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Abstract

This thesis describes the studies performed on a number of natural uranium dioxide (UO32)
specimens to determine a range of reactivities. This work will support the safety case for the
long-term disposal of spent nuclear fuel in Canada. Under relevant long-term disposal
conditions, water radiolysis could produce oxidizing conditions at the surface of the fuel,
potentially leading to fuel corrosion and the release of radionuclides into the groundwater. The
rate of such a process would be determined by the radiation dose rate from the fuel and the
reactivity of the fuel, which will be determined by its composition, in particular by the degree
of non-stoichiometry and the concentration of fission products.

For undoped UO: (i.e., in the absence of fission products), the reactivity has been shown to be
very dependent on the degree of non-stoichiometry (x in UO2+x). The conductivity of natural
UO: specimens fabricated between 1965 and 2017 was characterized using several surface
analytical and electrochemical methods. The reactivity of the characterized specimens in H2O»-
containing environments was subsequently found to be only loosely related to the measured
resistivities (conductivity). However, most of the H>O> consumed on the surface of the UO>

electrode was consumed by H>0. decomposition rather than surface oxidation.

In the absence of Hy, the peroxide oxidized the surface to U™V1.2x<UY2xO24x With x varying with
H20, concentration and eventually achieving a composition of U'V34UV0660233. At this
surface composition, the surface becomes unstable with respect to dissolution, but the
dominant reaction is H202 decomposition. In the presence of Hy, the initial oxidation of the
U'YO, when H,0, was added was reversed by the ability of H to scavenge the OH" with the
H' radicals formed. This led to a reduction of the oxidized surface. The efficiency of this

process is determined by the relative concentrations of H.O2 and Ha.
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Summary for Lay Audience

Uranium dioxide (UOy) is an extremely energy-dense material that produces reliable, low-
carbon-emitting power. The waste produced from this power generation is a stable ceramic
material but is highly radioactive, requiring hundreds of thousands of years to return to its
natural radiation levels. The internationally accepted solution for the long-term disposal of this
waste is to contain and isolate the UO. in corrosion-resistant containers within a deep
geological repository. While there is extensive research to support the durability of these
containers until the UO2 returns to its natural radiation levels, it is necessary to evaluate the

potential consequences of a failed container filled with groundwater.

A series of UO; pellets fabricated between 1965 and 2017 were characterized to determine a
range of reactivities under potential long-term disposal conditions. The primary oxidant of
concern is hydrogen peroxide (H20-), produced naturally as water reacts with alpha radiation
from the spent fuel. However, despite initial suggestions of a large range of reactivities, this
work found that most of the H20» that reacts on the surface of the spent fuel results in the
decomposition of H20> rather than the oxidation of the spent fuel, regardless of the suggested

reactivity.

Further studies in the presence of Hz, which has been shown to scavenge H>O> on simulated
nuclear fuel samples, suggested that even on natural UO> samples, Hz2 can suppress corrosion

under expected disposal conditions and, in some cases, reverse surface oxidation.
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Chapter 1
1. Introduction and Literature Review

1.1. Nuclear Waste Disposal in Canada

1.1.1. Nuclear Power and Current Waste Storage

Nuclear power generation is relied upon worldwide as a leading low-carbon power generation
source. Within Canada, nuclear power provided 14.6% of the total energy generated in 2020,
with Ontario relying on nuclear for 56.8% of its total power generation [1]. While nuclear
power produces 40 to 60 times less CO. eq/kWh than coal and fossil fuels, respectively, it
comes with the additional responsibility of safely managing the waste forms [2]. The dominant
form of high-level nuclear waste is the spent fuel bundles discharged from reactors [3]. If
disposed of improperly, long-lived radionuclides released from the fuel matrix may enter the

surrounding environment.

As of June 2020, there are approximately 3 million spent fuel bundles in either wet or dry
storage in Canada [4]. These interim storage phases provide sufficient time and suitable
environments for spent fuel from Canada’s Canadian Deuterium Uranium (CANDU) reactors
before permanent disposal. Upon removal from the reactors, spent fuel bundles are housed in
water pools for 7 to 10 years to provide cooling and shielding while the radiation fields are
particularly intense. After wet storage, the spent fuel bundles are transferred to dry storage
containers designed with a minimum lifetime of 50 years. However, the radiation fields

associated with radionuclide decay will remain significant for up to 10° years, Figure 1.
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Figure 1-1. Radiation dose rates as a function of time since discharge from reactor to a
layer of H20 in contact with a CANDU fuel bundle with a burnup of 220 MWh/kg

uranium [5].

1.1.2. The Multi-Barrier System

Several countries are developing adaptive phased management (APM) disposal procedures for
high-level nuclear waste, with the internationally accepted approach being the burial of the
fuel bundles in a deep geological repository. Canada’s program, under development by the
Nuclear Waste Management Organization (NWMO), is deep geologic disposal in either
granitic rock or sedimentary rock [6]. This process involves sealing the spent fuel bundles
inside a carbon steel vessel protected against corrosion by a corrosion-resistant copper coating.
This container would then be placed in a deep geological repository (DGR) at a depth of
approximately 500 m within a stable geological formation and surrounded by highly

compacted bentonite clay, Figure 2 [7, 8].



Figure 1-2. Schematic of the deep geological repository (DGR) concept with the

associated barriers [8].

While the container will provide long-term containment [9], it is necessary to consider the
consequences of its failure, which could lead to fuel exposure to groundwater. Since the fuel
contains radioactive fission and activation products, its behaviour in contact with groundwater

provides the critical radioactivity source term in the assessment of DGR safety [10].

Over the past few decades, a substantial international effort has been expended to determine
the behaviour of spent fuel under a range of proposed DGR conditions [10-23]. This report
will review the present understanding of fuel corrosion/dissolution leading to the release of
radionuclides.



1.2. Basic Properties of Uranium Dioxide

The common commercial nuclear fuel form is uranium dioxide close to stoichiometric
(UO2+x with 0.001 > x > 0.0001). As with other actinide oxides, UO2 adopts a cubic fluorite
structure with each U atom surrounded by 8 equivalent nearest neighbour O atoms (Figure
1-3). An important feature of the lattice is the large, cubically coordinated interstitial sites,
which can accommodate additional interstitial O atoms (Oy). In the stoichiometric form, UO:
can be considered a Mott-Hubbard insulator with electronic conductivity requiring the
promotion of electrons from the fully occupied 5f level to the conduction band (Figure 1-4), a

strongly activated process with an extremely low probability at room temperature.

Figure 1-3. Cubic fluorite lattice structure adopted by actinide dioxides. ® Uranium, A

Oxygen, O Cubically coordinated empty interstitial sites.

The conductivity of UOz can be increased by either the introduction of O, atoms into the
many available lattice locations, as indicated in Figure 1-3, or by replacing a fraction of U"Y
atoms in the matrix with lower valent species, which creates holes in the 5f band. To maintain
charge balance, an equivalent concentration of UY atoms is created [24]. Since spent nuclear
fuel contains significant quantities of lower valent dopants (in particular, rare earth (RE'""

atoms) and the O potential of the fuel increases with burnup, both these changes would lead to



an increase in the electrical conductivity of the fuel. This would facilitate the coupling of the
anodic and cathodic sites required to support corrosion. Since metallic alloys are also formed
in-reactor, this enhanced conductivity will allow the coupling to the fuel matrix as catalytic
anodes or cathodes depending on the redox conditions to which the fuel is exposed.
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Figure 1-4. Schematic energy level diagram for UO2 derived from spectroscopic and
electrochemical data (expressed on the Standard Hydrogen Electrode (SHE) scale). The
filled valence band has predominantly O 2p character, and the empty conduction band
consists mainly of U5f, 6d, and 7s states. The U5f band contains two electrons per U atom
[24].



The theoretical solubility of crystalline UO>, calculated from thermodynamic data, is extremely
low [25]. However, measurements [26-34] yield values on the order of ~ 10°° mol/L for pH >

4 since the solid is generally not in the perfect crystalline form. Above pH ~ 4, the solubility
IS insensitive to pH, Figure 1-5.

Under oxidizing conditions, UO- can be oxidized to UY!, e.g., as UY'0,%*, and dissolve, since
the solubility of UV! is many orders of magnitude greater than that of U', as shown for the
common phase schoepite (UY'03-2H,0) in Figure 1-5. This renders the fuel susceptible to
oxidative dissolution (corrosion) when oxidants are present. Within the pH range anticipated
in a DGR (~ 5.5 to 9.5), the common groundwater anions would be expected to increase the

solubility of UY! by the formation of soluble complexes but not that of U' which does not form
anion-stabilized complexes [24, 35-38].

Oxidizing
(UO,2H,0)

Reducing (UO,)

Figure 1-5. Solubilities of UO2 and Schoepite (UO3.2H20) as a function of pH [24].



1.3. Properties of Used Fuel

UO: is fabricated as ceramic pellets (94% to 97% of theoretical density) for use in a reactor.
While CANDU (Canada Deuterium Uranium) fuel is unenriched (0.72% #*°U), light water
reactor (LWR) fuel is enriched up to 5% 2%U. Some LWR fuel is mixed oxide (MOX) fuel
consisting of UO2 blended with up to 5% PuO,. CANDU fuel pellets are sealed within Zircaloy
tubes and collected in multi-element fuel bundles (Figure 1-6). CANDU fuel is typically
exposed in-reactor to burnups of 8.3-9.2 GWd/tU (200-220 MWh/kgU) [39]. LWR fuels
operate to a higher burnup of about 50 GWd/tU because of their enrichment.

