a
function of pore depth and the potential at which dissolution was occurring. The anodic
dissolution reaction rate increases exponentially with applied potential (Cheong et al. 2007).
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Figure 24: The influence of the maximum pH change predicted at the base of a 300um
deep pore on UO, dissolution occurring at a potential of 300mV. The calculated values are
superimposed on plots of the solubility of U" and U"' taken from Grenthe et al. (1992).
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For a potential of -0.25 V (the minimum predicted potential, ignoring any influence of hydrogen),
for acidity development appears impossible since pores/flaws > 1 cm in depth would be

required. In addition, the pH at the base of a pore for a potential of -0.05 V would be less than
5. Such pH depression would have only a minor influence on solubility, Figure 24, but
significant influence on corrosion rate, Figure 25. While further studies, especially on the

influence of temperature, are required, these calculations clearly indicate that the influence of
local acidity should exert only a marginal effect on fuel corrosion behaviour.
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Figure 25: Measured dissolution rates of UO, as a function of pH in a 0.1mol/L NaClO,

solution purged with gas containing various percentages of O,[Torrero et al. 1997]. The
arrow at pH = 9.5 indicates the assumed bulk solution pH in the model described in Figure 22.

The arrow at pH=4.8 shows the minimum predicted pH at a potential of 0.3 V (vs. Ag/AgCl) for
a 300um deep pore in a corrosion product deposit on the fuel surface (from Figure 23).

8.3 The Influence of Carbonate on Fuel Corrosion

While Ca®* and silicate are the species most likely to promote the formation of deposits, the
groundwater species most likely to prevent it are HCO3/CO3>. Carbonate is a strong

complexing agent for the uranyl ion (UO,>") (Grenthe et al. 1992; Shoesmith et al. 1994), which
leads to a considerable increase in this ion’s solubility, and an acceleration of fuel corrosion
(Shoesmith et al. 2003; Shoesmith et al. 1984; Shoesmith et al. 1983; de Pablo et al. 1996;

Hossain et al. 2006; Goldik et al. 2006; Luht 1998; Stroes-Gascoyne et al. 2005; Sunder et al.
1992; de Pablo et al. 1999; llin et al. 2001; Cobos et al. 2003),

UO,”" + aHCO; — UO,(HCO;),>?

(4)
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Both electrochemical (Shoesmith 2000; Shoesmith et al. 2003; Shoesmith et al. 1984;
Shoesmith et al. 1983) and chemical studies (de Pablo et al. 1996; Hossain et al. 2006; de
Pablo et al. 1999; llin et al. 2001; Cobos et al; 2003) yield consistent results. When the total
HCO3/CO,” concentration is > 10™ mol/L, which is possible under anticipated groundwater
conditions (section 3), formation of U"' deposits is prevented, and oxidative dissolution
proceeds uninhibited at a rate 2 to 3 orders of magnitude greater than in the absence of
carbonate. As the carbonate concentration is increased, HCO;/CO5” not only prevents
deposition, but inhibits formation of the underlying UO,. layer (de Pablo et al. 1996; Hossain et
al; ) and catalyzes fuel dissolution via a surface complexation process (Goldik et al. 2006).

UO, + HCO; — UY(HCOg)ags + € (5)
UY(HCOg)ass + OH — UY(COg)ass + € + H,0 (6)
U"(COs)ass + HCO3 — (U"'05(CO3),)* + H' (7)
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Figure 26: Steady-state electrochemical dissolution currents measured on a 1.5wt%
SIMFUEL electrode as a function of applied potential in a 0.1mol/L NaCl solution (pH=9.7)
containing various concentrations of HCO3/CO5*: (m) 5 x 10° mol/L; () 10 mol/L; () 5 x
10 mol/L; (o) 10" mol/L; () 2 x 10™ mol/L [Goldik 2006]. At positive potentials (strongly
oxidizing conditions) the levelling off of the current indicates dissolution is becoming
independent of potential. The arrow at the high potential limit indicates the dissolution reaction
is dependent on total carbonate concentration under strongly oxidizing conditions. The levelling
off of the current and the arrow at the low potential limit shows that the reaction is becoming
independent of both potential and total carbonate concentration under weakly oxidizing
conditions.
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The influence of carbonate on the kinetics of fuel dissolution decreases with decreasing
concentration and potential. As the concentration decreases below 10™ mol/L, any influence on
dissolution becomes negligible (Hossain et al. 2006) and corrosion product deposition becomes
possible at oxidizing potentials. Electrochemical studies show that, irrespective of
concentration, the influence of carbonate disappears as the potential is reduced, and
consequently less oxidizing, Figure 26. Thus, as radiation fields decay, and redox conditions
become less oxidizing, any acceleration of fuel corrosion by HCO3> will disappear.

9. KINETICS OF REDUCTION OF CATHODIC REAGENTS

As shown in Figure 6, the overall corrosion reaction is composed of two half reactions; the
anodic dissolution of fuel, and the cathodic reduction of radiolytic oxidants, including the radical
species OH®, HO,®, CO;™ (in carbonate solutions), CI* (in chloride) and the molecular oxidants,
H,O, and O,. The corrosion rate will be controlled by whichever of these two half reactions is
kinetically the slowest. Consequently, considerable effort has been expended in determining
the mechanism and kinetics of possible cathodic reactions, since they could control both the
rate and overall extent of fuel corrosion.

If container failure occurs while y/f radiation fields are significant, fuel corrosion will be driven
by both radical and molecular oxidants (Shoesmith 2000; Shoesmith et al. 1996; Sunder et al.
1992; Shoesmith et al. 1992). However, while the rate constants for the reaction of radiolytic
radicals with the fuel surface have been shown to be large (Ekeroth et al. 2003), the steady-
state radical concentrations are low and fuel corrosion is dominated by reaction with H,O,,
which is present in substantially larger amounts. If container failure is delayed until y/§ fields are
insignificant (> 500 to 1000 years, Figure 7) and only the a-radiolysis of water is important,
H,0O, would be expected to totally dominate radiolytic corrosion. However, H,O, decompaosition
could produce the additional oxidant, O, (2H,O, — 2H,0O + O,), which has been shown to
react ~200 times slower with the fuel surface than does H,0O, (Shoesmith 2000; Wren et al.
2005; Shoesmith et al. 1989), and fuel corrosion could be correspondingly significantly slower.