In-reactor burnup leads to complex changes in the properties of the fuel [11, 40]. Changes in
fuel density occur as fabrication sintering porosity is eliminated, and the generation of fission
gas bubbles expands the lattice with bubbles interlinking to form grain boundary tunnels [11,
40, 41]. At higher linear power ratings, grain growth occurs, and thermal stresses lead to
cracking [11]. Collision cascades initiated by fission and alpha particle recoil events create a
large number of atomic defects, with the final number of defects limited by thermal annealing
[42]Inhomogeneity arises at microscopic and macroscopic levels because of temperature and
neutron flux gradients within the fuel. The key features of this evolution in the microstructure

relevant to the present discussion are illustrated in Figure 1-7.
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Figure 1-6. Schematic illustration of a 37-element CANDU fuel bundle [43].
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Figure 1-7. SEM Micrographs of UO:2 fuel: (a) unirradiated UOz2, (b) fuel irradiated at
high burnup (770 MWh/kgU) with key features of unirradiated fuel and in-reactor

irradiation noted, respectively. Features of irradiated fuel noted in brown and blue can

be simulated in unirradiated UOz, while those in green (in panel b) cannot [44].



For CANDU fuel, the radial variation in grain size and porosity is small. Besides physical
changes, in-reactor irradiation leads to the formation of a wide range of radionuclides as a

result of fission reactions, e.g.,
2% +n — 2Ba + 9Kr + 3n (1.2)
neutron capture, e.g.,
$BU+n—3Pu+e (1.2)
and, to a lesser extent, activation, e.g.,
UN+n—-4"C+1H (1.3)

where n denotes a neutron. Freshly discharged CANDU used fuel contains numerous
radionuclides, many of which decay quickly. Analyses are available that list the radionuclide
inventories [45, 46] and identify those deemed important under disposal conditions [47].

The chemical composition and microstructure of spent nuclear fuel have been studied in detail
[11, 46, 48-50]. These studies show that, while the majority (> 90%) of fission and activation
products remain at the location where they were formed, the high reactor operating
temperatures lead to some redistribution. The species produced can be grouped according to

their chemical behaviour.

@ Gaseous or volatile species, such as He, Kr, Cs, and I, have relatively high diffusion
coefficients under in-reactor conditions and can migrate within the fuel. Small amounts of these
species are expressed from the grains into cracks and voids in the fuel and the fuel-cladding
gap. Slightly larger amounts become trapped at grain boundaries, while the majority remain as
bubbles in the lattice.

(b) Fission products which can form stable oxides incompatible with the UO, matrix (e.g.,
Rb, Cs, Ba, Zr, Nb, Mo, Tc, Sr) can separate into segregated oxides which adopt a perovskite
structure with the general composition ABO3 (A = Ba, Sr, Cs; B = Zr, Mo, U, Pu, rare earths).

9



(© Non-volatile species unstable as oxides (e.g., Mo, Ru, Pd) can diffuse within the fuel
at high temperatures to form metallic alloy phases commonly referred to as noble metal (&)

particles.

(d) Many elements, including actinides (including Np, Am, Pu, Cm), rare earths (including
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Y) and Sr, Zr, Ba, Te and Nb can remain as ion substitutes in
the fuel matrix, within the limits of their solubility to the extent they have not precipitated as
ABOs phases.

Two fission products exert additional influences on the fuel. Mo can coexist in the metallic and
oxide forms and, hence, can maintain the fuel close to stoichiometry. Zr, which can be
segregated to the ABOz phases, can also be retained by the fuel matrix, within which it can
exert an influence on the lattice dimensions. Finally, neutron capture within the fuel cladding
can form small inventories of activation products. Figure 1-8 summarizes this distribution of

fission products and actinides within the spent fuel matrix [11].

The key thermodynamic factor that influences the chemical state of many fission products in
the fuel is the O potential, which is initially very low since the used fuel is stoichiometric [51].
However, burnup raises the ratio of O to U because the O released cannot be completely
bonded by the generated fission products, many of which either possess lower oxidation states
than IV or are stabilized in the metallic form [52]. Much of this O is neutralized by the
formation of ZrMo oxide and reaction with the inner surface of the Zircaloy cladding [53, 54].
For CANDU fuel, the approximate change in fuel stoichiometry has been calculated to range
from UO2.001 to UO2.007 [55].

The irradiation history of spent fuel is characterized by its power rating and burnup, with the
radionuclide inventory at the time of emplacement in the DGR depending on how long the
spent fuel has been discharged from the reactor. The age of the fuels to be placed in a Canadian
DGR will vary, with the earliest dating back to the 1950s for some research fuels. Because the
DGR will not open before 2040, the fuel age will range from 10 to > 60 years. The power
rating and burnup history of CANDU fuel is known [39], and the used fuel radionuclide
inventories for CANDU fuel of various burnups have been calculated [45].

10
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Figure 1-8. Schematic illustration showing the conceptual distribution of fission and

activation products within a spent fuel element [43].

Based on these studies, three radionuclide inventories can be defined, as illustrated in Figure
1-9.

(i) The gap inventory comprises volatile radionuclides accumulated in the fuel-cladding
gap. These radionuclides would be expected to be readily soluble and, hence, be rapidly

released on contact with groundwater.
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(i)  The inventory of radionuclides which have segregated to grain boundaries within the
fuel. Their release will depend on their chemical nature and the chemical and physical
properties of their location and could require a protracted period of groundwater

exposure.

(iii) The matrix inventory of radionuclides retained within the fuel grains whose release

would be controlled by the corrosion/dissolution of the UO, matrix.

Grain boundary
inventory assumed to be
released instantly on
exposure to groundwater

ZIRCALOY
CLADDING 2)

EL
TRIX
(3) Matrix inventory released
Gap inventory released slowly at a rate controlled
instantly on exposure by the dissolution rate of
to groundwater the fuel matrix

Figure 1-9. Conceptual illustration of the three categories of radionuclide within a spent

fuel element [56].
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Of these inventories, (i) and (iii) have been extensively studied. Determining the grain
boundary inventory (ii) is more difficult to assess despite considerable recent efforts [21]. As
a consequence, when assessing radionuclide release, only two release fractions are considered:
(a) an instant release fraction (IRF) comprising inventories (i) and (ii), and a matrix dissolution

fraction comprising inventory (iii).

The fuel is highly radioactive on discharge from the reactor, but its activity decreases quickly
with time. The overall radioactivity for CANDU spent fuel decreases to ~ 0.01% of its value
on discharge after ~ 10 years. The evolution in radioactivity beyond 10 years is shown for a
reference CANDU fuel (220 MWh/kgU burnup) in Figure 1-10. The basis for choosing this
reference value has been discussed elsewhere [45]. For a presently uncertain time up to, or

possibly longer than, 100 years, the fuel will be in dry storage.

A majority of the gamma (y) emitting fission products and activated impurities within the
cladding will decay within the first 100 years (Figure 1-10), beyond which the decay will be
dominated by a-particle emission predominantly from the actinide content. Since radioactivity
is related to the behaviour of specific radionuclides, both the overall decreases in activity level
and the radionuclide composition of the fuel are important.

13
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Figure 1-10. Radioactivity of reference CANDU used fuel (220 MWh/kgU burnup) as a

function of time after discharge from reactor [47].

1.4. Matrix Corrosion and Radionuclide Release Under

Disposal Conditions

Determining the behaviour of used nuclear fuel under disposal conditions requires the
consideration of two radionuclide release processes on contact with groundwater, assuming
container failure has occurred: (i) the IRF and (ii) the matrix corrosion/dissolution fraction.
Since > 90% of radionuclides are contained within the solid-state matrix of the used fuel, the

matrix corrosion/dissolution fraction would be expected to be dominant.
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1.4.1. The Instant Release Fraction (IRF)

Determination of the IRF requires knowledge of the radionuclide inventories, the half-lives
and decay sequences of the individual radionuclides, and analytical measurements of the gap
and grain boundary inventories. The half-lives of most radionuclides are known and tabulated
[57], and radionuclide inventories can be determined using well-developed codes. These
measurements and calculations have been described in detail for various types of fuel [58-61]
including CANDU fuel [62-66], and thoroughly reviewed [11, 21, 67, 68].

1.4.2. The Influence of Redox Conditions

The release of > 90% of radionuclides contained within the fuel matrix (the matrix inventory
(iii)) will be governed by the corrosion/dissolution of the fuel. The rate of this process will be
related to, but not necessarily directly proportional to, the solubility of uranium in the
groundwater (Section 1.3). At DGR depths, groundwaters are O,-free. All O> introduced
during the construction and operation phases of the DGR, prior to sealing, will have been
relatively rapidly consumed by mineral and biochemical reactions in the clays surrounding the

emplaced waste container, and by corrosion of the container materials [9, 69].

While groundwater entering a failed container may be anoxic, its radiolysis due to radioactive
decay processes within the fuel will produce a variety of chemical species, including oxidants,
which can oxidize the UO; to the more soluble UV'O2?* state (Figure 1-5), a process which can
be considered a corrosion reaction. The thermodynamic driving force for a corrosion process
is illustrated in Figure 1-11. The redox potential of the groundwater (Ered/ox, cOmmonly termed
En) must be greater than the equilibrium potential for fuel oxidative dissolution, (E®)uo2/uo2)2+,
with the driving force for corrosion being the potential difference, (E®)rediox - (E®)uo2/uo2)2+.
Under these conditions, the fuel will establish a corrosion potential (Ecorr) at which the anodic
dissolution rate and the cathodic reagent reduction rate are equal, with the overall corrosion
reaction being

UVO, + Ox — UYI0,2* + Red (1.4)

15
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which the overall corrosion process occurs on the fuel surface [70].

Early studies demonstrate that the rate of this reaction is dependent on the redox conditions
established inside a container containing groundwater, with corrosion rates determined by the
available radiolytic oxidants [13, 25, 71-73]. Since radiation fields decay with time (Figure
1-12), the corrosion rate will decrease as the radiolytically-established redox conditions change

with time.
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Figure 1-12. Alpha (a), beta (B) and gamma (y) dose rates as a function of time for a layer
of water in contact with a CANDU fuel bundle with a reference burnup of 220 MWh/kgU
[74].

Two corrosion fronts will exist within a failed container: one on the fuel surface driven by
radiolytic oxidants and the second on the steel surface sustained by H>O reduction producing
the potential redox scavengers Fe?* and H.. Under the assumption that the used fuel containers
(UFC) will remain unbreached over a period of at least a few 100 years, when y/p radiation
fields are significant (Figure 1-12), only a-radiolysis is considered as a source of oxidants.
Among the a-radiolysis products, only molecular oxidants, such as H2O [75], are expected to
be important. Radical oxidants have short lifetimes and steady-state concentrations orders of
magnitude lower than those of molecular products [76]. Figure 1-13 shows the equilibrium
potentials (E®) for the coupled anodic and cathodic reactions on the two surfaces and the
respective Ecorr Vvalues adopted by the two surfaces in the neutral to slightly alkaline

conditions anticipated under disposal conditions [3, 77, 78]. The zone marked E indicates the
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redox condition possible at high o dose rates. The redox gradient between the two corroding

surfaces is apparent in the difference in established Ecorr values.
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Figure 1-13. Ilustration showing the two corrosion fronts existing within a failed
groundwater-flooded waste container. One front is on the fuel surface, established by
reactions with radiolytic oxidants, and the second is on the steel surface, established by
reactions with H20 [79].

As a-radiation fields evolve with time (Figure 1-12), both (E®)H20/H202 and Ecorr 0n the UO>
surface will decrease as the driving force for corrosion decreases. If Ecorr decreased to or
below (E®)uo2/uaoe, the corrosion driving force would disappear and the fuel become
electrochemically stable. If fuel degradation were to continue, it would have to be by chemical
dissolution (as U**), not corrosion as UV'0,%*. Calculations based on available thermodynamic
data [27, 36, 37] show that Ex would need to be <-0.35 V (vs SCE) for this condition to apply.
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1.4.3. Oxidation of the Uranium Dioxide Surface

Uranium generally exists in one of three oxidation states, UY'VV! but is effectively only
soluble as UV' [27, 34]. Applying electrochemical methods and subsequently analyzing the
surface by X-ray photoelectron spectroscopy (XPS), the composition of a U'VO; surface has
been deconvoluted as a function of the potential applied to the surface. Figure 1-14 shows the
increasingly oxidized state of the surface as the applied potential is increased from a value of
-0.5 V (vs SCE), which is below the potential at which the oxidation of UO should commence
(as discussed in Section 1.5.2), to a value of +0.5 V (vs SCE), which is well above any Ecorr
achievable under open-circuit corrosion conditions in a DGR [80]. The relative amounts of the
three oxidation states observed at the lowest potential are indistinguishable from those
measured on surfaces strongly reduced at -1.5 V (vs SCE), making them representative of the
unoxidized U'VO, surface. The procedures used to deconvolute spectra into contributions from
U', UY and UY! have been described [81-84].

uo, UO,,  UOyH,0  (UO,),(OH),2* + He
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Figure 1-14. The fractions of various oxidation states of U in a 1.5 at% SIMFUEL
electrode surface as a function of applied electrochemical potential. The electrode was
anodically oxidized at each potential for 1 hour in 0.1 mol/L NaCl (pH = 9.5) solution and
then analyzed by X-ray photoelectron spectroscopy (XPS) [80].
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All three oxidation states can be detected with the extent of oxidation proceeding through the
compositional sequence indicated in Figure 1-14 [80, 85-87]. Oxidation occurs in a two-step

process,
U0, — UV14UV2x024x — UV'03.yH20 (1.5)

The first step involves the injection of O into vacant interstitial lattice sites (Figure 1-3) to
form a thin (< 5 nm) U'V/UV surface layer. As the potential increases, the outer regions of this
layer are converted to a UY! alteration product, which can dissolve as UY'O2?*. For high applied
potentials, this alteration layer can dissolve more extensively at surface sites where the

hydrolysis of already dissolved UV'02?* leads to acidification,
nUY'022* + yH20 — (UV'02)n(OH),@"V* + yH* (1.6)

and an increase in solubility (Figure 1-5). This hydrolysis/acidification process leads to a

decrease in UY!, which exposes the underlying U'V/UV layer (Figure 1-14).
1.4.4. Reactivity of the Uranium Dioxide Surface

Attempts to measure fuel corrosion rates show a wide variation in fuel reactivity [24, 88, 89]
although it is often unclear whether these differences are attributable to real differences in
reactivity, or differences in experimental conditions, specimen treatment, or analytical
measurements. Photothermal deflection spectroscopy measurements [90], performed on
undoped UO; in solutions not containing known complexants for UO2?" detected anodic
dissolution at potentials as low as -0.3 V (vs SCE). This suggests the release could commence
as soon as the oxidation of the matrix became thermodynamically possible. It was speculated,
but not demonstrated, that dissolution at such low potentials could be due to the preferential
oxidation and dissolution of non-stoichiometric grain boundaries. Early studies report a
difference between the measured dissolution currents (in electrochemical measurements) [91]
for single crystals and sintered discs by a factor of 10%, and between the dissolution rates

(measured chemically) for UO. and natural uraninite specimens containing ill-defined
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impurities [92]. This indicates that defects and impurities could significantly affect fuel
corrosion rates. These observations suggest that in-reactor burnup, leading to lattice doping
with fission products and the formation of noble metal (€) particles, will influence fuel

corrosion rates.
1.4.5. The Influence of Non-Stoichiometry

As previously noted, the approximate change in fuel stoichiometry for CANDU fuel has been
calculated to range from UO2.001 to UO2.007, While the higher burnup LWR/BWR fuels exhibit
only marginal oxidation. As indicated in Figure 1-3, the face-centred cubic UO; lattice contains
a large number of octahedral vacant sites, which allows the lattice to accommodate large
amounts of Oy to form hyperstoichiometric U'1.24UV2xO2+x. Incorporation of O occurs readily
since the energy of formation for Oy is negative [93-97]. This, and the ability of U to form
multiple oxidation states (U, UY, UV"), allows the formation of a complex family of binary
metal oxides within the range from UO, to U307 [98]. As noted above, this increases the
electrical conductivity and provides donor-acceptor relay sites in the surface of the oxide,

which can catalyze oxidant reduction reactions.

By studying a range of stoichiometries that extend to higher values, three aspects of the
corrosion process can be investigated: (i) the composition (UO2+x) at which the surface
becomes unstable and susceptible to dissolution can be identified; (ii) the influence of surface
composition on the kinetics of the cathodic reactions supporting corrosion can be determined,
and (iii) the importance of surface composition on the kinetics of radiolytically-produced H2O>

decomposition can be evaluated.

The changes in the properties of the oxide and their influence on the reactivity of UO, have
been characterized by Raman spectroscopy using a specimen with a nominal stoichiometry of
U021 [99]. Figure 1-15 shows the surface of a specimen exhibiting four distinct features which
can be distinguished according to the relationship between their topography and composition.
The Raman spectra recorded on such locations, Figure 1-16, show that the relative decrease in
intensity of the peak at 445 cm™ (indicative of the undisturbed fluorite lattice) is accompanied

by a relative increase in the peaks within the band between 500 cm™ and 700 cm™ (indicative
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of the increasingly disturbed lattice as non-stoichiometry increases). A small peak at 155 cm™
(indicating the onset of tetragonal lattice distortions) is also observed at higher degrees of non-

stoichiometry.
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Figure 1-15. SEM image of a typical surface morphology observed on a UO2 specimen
with a nominal stoichiometry of UO21. (A) A smooth, flat grain with an approximate O/U
ratio of 2.01; (B) A grain with a very shallow stepped pattern with a slightly
hyperstoichiometric composition of ~2.15; (C) A grain with a pronounced stepped
pattern of ridges oriented horizontally along the X-Y plain with a composition of ~ 2.22;

(D) A highly non-stoichiometric spiral-like grain with a composition of ~ 2.31 [99].

An extensive series of Raman spot analyses and an accompanying XRD analysis yielded a
relationship between the various Raman peaks and their connection to lattice composition and

structure. Interpretation of these changes [99] are indicated in Figure 1-17:
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. For relatively low degrees of non-stoichiometry, the number of randomly distributed

O, increases.

. For x > 0.05, further increases in non-stoichiometry lead to the association of defects

into clusters.

. For a sufficiently high degree of non-stoichiometry (x > 0.15), the generation of large
cuboctahedral clusters leads to a major loss of cubic symmetry with the observance of a band

at 155 cm™ indicating the onset of a cubic to tetragonal structural transition.