9.1 Kinetics of Oxygen Reduction

The cathodic reduction of O, is notoriously slow due to the need to break the strong O-O bond
(Hocking et al. 1991). On oxide surfaces this reaction is catalyzed by mixed oxidation states
(termed donor-acceptor sites) in the oxide surface. On UO.., these sites are adjacent U"/U"
atoms which relay electrons released by the anodic fuel oxidation/dissolution reaction to O,
molecules adsorbed on the oxide surface, as illustrated schematically in Figure 27A. The rate
of O, reduction is controlled by the transfer of the first electron (in the sequence of four required
for total reduction; O, + 2H,O + 4e° — 40H’) (Hocking et al. 1991; Hocking et al. 1994).
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Figure 27: Schematic illustrations indicating the influence of various factors on O,
reduction on UO, surfaces (Shoesmith 2000).

A - lllustrates the occurrence of O, reduction at donor-acceptor sites (U"/U" adjacent atoms) in
the UO, surface. The rate-determining step (RDS) is the transfer of the first electron in the
sequence of four, and is first order in O, concentration. Since the donor-acceptor sites are
widely distributed, the reaction occurs under Langmuir isotherm conditions.

B - Oxidation of the fuel surface catalyzes O, reduction by incorporation of O at interstitial
sites in the UQ, lattice leading to the creation of additional donor-acceptor surface sites.

C - In-reactor fission creates rare-earth (RE*") dopants at uranium lattice sites, leading to the
creation of additional donor-acceptor sites, which could catalyze O, reduction.

D - In-reactor fission creates noble metal epsilon (g) particles, which catalyze O, reduction.

As illustrated in Figure 8, such a catalytic surface will exist once the potential is above the
threshold of —0.4V required for fuel corrosion to occur. Natural corrosion experiments in
aerated solutions confirm that an increase in the number density of donor-acceptor sites (UO,

+ x/20, — UO,,,) does occur, leading to a corresponding increase in O, reduction current,
Figure 27B (Hocking et al. 1991; Hocking et al. 1994, Betteridge et al. 1997) in electrochemical
experiments. Attempts to further increase the rate of O, reduction by electrochemical oxidation
actually lead to a decrease in O, reduction current due to the blockage of U"/U" donor-acceptor
sites by insulating U"' species (UO;.yH,0) (Betteridge et al. 1997).

Inspection of Figures 8 and 9 shows coverage by U"' occurs once the potential exceeds 0 to 0.1
V, and experimental measurements in aerated solutions confirm that Ecorr resides in this
potential range (Shoesmith et al. 1989). For lower O, concentrations, Ecorr is < 0V and
corrosion, while slower, will be sustainable on the UO.., surface and not inhibited by the rate of
release of U"' species from the fuel surface. Thus, as the O, concentration decreases, kinetic
control of the corrosion reaction will switch from the anodic reaction to the cathodic reaction.
When O, concentrations are high, release of U"' species, formed by the anodic oxidation of the
fuel surface, will be rate-controlling, while at low O, concentration the reduction of O, on the
limited number of available donor-acceptor sites will be the slowest reaction step. Given the
low oxidant concentrations anticipated under repository conditions, cathodic control of the
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overall corrosion reaction would be expected if O, (formed from H,O, decomposition) was the
primary oxidant.

Two possible effects of in-reactor burnup on O, reduction can be identified,; (i? fission product
doping with rare earth (RE") ions which will increase the number density of U"/U" donor-
acceptor sites, Figure 27C; and (ii), the creation of epsilon particles which contain the noble
metals Ru, Rh, and Pd, all of which have been shown to catalyze O, reduction (Anastasijevic et
al. 1986; Vracar et al. 1986; Vracar et al. 1987; Martinovic et al. 1988; Kim et al. 1995; Kubatko

et al. 2003).

Rare earth doping alone has only a marginal effect on the kinetics of O, reduction, but an
increase in number and size of epsilon particles (over the simulated burnup range 1.5 at% to 6
at%) systematically increases the rate of O, reduction, Figure 28. Thus, O, reduction in support
of fuel corrosion would occur preferentially on epsilon particles rather than on the UO; surface,
Figure 27D. This would mean that the separation of anodes and cathodes, required for the
generation of local acidity at anodic sites (section 8), could occur.
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Figure 28: O, reduction currents recorded on various SIMFUEL electrodes in a 0.1mol/L
NaCl (pH=9.5) solution purged with air ([0,]=2.5 x 10“mol/L): (o) fission product-doped
UO,containing no epsilon particles; (a) 1.5wt% SIMFUEL; (o) 3wt% SIMFUEL; (e) 6 Wwt%
SIMFUEL; (x) 3wt% SIMFUEL containing epsilon particles but no fission-products. The
current increases as the number and size of the epsilon particles in the UO, increases. In the
absence of epsilon particles the current is significantly lower. The presence of epsilon particles
in the absence of dopants gives high currents confirming that O, reduction is catalyzed on the
particles, and not on the doped UO, surface. The line (1) is drawn with a slope of 90
mV/decade of current, the slope expected on noble metals. For the 6wt% SIMFUEL, the log
current-potential relationship achieves this slope at low potentials, demonstrating the catalytic
effect of the epsilon particles.
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9.2 Kinetics of Hydrogen Peroxide Reduction

The cathodic reduction of H,O; is considerably faster (200 times) than that of O, (Shoesmith
2000; Shoesmith et al. 1998) and its effect on UO, corrosion has been extensively studied
(Sunder et al. 2004; Gimenez et al. 1996; de Pablo et al. 1996; de Pablo et al. 2001; Corbel et
al. 2006; Wren et al. 2005; Hossain et al. 2006; Eary et al. 1983; Brown 1980; Diaz-Arocas et
al. 1995; Amme 2002; Amme et al. 2002; Hiskey 1980; Christensen et al. 1990; Jonsson et al.
2004; Goldik et al. 2004; Goldik et al. 2005; Goldik et al. 2006a, Goldik et al. 2006b). This
higher rate can be attributed to the ability of H,0, to create its own U"“/U" donor-acceptor sites,