2X104 T T T T T T T T T T T
1x10° -
i (A)
: ®
g 0 1] L] hd 1] L} L) L)
2x10° 4
1x10° - (C)
(D)
0 R e
.2 T v T v L) .
400 800 1200

Raman Shift (cm)

Figure 1-16. Raman spectra recorded on the four types of grains (A) to (D) shown and
described in Figure 1-15. The O/U ratios are ~ 2.01 (A), ~ 2.15 (B), ~2.22 (C), ~ 2.31 (D)
[99].
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The cuboctahedral cluster is the most densely packed defect cluster, which minimizes the
damage to the UO lattice induced by the incorporation of excess O by optimizing the spatial
distribution of vacancies and interstitials [100, 101]. These observations are consistent with
published literature [100, 102-104]. As the degree of non-stoichiometry increases, the surface
oxidation progresses deeper into the UO, matrix. This is demonstrated in a series of
voltammetric experiments on UO2+x specimens with nominal compositions of UO2.002, UO2.011,
UO:205 and UO2.1. These specimens have been extensively characterized [99, 105-108] and
shown to range from a specimen almost uniformly stoichiometric (UO2.002) to one comprised

of individual grains ranging from stoichiometric to extremely non-stoichiometric (UO2.1), as
shown in Figure 1-15.
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Figure 1-17. The relationships between the intensities of the band at 445 cm™ (T2g) and
the bands at 1150 cm™ and 155 cm™ based on Raman spot analyses. A-D correlate to
similar degrees of non-stoichiometry to those labelled in Figure 1-15. The vertical lines
indicate the transitions between defect structures. The compositions indicate the degree

of non-stoichiometry at which the transitions occur [99].
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Figure 1-18 shows voltammograms recorded on these four specimens with anodic currents
indicating the extent of oxidation on the forward potential scan (from negative to positive
potentials) and cathodic currents the extent of reduction of the anodically oxidized surface on

the reverse potential scan.
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Figure 1-18. Voltammograms recorded on four hyperstoichiometric electrodes in
0.1 mol/L NaCl solution (pH 9.5) at a scan rate of 5 mV/s. The threshold is that

established for the onset of oxidation [43].

For the two specimens closest to stoichiometric, anodic oxidation currents were low. The
reduction current peak (between -0.7 V and -0.9 V) indicated only a thin oxide surface layer
was formed on the forward scan. The very low currents (UO2.002, UO2.011) recorded at potentials
below the threshold, indicate minimal sub-thermodynamic oxidation as expected and are
consistent with Raman spectroscopic measurements [99, 106, 107]. As the degree of non-
stoichiometry increases to UO205 and UOz1, the anodic current both below and above the

threshold increases markedly, indicating the facile and more extensive oxidation of non-
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stoichiometric regions of the surface with the large reduction current on the reverse scan
confirming the formation (on the forward scan) of a much more extensively oxidized surface.
A combination of SEM and SECM measurements confirms that oxidation occurs preferentially
on non-stoichiometric grains [105-107].

1.4.6. The Influence of Lattice Dopants

Figure 1-19 compares the dissolution charges (extent of dissolution measured
electrochemically in voltammetric experiments) [109] for a UO: specimen close to
stoichiometric (UOz.002), 1.5 at% simulated spent fuel (SIMFUEL), and two RE"!-doped UO;
specimens with stoichiometric compositions. For UO2.002, minor dissolution commenced at
potentials as low as -0.7 V (vs SCE), which is well below the thermodynamic threshold for the
oxidation of UO2 (~ -0.4 V vs SCE). Current sensing atomic force microscopy (CS-AFM)
indicates this could be due to the presence of non-stoichiometric surface locations in the
vicinity of the grain boundaries [109], consistent with the claims of Rudnicki, et al. [90] based
on photothermal deflection spectroscopic measurements. The extent of dissolution (Figure

1-19) decreased in the order:
UO2.002 > SIMFUEL > Gd-UO; ~ Dy-UO>

demonstrating the influence of RE"!-doping in decreasing the reactivity of the UO; surface.
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Figure 1-19. Dissolution charges calculated for four UO2 materials from voltammograms

recorded in 0.1 mol/L NaCl solution containing 0.01 mol/L [COsJtotar. Dy-UO2 (12.9 wt%
Dy203); Gd-UO2 (6.0 wt% Gd203); 1.5 at% SIMFUEL; Undoped UO2.002 [109].

1.4.7. The Influence of Surface Composition

This influence of surface stoichiometry can be appreciated by reconsidering the results in
Figure 1-19 for the Dy-UO; specimen. These experiments were conducted in carbonate-
containing solutions to stimulate dissolution rather than the retention of UV! in alteration phases
on the UO; surface. This procedure enabled XPS analyses of the surface to detect changes in
composition in the U'™12xUV2O2+x layer unobscured by UY! deposits (Figure 1-20). Over the
potential range from -0.2 V (vs SCE) to 0.1 V (vs SCE), the extent of surface oxidation
increases markedly, as indicated by the more rapid increase in UV content with potential, with
the results in Figure 1-19 showing this increase is accompanied by the onset of dissolution.
Since the surface content of UY' changed only marginally, this enhanced oxidation can be
attributed to the thickening of the U"1.2xUV2xO24x layer.
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Figure 1-20. Relative fractions of U oxidation states as a function of applied potential,
recorded on Dy-UO:2 (12.9 wt% Dy) after 1 hour of oxidation in 0.1 mol/L NaCl +
0.05 mol/L [COs]totar Solution. The dashed line shows the fraction of U'Y recorded on a
freshly polished Dy-UO:2 surface [109].

This change occurred at a surface composition of ~ U'Vo7UV0302.15, a composition around
which Raman spectroscopy first detects the onset of the distortion of the cubic lattice to a
tetragonal structure (Figure 1-17) (i.e., the appearance of the band at 155 cm™) [99]. This is
consistent with SECM measurements, which show that beyond an intermediate composition
in this range, the rate and depth of anodic oxidation increased markedly [106]. These
coincidences and their consistency with the phase transformations occurring during oxidation
demonstrate that the onset of tetragonal distortions of the cubic lattice leads to dissolution.
Raman spectroscopy indicates that this transformation involves a switch from shallow
oxidation involving randomly distributed O, ions to deeper oxidation involving lattice
distortions and the formation of cuboctahedral clusters. An attempt to illustrate this change is
shown in Figure 1-21 [109].
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Figure 1-21. Schematic illustrating the influence of major tetragonal distortions leading

to the extensive formation of cuboctahedral clusters and the onset of dissolution [109].

Dissolution experiments performed on stoichiometric UO2 and UOz 3 in bicarbonate solutions
containing H20; are consistent with this analysis [110]. The release of UV! from stoichiometric
UO; was initially significantly slower than from the non-stoichiometric UO; 3 despite the more
rapid consumption of H>O on the UO> surface. These observations are consistent with the
need to oxidize the UO- surface to a threshold composition (UO2.15) beyond which tetragonal
lattice distortions lead to dissolution. By contrast, the UO.3 surface, with a composition
(UV07UV0302.15) already beyond the threshold, would immediately experience dissolution.
Despite the lack of dissolution, the more rapid consumption of H.O2 on UO; can be attributed

to the catalyzed decomposition of H20, on the U"1.oxUV202+x ( when x < 0.15).

Measurements of the extent of anodic oxidation as a function of electrochemical potential
showed that, for U'YO2 nominally close to stoichiometric (UO2.002), minor dissolution

commenced at potentials as low as -0.7 V (vs SCE) (Figure 1-19). Current-sensing atomic
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force microscopy (CS-AFM) demonstrates this could be attributable to surface locations near

grain boundaries with a stoichiometry already beyond the threshold of UO2.15 [109].
1.4.8. The Influence of Groundwater Species

The composition of the groundwater entering a failed container will depend on the type of host
rock and the interaction between groundwater and the surrounding clay as DGR conditions
evolve with time. Groundwater compositions from Canadian sedimentary rocks and crystalline
rocks have been measured [111]. The reference groundwater compositions are noted in Hall,
et al. [9]. The key groundwater species likely to influence fuel dissolution are the anions CI-,
S04% and HCOj3™ and the cations, H*, Na* and Ca?".

While the concentration of HCOz3™ in the groundwater is expected to be low and controlled by
the solubility of carbonate minerals (e.g., calcite (CaCOz)) in the clay surrounding the container
[69] and in the host rock, its ability to complex UV'02?* [27, 34-36] makes it the most likely
anion to influence the fuel corrosion process. As a consequence, its influence has been
extensively studied [112-115].

Figure 1-22 shows a series of voltammograms recorded on Dy-doped UO2 [109]. A number of
features are instructive. The potential at which anodic dissolution commences is -0.2 V (vs
SCE) when tetragonal lattice distortions first occur, Figure 1-21. This onset is independent of
[COzs]total, indicating the lattice is destabilized by the strength of oxidation, not the presence of
HCOs". For more positive applied potentials, the current becomes dependent on [COslJiotal,
consistent with the acceleration of dissolution by HCOs". The two small reduction peaks
observed on the reverse scan show that a small amount of the anodic current is consumed in
the formation of surface films, with current peak 1 attributed to the reduction of the
U"1.2xUV2xO24x layer and peak 2 to the reduction of UY'03-yH»0 or UY'0,CO3 formed at the
oxide/solution interface [109]. The charge associated with these films is reduced as the
[COs]otal is increased, confirming that when a sufficient concentration of HCOs" is present,
deposition of UY' as UV'03-yH,0 or UV'0,CO;3 is prevented and the U'1.oxUV2xOa4x surface

layer is thinned.
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Figure 1-22. Cyclic voltammograms recorded on a rotating (16.7 Hz) Dy-UO2 (12.9 wt%
Dy) electrode in an Ar-purged 0.1 mol/L NaCl solution containing various [COzs]iwtal at a
scan rate of 10 mV/s [109].