2UY + H,0, > 2UY + 20H (8)

rather than rely on the number of such sites pre-existing in the fuel surface, as is the case with
O, reduction. This site is subsequently reduced by the electrons liberated by the anodic
dissolution reaction,

20V + 2 —» 2u" 9)

The creation of donor-acceptor sites in this manner would also be expected to catalyze
peroxide decomposition, as illustrated schematically in Figure 29. Consequently, under natural
corrosion conditions, H,O, would be expected to not only oxidize the UO, surface but to
catalyze its own decomposition, and claims that decomposition occurs have been advanced
(Diaz-Arocas et al. 1995; Amme 2002; Amme et al. 2002; Hiskey 1980).

H,0 H,0, O,
2/ e/
O, ST = 21

Figure 29: lllustration showing the H,O, decomposition reaction catalyzed on a non-
stoichiometric UO,.4 surface.

However, as observed for O, reduction, corrosion and decomposition are blocked at sufficiently
high H,0, concentrations (> 10 mol/L) by the formation of U"' surface species. These states
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block the surface and retard regeneration of the catalytic (UO,.,) surface, required for reaction
8. This means that, for sufficiently high H,O, concentrations, corrosion is limited by the rate of
release of U species from the blocked surface, i.e., by the same limiting reaction observed for
corrosion in O, solutions. This claim is confirmed by the similar Ecorr Values measured in the
presence of either oxidant (Sunder et al. 2004). An attempt to illustrate this mechanism is
shown in Figure 30.
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Figure 30: lllustration showing how H,O, decomposition is blocked on an oxidized UO,
surface. The mechanism shows that UO, is oxidized by H,O, in two fast steps to a non-
stoichiometric surface that could sustain H,O, decomposition. However, the surface becomes
blocked by adsorbed O, and U"' (UO,*") species, and the slow consumption of O, and release
of UO," to solution is required to regenerate the non-stoichiometric surface required to sustain
decomposition. As a consequence, decomposition can proceed no faster than the fuel
corrosion reaction.

These data show that the mechanism of cathodic reduction of H,O, and O, proceed via the
same basic sequence of reactions. The faster kinetics for H,O, reduction compared to those
for O, reduction mean that the transition from anodic control of the fuel process, by the release
of U"' from the surface, to cathodic control by H,O, reduction will not occur as readily for H,O,
as it does for O, reduction. This is confirmed by measurements that show Ecorr can still
achieve values greater than OV for concentrations as low as 10° mol/L H,0,.

However, model calculations based on available data (Shoesmith et al. 2003; King et al. 1999)
show that H,O, concentrations will not reach these levels at the alpha dose rates prevailing
within a failed container, and Ecorr Values should always be within region A in Figure 9. Thus,
as for O,, fuel corrosion in H,O, solutions should generally be under cathodic control, but at a
substantially greater rate than in O, solution. At such low potentials the anodic oxidation of
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H,0, (H,0, —» O, + 2H" + 2e"), which must couple to the cathodic reduction (H,O, + 2e —
20H)) to complete the decomposition process (2H,O0, —» O, + 2H,0) is not observed, making
peroxide decomposition within a failed container extremely unlikely. This makes fuel corrosion
driven by H,0,, as opposed to its decomposition product O,, the primary process.

As for O, reduction there is the possibility that H,O, reduction could be catalyzed on an RE"-
doped surface and on epsilon particles. However, electrochemical studies detect no discernible
influence of RE"-doping and only a minor influence of epsilon particles, and then only at high
degrees of simulated burnup (6 at%) (Goldik et al. 2006b). Thus, at the burnups achieved in
CANDU fuel (~1.5 at%), no significant influence of epsilon particles on H,O, reduction would be
expected. This is a direct consequence of the ability of H,O, to rapidly create U™ donor-
acceptor sites making reduction on the fuel and on the epsilon particles only marginally different
in rate, as opposed to the case with O,, when these rates are very different. This is illustrated
in Figure 31. This means that the distinct separation of anodic and cathodic sites, which could
lead to local acidification, Figure 21, is less likely with H,O, than with O,.

FUEL GROUNDWATER FUEL GROUNDWATER
H,0, 0,
OH— OH—
uwv H,0, 0,
o 0, (@
uv OH— OH—

Figure 31: lllustrations showing that H,O, reduction is rapid on both the fuel surface and
epsilon particles, while the reduction of O, is only rapid on epsilon particles. The ability of
H,O, to oxidize the fuel surface and create U"/UY donor-acceptor sites makes H,O, reduction
kinetics rapid on both the fuel surface and epsilon particles. As a consequence, the kinetics on
the two surfaces are hard to distinguish experimentally. By contrast, the inability of O, to
similarly create U"/U" donor-acceptor sites means the kinetics of O, reduction on epsilon
particles is much faster than on the UO, surface, making the two reactions are easily separated
experimentally.

10. THE INFLUENCE OF REDOX SCAVENGERS PRODUCED BY CARBON STEEL
CORROSION

As illustrated in Figure 11, fuel corrosion will occur inside a failed container also undergoing
corzrosion. Under the prevailing anoxic conditions, carbon steel will react with water to produce
Fe " and H,,
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Fe + H,O — Fe* + H, +20H (10)
3Fe + 4H,0 — Fe0, + H, (11)

Thus, the situation inside the groundwater-flooded container comprises two corrosion fronts,
interconnected by groundwater diffusion processes. The corrosion processes established on
the two surfaces will occur at distinctly different Ecorg Values, as illustrated in Figure 32.
(Ecorr)re Will be <-0.8 V under anoxic conditions (Blackwood et al. 1995; Smart et al. 2002a;
Smart et al. 2002b; Lee et al. 2005) compared to (Ecorr)uo2 Values which are expected to be in
the range —0.25V to —-0.05V (line A in Figure 9). This large separation makes the corrosion
products from each front thermodynamically unstable in the presence of those from the other,
and introduces the possibility that the products of steel corrosion (Fe**, H,) will scavenge the
radiolytic oxidants (primarily H,O,) responsible for fuel corrosion. As depicted in Figure 11,
redox scavenging will involve a series of homogenous reactions.