The results of a more extensive study on SIMFUELSs [115] used electrochemical impedance
spectroscopy (EIS) measurements to confirm the overall reaction proceeds via adsorbed UV

and UV! intermediates,

U0, + HCO3 — (UYO2HCO3)ads + € .7
(UYO2HCO3)ags + OH — (UV'02CO03)ads + H20 + € (1.8)
(UV'0,C03)ags + HCO3 — UV'I0,(CO3).* + H* (1.9)

with the first electron transfer step (reaction 1.7) controlling the corrosion rate at low potentials

and the chemical dissolution step (reaction 1.9) controlling the rate at high potentials. A similar
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switch from control by electron transfer to control by chemical dissolution depending on the
[H202] and [COs]wtar has been observed in chemical (open circuit) experiments [113, 116],
although the kinetics were complicated by studtite (JUO202(H20).](H20)2) formation. Under
DGR conditions, when oxidant concentrations will be low, reaction 1.7 will be the slow anodic

step, with the corrosion rate dictated by the kinetics of the oxidant reduction reaction.

When present at a sufficiently high concentration, HCO3™ can also influence the kinetics of
oxidant reduction reactions. Irrespective of whether O2 or H20- is the oxidant, HCOs™ can
suppress the oxidant reduction rate by adsorbing and stabilizing UV surface states, thereby
denying O2/H20. access to the DAR (Donor-Acceptor Relay) sites, which catalyze their
reduction [117, 118]. At sufficiently high [HCO37] and [H20:], it has also been proposed, but
not analytically demonstrated, that UV-peroxycarbonate species (UVO2(HCOs)(H20,)) are
involved in catalyzing both the anodic and cathodic reactions [114].

More detailed studies [119] also claimed dissolution was accelerated by the formation of
soluble peroxycarbonate species (UV'02(02)x(COs)y?2*). Such species have been shown to
accelerate U'VO, dissolution when [H202] and [COs]wta Were higher than those commonly
employed in spent fuel studies [120, 121].

1.4.9. Potential Oxidants (Oxygen and Hydrogen Peroxide)

If container failure occurs while y/P radiation fields are significant, fuel corrosion could be
driven by both radical and molecular oxidants [3, 118, 122]. However, while the rate constants
for the reaction of radiolytic radicals with the fuel surface have been shown to be large [123],
the steady-state radical concentrations are low, and fuel corrosion would be expected to be
dominated by reaction with H202, which would be present in substantially larger
concentrations. If container failure is delayed until y/p fields are insignificant (after a few
hundred years, Figure 1-12) and only a-radiolysis of H2O is important, H-O> would be the
dominant oxidant. However, H>.O, decomposition occurs readily on oxides [76, 124-129] to

produce the additional oxidant O,

2H>02 — O2 + 2H20 (1.10)
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which reacts over 2 orders of magnitude more slowly with UO, than H2O. [76] and fuel

corrosion could correspondingly be much slower.

The reduction of O is notoriously slow due to the need to break the strong O-O bond [117,
118]. On U0, the kinetics are accelerated by oxidizing the surface to U'V1.2xUV2¢O24x, Which
enables catalysis by mixed oxidation states at donor/acceptor relay (DAR) sites on the oxide

surface as illustrated schematically in Figure 1-23 [87].
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Figure 1-23. Reduction of O2 at donor-acceptor relay (DAR) sites on a U'V1.2xUV2xO2+x

surface [3].

The reaction is first order with respect to [O2] and appears to initiate by O, adsorption under
Langmuir isotherm conditions involving the interaction of the = and/or sp3 orbitals of Oz with
partially filled US5f orbitals present in U'"Y1.24UV2O2+x. For highly non-stoichiometric
U'V12xUV2xO24x, O2 reduction currents are suppressed with a square root dependence on [O2]
and exhibit large Tafel slopes, suggesting partial chemical control of the first electron transfer
step. Although unproven, the tendency of O, to form cuboctahedral clusters may deactivate

some DAR sites for Oz reduction by isolating them from the matrix conductive network.

Two possible effects of in-reactor burnup on O reduction can be identified: (i) fission product
doping with RE" ions, which will increase the number density of U'Y/UY DAR sites by
creating additional UV sites; (ii) the creation of noble metal (g) particles which contain Ru, Rh,
and Pd, all of which have been shown to catalyze O> reduction [130, 131]. Figure 1-24 shows
O reduction currents recorded on SIMFUEL electrodes in air-saturated solutions. RE"'-doping

alone has only a marginal effect on the kinetics, but an increase in the number density of &-
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particles (over the simulated burn-up range 1.5 at% to 6 at%) systematically increases the rate

of Oz reduction. Thus, O, reduction in support of UO> corrosion would occur preferentially on

e-particles rather than on the UO, surface.
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Figure 1-24. O2 reduction currents recorded on various SIMFUEL electrodes in a
0.1 mol/L NaCl (pH 9.5) solution purged with air ([Oz2] = 2.5 x 10* mol/L): (o) Fission
product-doped UO: containing no e-particles; (A) 1.5at% SIMFUEL; (o) 3 at%
SIMFUEL,; (e) 6 at% SIMFUEL; (x) 3 at% SIMFUEL Containing e-particles but No

Fission Products. Line (1) is drawn with a slope of 90 mV/decade of current, the slope

expected on noble metals [117].

The effect of H2O, on UO:> corrosion has been extensively studied using both chemical and
electrochemical methods [76, 84, 113, 114, 132-140]. The cathodic reduction rate of H2O»,
being ~200 times greater than that of Oz, can be attributed to the ability of H.O> to create its
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own U'/UV catalytic DAR surface sites. This reaction is driven by the initial formation of
surface OHe radicals [141-143],

HZOZ — Z(OH‘)ads (111)
U"Y + (OHe)ags — UY + OH" (1.12)

rather than relying on the number of pre-existing sites on the fuel surface, as with O,. These
sites are subsequently reduced by electrons liberated by the anodic reaction under open circuit

corrosion conditions,

UV+e — UV (1.13)

Under electrochemical conditions, the chemical formation of DAR sites leads to a weak
dependence of the cathodic current for reaction 1.13 on applied potential (i.e., large Tafel
slopes of 200-400 mV1) and fractional reaction orders with respect to [H202] as a consequence
of the potential dependent surface coverage by DAR sites [114, 137, 144, 145]. Since the first
reaction (reaction 1.12) is a chemical reaction dependent on [H202] and the second reaction
(reaction 1.13) an electrochemical reaction dependent on potential, the reaction rate changes
from electrochemical control at high [H202], when the chemical reaction is rapid, to chemical

control when [H20z] is lower and the potential sufficiently negative.

For DGR conditions, when radiolytically produced H20- concentrations will be many orders
of magnitude lower than those used in laboratory experiments, the chemical reaction step
would be expected to be rate-controlled. As for O reduction, it is possibile that H.O. reduction

could be catalyzed on an RE"'-doped surface and possibly on e-particles in SIMFUELS.
1.4.10. The Consequences of Hydrogen Peroxide Decomposition

The kinetics of H20O, reactions on UO- surfaces are complicated by the ability of H.O> to
participate in both the anodic and cathodic reactions. The influence of H,O2 on the anodic
dissolution of UO> will be discussed below. Here, the emphasis is on the decomposition of

H20. on the UO- surface. Besides causing corrosion by acting as a cathodic reagent,
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H.0> + 26 — 20H" (1.14)
H>0> can also undergo oxidation,
H202 — Oz + 2H™ + 2¢° (1.15)

leading to its overall decomposition, as illustrated in Figure 1-25.

Cathodic Reaction Reduction of H,0, |= = ———
Ia-partlcles !
H,0, decomposition <| [
[ = - - LlJlVI-ZXUV2x02+x :
| OxidationofH,0, ! — =~ =~ = T 7
Anodic Reactions Competition
Oxidation of UO,

Figure 1-25. Schematic illustration showing that the reduction of H202 can occur on
either the catalytic U'V1.2xUV2xO2+x surface or on g-particles and couple to either UO2 or

H20: oxidation [119].

The decomposition of H>O> has been studied on various metal oxides, with recent studies

showing the reaction proceeds via a radical mechanism [125, 126, 128, 141, 146, 147],

(H202)ads — 2(OHs#)ads (1.16)
(H202)ads + (OH#)ags — H20 + (HO2¢#)ads (1.17)
2(HO2¢)ags — H202 + O2 (1.18)
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with the first electron transfer from adsorbed OHe being the rate-determining step [123].

The balance between corrosion and decomposition has been studied in some detail and shown
to be a complex function of [H202] and [COs]twotal, the composition of the oxidized surface, and
whether or not the oxide is RE"'-doped. The role of e-particles in SIMFUELs on H20;
reduction remains ambiguous. In chemical (as opposed to electrochemical) experiments [142],
it was observed that consecutive exposures to H20- led to a decrease in UY! release to solution
but no decrease in the amount of H202 consumed (Figure 1-26). This was taken as evidence of
alterations to the chemical state of the surface, which continued to support decomposition but
not dissolution. That this was the case was demonstrated in a series of experiments in which
both the [COgz]wtar and [H202] were changed, and the evolution of the surface condition was
followed by measuring Ecorr, the changes in polarization resistance (Re), and the surface
composition using XPS [148], Figure 35 and Figure 36. In both series of experiments, the
dominant reaction consuming H20> was shown to be decomposition, although the balance
between corrosion and decomposition was different since one set of experiments was
performed on undoped UO- and the other on 3 at% SIMFUEL. RE"' doping of the matrix
(present in SIMFUEL) stabilizes the matrix against corrosion, shifting the balance in favour of
decomposition [149].

37



6 ] A | ] E ] 1 I
Xposure -
= 5} Exposure2 4o =
E Exposure 3
o 4T -
o
; 3r e ® . . o
= 2F N
2"’ * A A A 'y
2. 1F R A A
0 la 1 1 ] I
0 50 100 150 200 250
Time/h
3 T T T T
B Exposure1 e
25 Exposure 2 4o -
s & Exposure 3
E 2r 7
= 15F -
O
£ 1r :
o -
0.5 -
.
o u ] I ol el &
0 50 100 150 200 250
Time / h

Figure 1-26. Uranium release into solution (A) and H202 consumption on UO2 (B) during
three consecutive exposures to a deaerated 1 x 103 mol/L HCOs" solution [142].

XPS analyses indicate catalysis of the decomposition reaction by a reversible redox
transformation occurring on a U™1.5UV2O24x surface, Figure 1-27. This catalyzed
decomposition process is illustrated schematically by reactions 1.1 and 1.2 in Figure 1-28.
Although not shown in the figure, this process proceeds via OHe radical species (reactions

1.16-1.18). For short immersion periods (~5 h), the changes in Ecorr and Rp with [H20;]
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demonstrate that both the rate of formation of the U'1.,xUVaxO2:x layer and the rate of

decomposition on it increased as [H20] increased.
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Figure 1-27. Percentage of U oxidation states in a 3 at% SIMFUEL surface after exposure

to a 102 mol/L H20:2 solution. Values obtained by deconvolution of the U 4f72 peaks in
XPS spectra [148].
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Figure 1-28. lllustration of the H202 decomposition (reactions 1.1 and 1.2) and UO:2
corrosion reaction (reactions 1.3, 1.4, 1.5) occurring on a U'V1.2xUV2xO2:x surface layer on
UO:2 [148].

The Ecorr Vvalues recorded in the presence of H>O, [132, 148, 150, 151] are well above the
established value at which the onset of tetragonal distortions in the cubic UO; lattice can
initiate dissolution. Despite these high values, the surface remains catalytic for H.O>
decomposition since the catalytic interconversion of U' and UV is reversible, preventing the
irreversible transition involving the breakdown of the cubic structure, which would lead to
dissolution. A positive shift in Ecorr, Which could disturb reversibility, requires [H20:]
approaching 102 mol/L [119, 132, 148], a concentration many orders of magnitude beyond
that achievable under DGR conditions. This suggests radiolytically produced H>O> should
predominantly undergo decomposition. Additionally, the surface of the fuel is likely to remain
catalytic to support radical reactions capable of scavenging radiolytic oxidants such as those

induced in the presence of H.
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1.5. The Influence of Redox Scavengers on Fuel Corrosion

The two corrosion fronts existing within a failed container, illustrated in Figure 1-29, are
interconnected by groundwater diffusion processes. Since the separation in corrosion potentials
(Ecorr) between the two surfaces is large (Figure 1-13), this introduces the possibility that the
products of steel corrosion (Fe?* and Hz) will scavenge the radiolytic oxidants (predominantly

H20,) responsible for UO> corrosion.

COPPER STEEL

Figure 1-29. llustration showing the two corrosion fronts within a groundwater-

containing failed container [70].

1.5.1. Ferrous lons

Ferrous ions (Fe?*) are well-known regulators of redox conditions in natural waters, and their
reaction with oxidants, in particular Oz, has been extensively studied [152]. The overall

reaction can be written,

Oz + 2H,0 + 4Fe?* — 4Fe® + 40H" (1.19)
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where the exact speciation of Fe'' and Fe'"

is determined by groundwater composition, redox
conditions, and pH. The redox chemistry of the steel/iron oxide/soluble Fe system and its likely

impact on fuel corrosion have been reviewed in detail [153].
The radiolytically produced H20. will also be consumed by the Fenton reaction [154],
Fe?* + H202 — Fe** + OHe + OH" (1.20)

Fe?* + OHe — Fe3* + OH (1.21)

Separating the effects of the two possible redox scavengers (Fe2*, Hz) on fuel corrosion is
difficult in experiments conducted in the presence of Fe. That H. is the dominant steel

corrosion product suppressing the corrosion of UO2 was demonstrated by Puranen, et al. [155].

Direct attempts have been made to determine the influence of Fe?* on UO; corrosion [156-
158]. Calculations based on the Fenton reaction and experimentally determined rate constants
showed the suppression of UO> dissolution by a factor of 40 [159]. More recent model
calculations show that, as the [Fe?'] increases towards its solubility limit for groundwaters in
the expected repository pH range, the radiolytically-produced H2O is scavenged by the Fenton
reaction at locations progressively closer to the fuel surface [160]. At the fuel surface itself,
where the influence of Fe?* is determined by the relative rates of the Fenton reaction and the
interfacial corrosion rate, the influence is relatively minor. When the accumulation of corrosion
product deposits is included in model calculations, and access of Fe?* to the UO; surface is

controlled by limited porosity in the deposit, the influence of Fe?* becomes marginal [161].
1.5.2. Hydrogen (H>)

Within a failed container there are two sources of Ho: (i) radiolytic production and (ii)
formation by the anoxic corrosion of the inner used fuel container vessel with groundwater.

The second will be the major source,
3Fe + H,O — Fe304 + 4H> (1.22)

The hydrostatic pressure at a DGR depth of 500 m (~ 5 MPa, or 50 bar) would lead to a
dissolved [H2] of ~ 40 mmol/L. Water radiolysis can produce additional H; inside a failed

42



container. It is clear from previous studies [16, 76, 89, 155, 162-165] that dissolved H, can
reduce the concentrations of radiolytic oxidants to levels below their analytical detection limit.
To act as a reductant, H> must be activated by dissociation into reactive He, which can be

achieved by radiolytically formed OHe radicals,
OHe + H — H,O + He (1.23)

The ability of H, to suppress fuel corrosion at [Hz] in the range of 10 and 10 mol/L has been
shown by scavenging molecular radiolytic oxidants to below detection limits and consuming
small amounts of added H20- [166]. Given the ability of H> to scavenge OH- radicals in bulk
solution, the scavenging of surface OHe created by the dominant radiolytic oxidant, H20>,
would be the expected first reaction step preventing the onset of UO, oxidation, leading
eventually to the release of UY'0,* to solution or the decomposition of H20- to O, and H-0O
(reactions 1.16-1.18). Since U release is completely suppressed and no O is detected in
reactions in the presence of y- or a-radiation, reaction 1.24 would be the dominant reaction

pathway.
(OH¢)ads + (H*)ads — H20 (1.24)

A second pathway exists for the activation of H> on spent nuclear fuel surfaces. Noble metals
(e-particles) are well-known catalysts for oxidation/reduction reactions, especially the
Ha/He/H" reaction, with 3 of the 5 dominant components of e-particles (Pd, Rh, Ru) possessing
high exchange currents in the range of 10 to 102 A.cm™ [167]. Thus, it would be expected
that e-particles, despite their low surface coverage, could act as galvanically coupled anodes
(for H2 oxidation) and cathodes (for H202/Os reduction). Hz activation on g-particles will
produce He which would be expected to drive the recombination of H2O2 and H> on g-particle

surfaces by reaction with surface OHe species, reaction 1.24.

The influence of these particles on fuel behaviour in the presence of H> has been studied on
SIMFUELSs [140, 168-172], on UO: in the presence of noble metals [173, 174] and on particles
extracted from actual spent fuel specimens [175]. On SIMFUEL, the Ho/He/H" reaction would
be reversible, and the UO2 matrix should be inert, as appears to be the case for spent fuels and
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a-doped UO» [19, 76, 162, 166]. However, H» cannot be activated, or activated only to a minor

degree, on SIMFUEL not containing g-particles [176].

Two pathways for protection against oxidation are possible, as illustrated in Figure 1-30: either
the recombination reaction on the e-particles (Figure 1-30(a)) or H20> reduction on UO> driven
by galvanic coupling to Hz oxidation on g-particles (Figure 1-30(b)). Since the reaction of H>O>
with UO: is rapid, the second pathway appears more likely given the much larger available
UO; surface area. Similar experiments in which H202 was added to an Ar/H2 purged solution
containing a SIMFUEL with no e-particles [172] generated Ecorr transients indicating the
same oxidation (by H>Oz)/reduction (by H) coupled reaction. Again, XPS analyses confirmed
the reduced state of the surface when the transient was complete. These observations suggest
that, while the recombination process may be accelerated by He formation on g-particles, it can
also occur on the UO: surface via the H» scavenging of surface OHe radicals, which would

otherwise lead to UO> oxidation.

It has been well established that the reactions of H>O2 with UO. and with H2 on UO- (and on
other metal oxides) proceed via surface radical states (OHe¢). This was recently confirmed on
SIMFUEL in D isotope studies by Bauhn, et al. [177] in NaCI/HCOs" solutions, in which the
reaction of surface adsorbed OHe on SIMFUEL surfaces with dissolved D2 was demonstrated
by the detection of HDO.
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[
(OH')

\*H"’+ H,O

Figure 1-30. Schematic illustrating the possible reaction pathways for the scavenging of
H20:2 by reaction with Hz on a 1.5 at% SIMFUEL surface by (a) reaction on g-particles;
(b) by H2 oxidation on e-particles galvanically coupled to the reduction of H202 on the

oxide surface [140].

1.6. Chemical Dissolution Under Anoxic Conditions

When oxidants are scavenged and Ecorr is lowered to a value < (E®)uozuaos, the fuel will
become immune to corrosion and any further degradation leading to radionuclide release can
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only proceed by chemical dissolution as U'Y. Under these conditions, the UO, matrix would
be expected to achieve solubility equilibrium, and any further dissolution would require
disturbance of this equilibrium and a transition to chemically controlled dissolution. This
disturbance could occur by one of two processes: (i) the transport of U' away from the fuel
surface and its adsorption on available surfaces in the vicinity of the fuel (e.g., container

corrosion products) and (ii) conversion of UO- to the more stable U' phase, coffinite (USiO4).