FUEL GROUNDWATER STEEL
+H0.80V
EMmom0, E,
+H60V
(ECORR)U())
(Eoyu,00|-0.35 v
-0.76 V|(E9mm,0
(ECORR)Fe
-0.86 V|(E)gere?

Figure 32: lllustration showing the two corrosion fronts existing within a failed,
groundwater flooded waste container, one on the fuel surface established by reaction
with radiolytic oxidants and a second one on the steel surface established by reaction
with water. The zone marked Ej, indicates the redox condition expected due to the alpha
radiolysis of water. The Ecorr zONnes indicate the range of corrosion potentials measured on
fuel and steel electrodes.

10.1 Scavenging by Ferrous (Fe'") lons

Ferrous ion (Fe") is a well known regulator of redox conditions in natural waters and it's reaction
with oxidants, in particular O,, has been extensively studied (Stumm 1990). The overall reaction
can be written

O, + 2H,0 +4Fe* — 4Fe® +40H (12)
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where the exact speciation of Fe" and Fe" is determined by groundwater composition and pH.

The reaction is highly pH dependent, with a rate that increases markedly with pH, and in neutral
solution leads to the precipitation of Fe(OH); (Tamura et al. 1976). The redox chemistry of the
steel/iron oxide/soluble iron system, and its likely impact on fuel corrosion, has been reviewed
in detail (Johnson et al. 2000; King et al. 2000).

Hydrogen peroxide will be consumed via the Fenton reaction (Jonsson et al. 2006; Sutton et al.
1989),

Fe** + H,0, —» Fe*" + OH + OH (13)

Fe* + OH — Fe* + OH (14)
An effective G-value for H,0, as low as 0.001 has been claimed for the Fe'"/Fe" system
(Christensen et al. 1982), and calculations based on alpha radiolbysis models show that
concentrations of Fe** in the expected groundwater range (~ 10 mol/L) can significantly arrest
the rate of H,O, production (Tait et al. 1986).

Studies on the influence of Fe and Fe corrosion products on fuel corrosion have been published
(Shoesmith et al. 2003; Loida et al. 1996; Grambow et al. 1996; EI Aamrani et al. 1998; Loida et
al. 2006; Albinsson et al. 2003; Cui et al. 2003; Loida et al. 2001; Quinones et al. 2001; Ollila et
al. 2003; Stroes-Gascoyne et al. 2002a, 2002b), and inevitably show that the presence of Fe
suppresses the corrosion and the radionuclide release rates. Measurements over a period of
4.5 years demonstrated a reduction in Sr release rate by a factor of 460 due to the presence of
Fe, where Sr release is taken as an indicator of the matrix corrosion rate. In tests with **U -
doped UO,, U concentrations were lower than the solubility limit when active Fe was present
(Ollila et al. 2003).

It is not possible to separate the scavenging effects of Fe** and H, in experiments with Fe since
both are produced by steel corrosion. More direct attempts have been made to determine the
influence of Fe** on fuel corrosion both experimentally (Quinones et al. 2001; Ollila et al. 2003)
and via model calculations (Jonsson et al. 2006; King et al. 2002). Addition of Fe* to
experiments with Pu-doped electrodes (Stroes-Gascoyne et al. 2002a, 2002b) showed that
while Fe* concentrations of 10 mol/L did not influence Ecorgr, @ concentration of 10™ mol/L
suppressed it by 0.14 V, indicating a direct influence on the concentration of alpha radiolytically
produced oxidants at the fuel surface. Calculations based on experimentally determined rate
constants (Jonsson et al. 2006) indicated that the consumption of H,O, via the Fenton reaction
([Fe"] =1umol/L) lead to substantial suppression of UO, dissolution (> a factor of 40). By
contrast, calculations using a mixed potential model (King et al. 2002) indicated only a minor
effect of Fe**. The difference between these two calculations is the presence of a corrosion
product deposit in the latter, but not the former, calculation. This deposit acts as a diffusion
barrier limiting access of dissolved Fe®" to the fuel surface where the peroxide is radiolytically
produced.

10.2 Scavenging by Hydrogen
Measured corrosion rates for steel under simulated granitic groundwater conditions are in the

range 0.05 to 0.1um/year (Smart et al. 2002a; Smart et al. 2002b). In sealed repositories, this
would lead to the establishment of H, pressures greater than 5 MPa (Carbol et al. 2005), and
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dissolved groundwater concentrations in the 10 to 100 mmol/L range, leading to the possibility
that H, could be a scavenger for radiolytic H,O..

The suppression of fuel corrosion and radionuclide release in the presence of H, is consistently
observed, well documented (Grambow et al. 2000; Spahiu et al. 2000; Spahiu et al. 2004; Rollin
et al. 2001), and recently reviewed (Carbol et al. 2005; Poinssot et al. 2005). The effect is very
large, a decrease in corrosion rate of over four orders of magnitude (compared to rates under
oxidizing conditions) being observed in H,-purged experiments ([H,] ~ 0.8mmol/L) (Rollin et al.
2001). These experiments were conducted using a flow through technique, and the influence
of solution flow rate indicates that slow hydrogen replenishment allows an increase in the
radiolytic corrosion rate. For high burnup fuels (~50MWd/kgU) with substantially higher
radiation dose rates leached in 5.0mol/L NaCl for over 1000 days (Carbol et al. 2005; Poinssot
et al. 2005), an H, pressure of 0.32 MPa suppressed the U concentrations to ~10°mol/L, which
approaches the measured solubility (10°°mol/L) for UO, (section 3). The concentration of
other redox sensitive radionuclides, whose release rate would be expected to depend on
radiolytic corrosion, were also extremely low. The observation that radiolytic oxygen levels
were below the detection limit (10®mol/L) over the full duration of the experiment clearly
suggested that consumption of radiolytic oxidants by H, could account for the low corrosion
rates.

Experiments (with an H, pressure of 5.3 MPa; [H,] ~ 43mmol/L) with much higher alpha-active
MOX fuel confirmed these observations, concentrations of U falling over 494 days to 3 x 10™*°
mol/L which is effectively the reported solubility for UO,. The measurement of initially high U
concentrations in these experiments is common, and can be attributed to the relatively rapid
dissolution of a preoxidized surface layer present on the fuel due to air exposure. In this
experiment, no corrosion rate could be calculated, since the U concentration did not increase
over the 494 days. These studies show that the release rate of the majority of radionuclides
decreases almost linearly with increasing H, pressure with fractional inventory release rates of
only 10° /day achieved at a H, partial pressure as low as 0.01 to 0.1 MPa ([H,] of 0.027 to 0.27
mmol/L in 5.0 mol/L NaCl).

Similar results were obtained with an alpha-doped UO, containing 10 wt% >**U, manufactured
to simulate spent fuel a few thousand years after discharge from the reactor. As with spent
fuel, U concentrations were effectively equal to the solubility of UO, (3 x 10*°mol/L), and
radiolytic oxygen undetectable, throughout the experiment. These conditions were maintained
despite periodic reductions in H, pressure from 1.6 MPa ([H,] ~ 10 mmol/L) to 0.016 MPa

([H2] ~ 0.01 mmoal/L), and subsequent XPS analysis found no detectable oxidation of the UO,
surface. It would appear that a concentration of dissolved H, as low as 10 mmol/L is sufficient
to prevent radiolytic corrosion of UO, with an average a-dose rate in a 35um layer of water at
the surface of the fuel of 99 Gy/hour. Inspection of Figure 7 shows this is effectively the
maximum average alpha dose rate expected in CANDU fuel (of average burnup).

These results cannot be explained by the scavenging of radiolytic oxidants involving reaction
with H, in the bulk of solution. Alpha radiolysis of aqueous solutions shows that dissolved H,
concentrations in the range 0.008 to 0.8 mmol/L (0.001 to 0.01 MPa H,) had no influence on the
production of radiolytic oxidants (Pastina et al. 2001), and Nilsson et al. (2007) found that the
rate of reaction of H,O, with UO, was uninfluenced by the presence of H,. These observations
suggest that the consumption of radiolytic oxidants by H, is a surface catalyzed process.
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Ample experimental evidence exists to support this claim, with H, having been shown to reduce
the extent of fuel oxidation in the presence of both gamma (King et al. 1999; King et al. 2004)
and alpha (Sunder et al. 1990) radiation. An influence in the presence of gamma radiation is
not surprising, since standard radiolysis models show that H,O, production is suppressed by
reaction with low concentrations (10> mol/L) of H, to produce H* and OH® radicals which
recombine to H,O (Tait et al. 1986). However, irradiation of UO, in the presence of H, (5 MPa,;
[H2] ~ 4 mmol/L) suppressed Ecorr t0 values in the range —0.5 V to —0.82 V compared to values
measured in the presence of gamma radiation only or in unirradiated Ar-purged solutions,
Figure 33 (King et al. 2004). The magnitude of this effect is illustrated in Figure 34, which
compares these values to the range of Ecorr Values measured under different oxidizing
conditions (King et al. 2004). A most likely explanation for this effect is that H* radicals react
with OH* (produced from H,O, involved in fuel oxidation) to yields water, thereby scavenging
the oxidant which drives fuel corrosion. Additional unidentified features of the effect of H, on
fuel exist, and it has been speculated that the slow decrease in Ecorg indicates reduction of UY
species in the oxide. These effects appear partially irreversible since H, “reduced” surfaces
reoxidize to a lesser degree than surfaces not previously exposed to H, (King et al. 2004).
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Figure 33: Time dependence of the corrosion potential (Ecorr) Of @ UO, electrode in
gamma-irradiated 0.1mol/L NaCl (pH~9.5) at room temperature in the presence of either
5MPa of H, or Ar. The results of four or five replicate tests are shown for each set of
conditions. The range of Ecorr Values recorded in unirradiated solutions for both gases is
shown as the vertical bar (King and Shoesmith 2004).

XPS analyses showed that the extent of oxidation of UO, specimens exposed to external alpha
radiation sources increased with increasing alpha source strength when H, was not present but
not when it was (~0.16mmol/L) (Sunder et al. 1990). While these studies support claims that a
combination of alpha radiolysis and H, suppresses fuel corrosion, the high temperature
employed (100°C) leaves unanswered the question of whether H, was activated (i.e.
decomposed to reactive H* radicals) thermally or radiolytically.
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Figure 34: Corrosion potential (Ecorr) Values measured on UO, at 5 MPa of H,, and on 1.5
at% SIMFUEL at various H, pressures, compared to the ranges of values measured
under various anoxic and oxidizing conditions (King and Shoesmith 2004). The SIMFUEL
values (4 ) are taken from Figure 35 just before changes in gas Eressure. The ranges of Ecorr
values are for deaerated solutions (N.), O,-purged solutions (10°to 1.4 x 10°mol/L), alpha
radiolysis (a-rad) (alpha source strengths from 4 to 800 pCi), and H,0, solutions (10° to 10™
mol/L) (King and Kolar 2002), and are shown at arbitrary H, pressures for clarity.

Exactly how alpha radiation activates H, is not known, but has been discussed (Carbol et al.
2005). The radiation-induced generation of H, from water adsorbed on oxides surfaces has
been investigated on a number of oxides (Petrick et al. 2001), and shown to occur on UO,
(Laverne et al. 2003). Heavy ion sputtering of the UO, surface to produce oxygen vacancies (a
process similar to the alpha recoil process on emission of an a-particle) enhanced the formation
of atomic hydrogen (H®) (Stultz et al. 2004). The reduction of H,O, to repair this surface
damage could also proceed through an OH’ radical intermediate, and its reaction with H, could
produce an additional H* (OH®* + H, — H,O + H°), leading to the suppression of oxidation
and corrosion.