A number of measurements of fuel dissolution rates (as opposed to corrosion rates) have been
made [19, 178-181] with values ranging from (6 + 2.5) x 10®° mol/m?-a in dynamic flow
through experiments [178] to (4 to 35) x 10 mol/m?-a in static experiments [180]. Generally,
experiments conducted under dynamic conditions yielded higher values than those performed
under static conditions, which would be consistent with the avoidance of solubility equilibrium

under dynamic conditions.
1.7. Thesis Goals and Outline

The goals of this thesis are as follows:

e To characterize natural UO2 samples manufactured between 1965 and 2017 using
a combination of electrochemical and surface analytical techniques.

e To determine the influence of conductivity of UO, samples on the kinetics of
reactions involving H20..

e To investigate the ability of the UO> surface in the activation of Hz to form (He)ads
and its subsequent suppression of reactions involving H20..

e To identify whether H, can reduce an oxidized U'1.xUV2xO2x surface in the
absence of e-particles when H20- is present.
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Chapter 2
2. Experimental Techniques and Details

2.1. Experimental Design

The experimental design and techniques used in this project are described in this chapter.

Subsequent chapters provide specific experimental parameters.
2.2. UO2 Material

The UO> materials studied in this project are natural UO, manufactured between 1965 and
2017 for use in CANDU reactors. The UO> pellets were provided by BWX Technologies
(BWXT) and Canadian Nuclear Laboratories (CNL) on behalf of Atomic Energy of Canada
Limited (AECL). All materials were received in pellet form. Their nominal O/U ratios are

unknown but general compositions close to stoichiometric would be expected.
2.3. Electrochemical Experimental Techniques

2.3.1. Electrochemical Cell and Instrumentation

2.3.1.1. Three-Compartment Cell

A standard 1L, three-compartment cell, Figure 2-1, was used for the electrochemical
experiments presented in Chapter 5. The UO., working electrode (WE) was attached to a
conductive rod and placed in the main compartment. The main compartment was separated
from the counter (CE) and reference (RE) electrode compartments using dense glass frits. A
Luggin capillary was used to minimize IR drop between the WE and the RE. A saturated
calomel (SCE, +0.241 V vs. standard hydrogen electrode (SHE) [1]) reference electrode was
used for all experiments performed in the cell. A 1 cm? Pt foil spot-welded to a Pt wire was
used as the counter electrode. All experiments were performed in a grounded Faraday cage to

minimize interference from external electrical noise. A Solartron model 1287 potentiostat was

63



used for cyclic voltammetry experiments and CorrWare software (version 3.5d) was used to
control the potentiostat and CorrView software (Scribner Associates) was used to analyze the
data. Applied potentials and measured current responses for corrosion potential and linear
polarization experiments were controlled, recorded, and analyzed using a Solartron Model

1480 Multistat and CorrWare software (Scribner Associates), respectively.

Figure 2-1. Schematic illustrating a 1 L, three-compartment electrochemical cell.

2.3.1.2. Single-Compartment Cell

A 50 mL, single-compartment cell, Figure 2-2, was used for the electrochemical experiments
presented in Chapter 4. The CE was a Pt wire were placed in the same compartment as the RE.
An Ag/AgCl in saturated KCI (+0.197 V vs. SHE [1]) RE was used for all experiments. The
electrochemical cell was housed in a grounded Faraday cage to minimize interference from

external electrical noise. Applied potentials and measured current responses were controlled,
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recorded, and analyzed using a Solartron Model 1480 Multistat and CorrWare software

(Scribner Associates), respectively.

Figure 2-2. Schematic illustration of the 50 mL, small electrochemical cell used in H202

decomposition experiments.

2.3.2. Electrode Preparation

All UO; samples were received as pellets ~20 mm long and ~12 mm in diameter. The pellets
were cut into discs 2-3 mm thick using a diamond blade saw. To prevent cracking of the
ceramic material during cutting, the pellets were first mounted in a transparent epoxy (Buehler
Sampl-Wick liquid and powder at a 1:2 ratio). To create a good electrical contact with external
circuitry, one exposed face of the disc was polished and electroplated with a thin layer of Cu.
The electroplating procedure is illustrated in Figure 2-3. The disk was secured in place at the
end of a rubber tube and immersed in a 0.1 mol/L CuSO4 and 0.1 M H2SO4 mol/L solution.

Mercury was carefully poured into the tubing, and a conductive wire inserted to connect the
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mercury to the negative terminal of a DC power supply (GPR-30H10D). A polished Cu wire
was attached to the positive terminal of the power supply, and a 10 mA current was applied for
5 minutes. The resulting electrodeposited Cu layer was uniformly distributed across the UO>

surface.

Stainless

Rubber
Tube

 UO,Disc

Glass /

Figure 2-3. Schematic illustration of the experimental setup used to electroplate one side
of a UOz2 disk with Cu [2].

A conductive threaded backing is attached to the Cu-electrodeposited face of the UO disk
using highly conductive silver epoxy (Hysol KS004). The UO, sample is then coated with
Amercoat epoxy (90HS, Amercoat Canada), leaving a single face of the disk to be exposed in

a solution. Prior to an experiment, the exposed UO> surface is polished with 1200 grit SiC
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paper, then sonicated for 2 minutes in Type 1 H2O (resistivity = 18.2 MQ.cm) to remove

polishing debris.
2.3.3.  Solution Preparation

All solutions were prepared using Type 1 H2O (resistivity of 18.2 MQ.cm) obtained from a
Milli-Q® Millipore system. All experiments were conducted in a 0.1 mol/L NaCl and
0.05 mol/L NaHCO3 solution, made using reagent grade NaCl (Fisher Chemical) and NaHCO3
(EMD Millipore). The pH was adjusted to 9.5 using NaOH. When H20, was added, a 3% stock
solution was diluted to the desired concentration. The solutions were purged with ultra-high
purity (UHP) Ar gas or safe gas (95% Ar/5% H») for a minimum of 45 minutes in the large
electrochemical cell and 20 minutes in the small electrochemical cell before an experiment to
ensure anoxic conditions. The solution was continuously sparged with either Ar gas or safe gas

during an experiment.
2.4. Electrochemical Techniques

Prior to electrochemical experiments, electrodes were polished using 1200 grit SiC paper and
rinsed with Type 1 H>O. After immersion in solution, the electrode was cathodically cleaned
using potentiostatic polarization at -1.2 V vs. SCE for two minutes in the large electrochemical

cell and 20 seconds in the small electrochemical cell to remove air-formed oxides.
2.4.1. Corrosion Potential (Ecorr) Measurements

The corrosion potential (Ecorr) is the potential measured between the working and reference
electrodes in the absence of an applied potential. Ecorr represents the open circuit potential
for a corroding system. For a UO- system, this involves the coupling of the anodic oxidation
of UO. with the cathodic reduction of an available oxidant,

UO, + OX — UO22" + Red 2.1)

where Ox is the oxidant, and Red is its reduced form.
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2.4.2. Linear Polarization Resistance (LPR) Measurements

The polarization resistance (Rp) is a measurement of the corrosion rate. As the current at Ecorr

is zero,
IcoRR=Y la=—Y ic (2.2)

where icorr IS the corrosion current, and i, and ic are the currents for the anodic and cathodic
half-reactions, respectively. Since the net current measurable in an external circuit is zero at
Ecorr, the potential is polarized to £ 10 mV, and the current response is recorded. The current-
potential relationship over the small potential range results in a linear slope around Ecorr that

defines Rp, which is inversely proportional to the corrosion rate [3].
2.4.3. Cyclic Voltammetry (CV) Measurements

Cyclic voltammetry (CV) is an electrochemical technique that dynamically polarizes a sample
at a constant scan rate between two potential limits, with the current response measured as a
function of applied potential. The observed anodic and cathodic currents provide insight into
the kinetics and mechanism of surface reactions occurring as a result of heterogeneous electron
transfer [4]. The shape and size of the observed anodic and cathodic currents yield information
on the oxidation and reduction reactions occurring on the surface and, when coupled with

analytical methods, enable the surface electrochemistry/chemistry properties to be elucidated.
2.4.4. Potentiostatic Polarization (PSP) Measurements

Potentiostatic polarization (PSP) is an electrochemical technique that applies a constant
potential difference between the WE and RE and records the current response between the WE
and the CE as a function of time. By applying a potential more positive or negative than Ecorr,
the anodic or cathodic reactions can be accelerated, respectively. The measured current at
applied potentials more positive than Ecorr represents the reaction rate on the WE surface due
to oxidation of the surface and possible dissolution. The measured current at applied potentials

more negative than Ecorr represents the reduction reaction rate on the WE.
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2.4.5. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an in-situ technique used in this study to
determine the resistivity of each sample. Using a Solartron Model 1255 Frequency Response
Analyser and ZView software (Scribner Associates), the sample was perturbed by a small-
amplitude sinusoidal potential of = 10 mV vs a direct current input potential, and the sinusoidal
current response was measured, Figure 2-4. The input signal was applied over a frequency

range from 10° to 10~ Hz with 11 data points recorded per decade.

Using a modified version of Ohm’s Law for an alternating current system, the applied potential
(E(w)) can be related to the current output response (i(w)), where o is the angular frequency
and Z(w) is the impedance, equation 3. In this study, impedance measurements are used to
determine the impedance of samples at frequencies when the interface is in phase, when Z(®)

becomes a resistance.

E(m) =i(0) Z(») (2.3)
] 6
y | electrochemical ’ v 2
DC input cell |
AC output

Figure 2-4. Schematic of the potential perturbation applied during an EIS experiment
and the resulting AC current response [5]. The change in the phase angle is represented
by 0.
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The UO:> disk was secured in the end of a piece of rubber tubing. Using a 20 mL glass vial,
mercury (Hg) was used to create an electrical connection to both sides of the UO, disk. A
conductive wire was placed in the Hg and connected to a potentiostat with a frequency response

analyzer, Figure 2-5.