For spent fuels, H, activation on noble metal (epsilon) particles is likely to prove a more
important mechanism for suppressing fuel corrosion than the utilization of defects produced by
alpha recoil (Cui et al. 2004; Nilsson et al. 2007). This process has been electrochemically
characterized in detail using SIMFUEL specimens with different levels of simulated burnup
(Broczkowski et al. 2005; Broczkowski et al. 2007; Broczkowski et al. 2006). The Ecorr ON
SIMFUEL is significantly decreased in solutions purged with only small amounts of H, and, even
for a low density of epsilon particles, can be reduced to values well below the —0.4 V threshold
for the onset of fuel corrosion, Figure 35 (Broczkowski et al. 2005). The value of Ecorr



-39-

achieved decreases with the number density of epsilon particles present, Figure 36, and
analyses confirm that the extent of oxidation of the surface decreased as Ecorr Was
suppressed, Figure 36. As illustrated schematically in Figure 37, this effect can be attributed to
the reversible dissociation of H, (to H* radicals) on the epsilon particles that act as galvanically-
coupled anodes within the fuel matrix, thereby decreasing Ecorr and inhibiting UO,
oxidation/corrosion. As indicated by the arrow in Figure 9, only chemical dissolution can occur
under these conditions.
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Figure 35: The influence of H, solution overpressure on the corrosion potential of a 1.5 at
% SIMFUEL containing epsilon particles (A) and a 1.5 at% SIMFUEL with no epsilon
particles (B). Ecorr Measurements were made at 60°C in a pressure vessel in a 0.1 mol/L KClI
solution (pH = 9.5). The system was initially purged with Ar only at atmospheric pressure, and
then with a series of increasing 5% H,/Ar pressures (Broczkowski et al. 2005).
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Figure 36: The influence of the increasing number and size of epsilon particles in
SIMFUELS with different degrees of simulated burnup on the corrosion potential (Ecorr)
and the degree of oxidation of the surface in H,-purged 0.1mol/L KCI. The horizontal line
indicates the potential threshold below which the corrosion of the UO, surface will not occur
(from Figure 9).
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Figure 37: lllustration showing the galvanic coupling of epsilon particles to the fuel
matrix in Ho-containing solutions. In the presence of dissolved H, in the solution, the rapid
kinetics of the H, oxidation/H" reduction reaction on the particles suppresses the potential of the
particle. Since the particles are galvanically coupled to the matrix, the potential of UO, is drawn
to the same value, and for a sufficient H, concentration, the potential is suppressed to a value
more negative than the threshold value for fuel corrosion (0.4 V in Figure 9). When this occurs,
the fuel is galvanically protected from corrosion (Broczkowski et al. 2005).

11. FUEL CORROSION/DISSOLUTION RATES

A comprehensive review of rates for UO, and used fuels has been published (Oversby 1999).
Rates measured for spent fuels in aerated neutral solutions are generally in the range 1to 7
mg/mZ/d (Rollin et al. 2001; Gray et al. 1995; Gray 1998; Grambow et al. 1994; Werme et al.
1989; Forsyth 1997) with the higher rates more likely in carbonate-containing solutions. Similar
values, in the range 2 — 4 mg/m2/d when carbonate is present, were observed for UO,
(Shoesmith et al. 1996). This similarity suggests the properties of the spent fuel surface are of
secondary importance in determining the corrosion rate. Under static leaching conditions in the
absence of carbonate, when the formation of corrosion product deposits would be expected,
rates for UO, in the range 0.0003 to 0.006 mg/m?/d are observed in neutral (pH = 8) solution
compared to 0.08 to 0.2 mg/m?/d in flow through experiments when deposits should be avoided
(Casas et al. 1991). This comparison suggests that the influence of deposits in suppressing the
corrosion rate could be as small as a factor of 13 or as large as a factor of 660. According to
Oversby, this wide range reflects the uncertainties in the measurements and cannot, therefore,
be taken as a quantitative indication of the influence of corrosion products.

Despite the scatter in the values, Figure 38 (from Poinssot et al. 2005) shows a clear
dependence of corrosion rate on the specific alpha activity (as illustrated schematically in
Figure 10), and a threshold below which the rate becomes independent of activity. The data in
this plot is from a large number of individual experiments. This threshold appears to be located
between 3.5 and 33 MBq/gyo2, as indicated by the vertical lines in the figure. If the dose rates to
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solution for the upper and lower limits of this threshold are compared to the dose rates
calculated for a CANDU fuel bundle with a burnup of 220 MWh/kgU, as indicated by the
horizontal lines in Figure 39, it can be seen that the alpha dose rate of the fuel only marginally
exceeds the upper limit and only at short times (< 300-400 years). Two observations can be
made; (i) the corrosion rate measured for the upper limit of this threshold can be considered the
maximum sustainable by alpha radiolysis for CANDU fuel; and (ii), no radiolytic corrosion
should be observed for CANDU fuel beyond ~ 10,000 to 20,000 years, when the alpha dose
rate falls below the lower threshold limit.
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Figure 38: Corrosion rates measured as a function of specific alpha activity on alpha-
doped electrodes, undoped UO, (10°M Bg/g) and spent fuel (Figure 25 in Poinssot et al.
2005). The vertical black lines indicate the approximate location of the specific alpha activity
threshold, below which no effect of alpha activity on the corrosion rate is observed. As
indicated in the schematic illustration in Figure 10, this threshold represents the alpha activity
level at which the fuel dissolution process switches from radiolytic control to solubility control.
The dashed lines are arbitrary and drawn to illustrate the dependence and independence of the
rate on alpha activity above and below the threshold, respectively. The shaded zone shows the
values of corrosion rate predicted around the corrosion threshold established electrochemically
(Figures 8 and 9) using a simple model to extrapolate rates measured electrochemically
[Shoesmith and Sunder 1991]. The vertical arrow shows the corrosion rates predicted using a
mixed potential model developed to determine the influence of alpha radiolysis on CANDU fuel
corrosion (Shoesmith et al. 2003). The upper value is the rate predicted on first failure of the
waste container. The lower rate is the value predicted to prevail after 10° years.
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To determine whether the rates measured in the region of this proposed threshold for alpha
activity are consistent with those predicted for the electrochemically established threshold for
radiolytic corrosion around an Ecorg 0f —0.4 V (Figure 9), a simple electrochemical model can
be used to predict the corrosion rate at this threshold potential (Shoesmith et al. 1991). The
model involves the extrapolation of electrochemically measured anodic dissolution currents as a
function of potential and has been used previously to predict the influence of radiolytic oxidants
on fuel corrosion (Sunder et al. 1997). The same relationship between current and potential is
used in the more complex and mechanistically detailed mixed potential model (Shoesmith et al.
2003).

The shaded area in Figure 38 shows the rates predicted for the Ecorr range, —0.35 V to -0.45 V
(chosen to bracket the threshold value of —0.4 V), and confirms that the electrochemically-
predicted threshold is consistent with direct dissolution rate measurements. Also shown in
Figure 38 (by the vertical arrow) is the decrease in corrosion rate predicted over a 10° year
period by the MPM, a model which accounts only for the influence of alpha radiolysis
(Shoesmith et al. 2003). The maximum rate predicted by this model should be consistent with
the measured value of the rate at the upper limit of the threshold, since this is approximately the
maximum dose rate that should prevail at short times, Figure 38, when failure is assumed to
occur in the model. Inspection of Figure 39 shows this is the case. However, the rate is not
predicted to approach the threshold value even after 10° years (the bottom end of the arrow in
Figure 39), despite the indication based on expected dose rates that this threshold should have
been reached after ~ 10,000 to 20,000 years, Figure 39. Since neither the measurements of
corrosion rates with alpha-doped specimens nor the simple electrochemical extrapolation take
account of the formation of corrosion product deposits whereas the MPM does, this discrepancy
can be attributed to the confinement of radiolytic oxidants (primarily H,O,) within pores in such a
deposit. A clearer understanding of the influence of deposits is required to clarify the
significance of this discrepancy.
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Figure 39: Alpha, beta and gamma radiation dose rates calculated as a function of time
for a layer of water in contact with a CANDU fuel bundle with a burnup of 220 MWh/kgU.
The two horizontal lines represent the upper and lower limits of the alpha activity threshold as
defined by the two vertical lines in Figure 38.
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A comparison of electrochemically-predicted corrosion rates to spent fuel rates measured with
and without H, can also be made. Figure 40 shows fuel corrosion/dissolution rates based on U
analyses, and the congruent release of **'Cs, for aerated and H,-purged conditions (Rollin et al.
2001). As noted in section 10.2, the corrosion rate under H,-purged conditions ([H,] ~ 8
mmol/L) is orders of magnitude lower than observed for aerated conditions. The corrosion
rates obtained under aerated conditions are consistent with the measurements reviewed by
Oversby (Oversby 1999). The two horizontal lines bracket the corrosion rates derived by
extrapolating experimental (electrochemical current) data to the potential threshold of -0.4 V
(-0.35 V to —-0.450 V) determined electrochemically. The coincidence between
electrochemically-predicted and experimentally measured rates confirm that even a small
concentration of H, is sufficient to suppress corrosion rates to the radiolytic threshold, even
when substantial y/f radiation fields are present.
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Figure 40: Used fuel dissolution rates, based on dissolved ***U and **’Cs concentrations
as a function of pH for oxidizing and reducing conditions. Measurements were
performed in a single-pass flow-through apparatus [Rollin et al. 2001]. Experiments under
oxidizing conditions were conducted in a solution purged with a gas mixture containing 20%
0,/0.03% CO,/80% Ar. Reducing conditions were achieved by bubbling H, containing 0.03%
CO, over a Pt foil. The two horizontal lines bracket the corrosion rates derived by extrapolating
experimental data to the potential threshold of -0.4 V (-0.35 V to —0.45 V) determined
electrochemically (Figures 8 and 9)

Corrosion rates remain measurable in these spent fuel experiments. It is possible that some
influence of radiolysis still persists, since rates increased slightly with decreasing solution flow
rates, indicating H, depletion to a level at which it could not totally neutralize radiolytic oxidants.
However, that H, can completely suppress radiolytic corrosion has been demonstrated using a
10 wt% ***U-doped specimen when no U dissolution was measurable over a period of greater
than 800 days. Based on this experiment it was calculated that a dissolved H, concentration of
10 mmol/L was sufficient to completely suppress the alpha-radiolytic corrosion of UO, with an
average dose rate (over a 35 um layer of water) of 99 Gy/hour. Since average alpha dose rates
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in CANDU fuel are never expected to exceed this level and H, concentrations are expected to
rise to 10 to 100 mmol/L under repository conditions, an argument can be made that radiolytic
corrosion of CANDU spent fuel will, at the worst, be a short term occurrence.

12. CONCLUSIONS

The primary factor controlling the rate of corrosion of CANDU fuel inside a failed waste
container will be the redox condition at the fuel surface, how it evolves with time, and how it is
influenced by the presence of scavengers, especially H,, produced by the corrosion of the steel
liner in the container. If the container fails while gamma/beta radiation fields are significant (<
1000 years), oxidizing conditions would be established. If these radiation fields have decayed to
insignificant levels before failure occurs, then the redox conditions established by alpha
radiolysis will be only mildly oxidizing.

Redox conditions will become less oxidizing with time as radiation fields decay.

Electrochemical studies have identified a specific potential below which the UO, will be immune
to corrosion. This potential threshold is well established based on surface analysis methods
and has been shown to predict, with reasonable accuracy, a specific alpha activity threshold
based on corrosion rate measurements on alpha-doped UO, specimens. For CANDU fuel in
the expected burnup range of 120 to 320 MWh/kgU, this threshold appears to be reached after
10,000 to 20,000 years, although some uncertainty still exists. Below this threshold only
chemical dissolution of the fuel (UO, — U(OH),), as opposed to radiolytically driven corrosion
(UO, - UO,™) is possible.

If conditions are oxidizing many issues arise.

(a) The primary radiolytic oxidant will be H,O,. Any influence of O,, which can form
radiolytically and by the decomposition of H,O,, will be marginal. This is because the
kinetics of its reaction with UO, is over two orders of magnitude slower than those of
H,0,, and its formation by H,O, decomposition is not expected under anticipated
conditions within a failed container.

(b) The formation of corrosion product deposits will occur on the corroding fuel surface.
Deposition would be enhanced if calcium and silicate concentrations in the groundwater
are high, since these species will decrease the solubility of dissolved U (as UO,™")
leading to the formation of calcium-containing hydrated U"' silicate phases. The
formation of these deposits would suppress the corrosion rate by reducing the area of
the fuel surface exposed to corrosion in the groundwater.

(c) If sufficiently rapid, anodic oxidation of the fuel, followed by hydrolysis of dissolved
UO,*", could produce local acidic conditions within pores in the deposit or within flaws,
such as the site of missing grains, in the fuel surface. This acidification can only occur if
the anodic fuel dissolution site is separated from the cathodic oxidant reduction site, to
avoid its neutralization, at least partially, by the alkalinity produced by H,O, reduction.
Although unlikely, the separation of anodes and cathodes involved in fuel corrosion is
possible, since the noble metal (epsilon) particles could act as preferential cathodes.

(d) In groundwaters containing bicarbonate, the extent of corrosion product deposition
would be decreased, since HCO3™ can complex Uo,*" and significantly increase its
solubility. The HCO4;/CO5” equilibrium would also buffer the pH and suppress the
formation of local acidity within the deposit or fuel surface flaws. The suppression of
deposition would increase the area of UO, exposed to corrosion in groundwater. This,
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coupled with the complexing ability of the HCO3;" would lead to an increase in corrosion
rate. For the conditions anticipated in the Canadian Shield groundwaters, carbonate
concentrations are likely to be < 10”° mol/L, and the primary influence of HCO3 would be
on the extent of deposition, with only a small direct effect on the kinetics of the corrosion
process.

(e) In-reactor burnup, which is low in CANDU used fuel compared to fuel from other
reactors, will have only a minor to insignificant effect on fuel corrosion, despite the
increased fuel conductivity due to fission product doping of the UO, lattice and the
presence of epsilon particles. No influence of doping at CANDU burnup levels was
observed on the anodic dissolution of UO,, and the cathodic reduction of H,O, on the
epsilon particles was only marginally faster than on the surface of the UO, matrix.

For the mildly oxidizing conditions expected when only the alpha radiolysis of water is possible,
most of these issues become much less important.

(&) While corrosion deposits may still form and partially block corrosion, the rate of fuel
dissolution within pores and surface flaws should not produce locally acidic conditions,
even if anodic and cathodic sites are separated.

(b) The ability of HCOg3 to accelerate fuel corrosion begins to disappear as control of the
overall process switches from the anodic dissolution reaction, which can be accelerated
by HCOg, to the cathodic reaction, which cannot. The cathodic reaction would be
kinetically-limited by the small concentration of available oxidants at the relatively low
alpha radiation dose rates.

When alpha radiation fields decay below the levels expected between 10,000 and 20,000 years,
redox conditions reach the threshold level at, or below, which radiolytic corrosion of the fuel will
not occur. For times greater than this, the overall process becomes chemical dissolution, and
would be controlled by the solubility of the U" state, which a number of independent
measurements show to be extremely low.

Under these conditions, the used fuel dissolution rate will be controlled by its solubility, the
diffusion coefficient of dissolved species in the groundwater, and the groundwater flow rate.
Within a failed container, groundwater would be expected to be stagnant, making the overall
dissolution/radionuclide release rate diffusion-controlled.

Under these anoxic conditions, the U solubility and, hence, the fuel dissolution rate will be
relatively insensitive to groundwater composition, since the U" state is readily hydrolyzed. This
will make the solubility slightly pH-dependent, but insensitive to complexation by the anions
present in the groundwater. In calcium and silicate-containing groundwaters, alteration to less
soluble U" solids containing these species is thermodynamically possible, and could lead to the
acceleration of radionuclide release. However, the kinetics of these alteration processes appear
to be extremely slow, since such phases have not been observed in laboratory experiments and
occur to only a marginal extent in natural deposits, such as the Cigar Lake uranium ore deposit.

The transition from radiolytic corrosion to chemical dissolution can be very rapidly induced in
the presence of redox scavengers, especially H,, produced by the corrosion of the steel liner in
the container. Small concentrations of H, can suppress the redox condition to the threshold for
radiolytic corrosion, even for used fuels with high gamma/beta radiation fields. The absence of
radiolytic oxidants in experiments with used fuel indicates that they are very efficiently
scavenged by the presence of hydrogen.
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If only alpha radiation is present (in alpha-doped UQO,), the presence of small concentrations of
H, reduces the U dissolution rate to immeasurable values over periods of 2 to 3 years. On
specimens containing epsilon particles, which are known to be catalytic for the H,/H" reversible
reaction, small hydrogen concentrations can suppress the redox condition of the fuel surface
(the corrosion potential) to well below the threshold, effectively leading to galvanic protection of
the fuel matrix against corrosion.

While the mechanistic details of the reaction of H, with potential oxidants on the fuel surface
remain to be resolved, it is clear that the fuel surface is involved. This has been clearly
demonstrated for fuel containing epsilon particles and fuels containing alpha dopants.

Since the production of H, will commence as soon as the steel surfaces within the container are
wetted with groundwater, this influence of H, has the potential to shut down fuel corrosion very
rapidly even while redox conditions are potentially oxidizing; i.e., even if container failure occurs
while gamma/beta radiation fields are still significant. It is possible, therefore, that the transition
from radiolytic corrosion to chemical dissolution of the fuel will occur very rapidly and fuel
dissolution, and, hence, radionuclide release will be extremely slow almost from the time of
container failure. Additional research to verify this claim is required.
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