Conductive

/7 Wire

Rubber Tube

/

UO, Disk

‘ Mercury (Hg)

Figure 2-5. Schematic illustration of the experimental setup used to measure the

resistivity of a UO2 disk.

2.5. Surface Analysis Techniques

2.5.1. Raman Spectroscopy

Raman spectroscopy provides information about a sample's molecular vibrations by probing
the polarizable species using monochromatic light to measure inelastic photon scattering. Most
of the scattered photons are elastically scattered (Rayleigh scattering), but a small portion are
inelastically scattered (Raman scattering) with either higher or lower frequencies compared to

the incident light frequency, Figure 2-6 [6].
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Using a Renishaw InVia Reflex Raman spectrometer and WIRE 4.2 software, the UO: lattice
was probed to determine the defect structure within the wavenumber range from 156.6 cm™ to
1373 cm™.

+ Virtual 7
energy
states

Energy

Vibrational
energy states

4
t v

Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering scattering

e T Y -9

Figure 2-6. Schematic illustrating the energy level diagram of the states involved in a
Raman signal. The signal strength from the described energy transitions is qualitatively
represented by the line thickness.

2.5.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an analytical technique used to study surface
morphology. Using a beam of high-energy electrons (primary electrons), a high-resolution
image of a sample surface can be obtained. The primary electron beam is generated from the
thermionic emission of electrons from a metal filament, such as tungsten. A set of condenser

lenses and an objective lens focus the electron beam to a very small diameter, the diameter of
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which is dependent on the primary electron source. The finely focused electron beam is
rastered across the sample surface, resulting in various electronic interactions. The most
common products from these interactions are secondary electrons, backscattered electrons,
Auger electrons, and X-rays, as summarized in Figure 2-7.
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Figure 2-7. Schematic illustration of the possible interactions between a primary electron
beam and a sample surface [7].

Secondary electrons are produced due to inelastic interactions between the primary electrons
and the sample. The inelastic collisions result in an energy transfer from the primary electrons
to electrons in the sample surface. When the transferred energy is greater than the work
function of the material, an electron is ejected from the sample. The ejected electron, known

as a “secondary” electron, is used to characterize the morphology of a sample surface. The
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morphology is determined by the depth at which the secondary electron can escape. Electrons
near the surface, with a high probability of reaching the detector without undergoing further
inelastic collisions, appear brighter in the SEM image. Electrons from deeper locations have a
lower probability of reaching the detector and, thus, appear darker in the image.

2.5.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an analytical technique based on the photoelectric
effect that can be used to quantitatively measure elemental oxidation states in a sample surface.
XPS probes the outer 5 to 10 nm of a surface by irradiating it with low-energy X-rays. When
an X-ray of a known energy (hv) interacts with an atom, a photoelectron can be emitted via the
photoelectric effect, Figure 2-8. The kinetic energy of the photoelectron (Ex) can then be
measured, and the binding energy (Eb) of the photoelectron calculated using the following

equation,
Eb=hv—Ex-® (2.4)
where @ is the work function of the spectrometer.

The measured Kinetic energy of a photoelectron is sensitive to the chemical environment of the
atom from which it was ejected. The intensity of the peaks provides information on the
concentration of the element in the area of analysis, while subtle shifts in the measured kinetic
energy provide characteristic information on the atom's oxidation state. These subtle shifts can
be observed in high-resolution spectra. Using CasaXPS (version 2.3.19), the peaks were fit to

deconvolute the spectra and obtain quantitative information on the surface oxidation states [8].

With paramagnetic states, a shake-up peak will commonly appear near the main peak of an
element at a slightly higher binding energy. This occurs due to the excitation of a valence
electron by the outgoing photoelectron and the loss of a small amount of kinetic energy. The
position of the satellite structure can be used in the assignment of the chemical states of the

element in question.
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Spectra were collected on a Kratos AXIS Supra spectrometer using a monochromatic Al K,
(1486.6 eV, 15 mA, 14kV) source. The instrument work function was calibrated for the Au
4f72 metallic gold binding energy of 83.96 + 0.025 eV, and the spectrometer dispersion was
adjusted to a binding energy (BE) of 932.62 £ 0.025 eV for metallic Cu 2p3/2. When necessary,
surface charging was corrected for by setting the C 1s BE at 284.8 eV. Survey spectra were
collected over a BE range from 0 to 1100 eV at a pass energy of 160 eV. High-resolution
spectra were collected for O 1s, U 4f, and C 1s at a pass energy of 20 eV. For all measurements,

the area of analysis was ~ 400 x 700 pm.
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Figure 2-8. Schematic illustration of the excitation of a core level electron by an X-ray

beam and the subsequent generation of a photoelectron.
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2.6. Solution Analysis Techniques

2.6.1. Inductively Coupled Plasma-Mass Spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS) is a solution analysis technique used
to measure the concentration of solutes. This is done by ionizing a solution into the gas phase
using extremely high temperatures (6000-7000 K). The sample is then aerosolized and focused
into a quadrupole mass spectrometer using ion lenses. The spectrometer consists of four
charged rods that generate a magnetic field by applying a direct current (DC) field and
alternating current (AC) of radio frequency on opposite pairs of the four rods. By manipulating
the AC/DC ratio on the pairs of rods, ions of a specific mass-charge ratio can be filtered, and

the concentration of the desired ion measured [9].

Solutions were analyzed using an Agilent 7700x ICP-MS. Prior to solution analysis, the
spectrometer was calibrated with a series of 28U standards. All samples were diluted with 2%
HNO:s before injection to achieve the optimal detection range and to prevent precipitation. ICP-
MS was used in this work to determine the concentration of U ions dissolved in solution
throughout and after corrosion experiments.

Quadrupole rods

Figure 2-9. Schematic illustration of a quadrupole mass filter [9].
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2.6.2. Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV-vis) absorption spectroscopy uses electromagnetic radiation with a
wavelength between 200 nm and 800 nm, covering the UV (200-400 nm) and visible (400-
800 nm) ranges. The solution's absorbance can be calculated by measuring the intensity of a

light beam before and after passing through the sample,
A =log lo/I (2.5)

where A is the absorbance of the sample, lo is the intensity of the incident beam, and I is the
beam's intensity after passing through the sample. Using the measured absorption, a

concentration can be calculated using the Beer-Lambert law,
A=¢&cl (2.6)

where € is the molar absorption coefficient of the chemical species, c is the concentration of

the sample, and | is the optical path length.

UV-vis is based on the ability of a molecule to absorb UV and visible light, causing the
excitation of electrons from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). The frequency at which the light is absorbed is
characteristic of the chemical structure of the absorbing species. An optical spectrometer
measures the wavelengths at which absorption occurs and yields a spectrum of absorbance
with respect to wavelength.

In this work, UV-vis was performed using a diode array spectrophotometer (BioLogic Science
Instruments), Figure 2-10, to measure H>O> concentrations using the Ghormley tri-iodide
method in which H20; oxidizes I to I* in the presence of ammonium molybdate [10]. UV-vis
analysis was performed immediately after sampling the experimental solution, and the
absorbance at 352 nm was used to measure the concentration of H.O>. For all experiments
containing H2O, the electrochemical cells were covered with commercial-grade aluminum foil

to avoid photolytic decomposition.
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Figure 2-10. Schematic illustration of a diode array UV-vis spectrophotometer.
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Chapter 3
3. Characterizing Natural Uranium Dioxide Specimens

3.1. Introduction

The primary concern for the release of radionuclides under permanent disposal conditions is
the corrosion and dissolution of the UO. lattice. One factor controlling the corrosion and
dissolution process is the degree of non-stoichiometry. While it does not affect the
mechanism of these reactions, it could influence the anodic and cathodic kinetics. For
undoped UO,, the degree of non-stoichiometry (x in UO2+x) has previously been shown to

influence the reactivity by up to two orders of magnitude [1-4].

The degree of non-stoichiometry can be estimated using an array of techniques. These
techniques include, but are not limited to, measuring sample conductivity by electrical
impedance measurements [5], characterizing changes in the matrix structure by Raman
spectroscopy [6], determining the spatial distribution of measured differences in matrix
structure using Raman mapping, characterizing the grain morphology of the sample surface
[1], and measuring corrosion processes using electrochemical techniques [7].

As discussed in Chapter 1, UO> adopts a fluorite lattice structure with interstitial sites that
can accommodate additional interstitial oxygen atoms (O;) to form hyperstoichiometric
U'V12xUV2xO24x. In the stoichiometric form, UO, is considered a Mott-Hubbard insulator
with a band gap of ~5 eV [8-10]. However, the introduction of O, atoms into the fluorite
lattice structure occurs readily as the energy of formation for O, is negative [11-16]. This
leads to an increase in the electrical conductivity as a UO2+x p-type semiconductor with a
band gap of ~ 2 eV. Thus, the increase in conductivity (decrease in resistivity) is sensitive to
the degree of non-stoichiometry, with the latter having been shown to enhance the reactivity

of the oxide and accelerate corrosion [17].
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The expected range for the stoichiometry of Canada Deuterium Uranium (CANDU) fuel is
2.001 to 2.007 [18]. However, depending on the efficiency of the reductive sintering process
used during fabrication, higher levels of hyper-stoichiometry may occur at localized sites
such as grain boundaries. This study investigates a series of CANDU UO. samples
manufactured between 1965 and 2017 to determine the range of possible reactivities based
on their physical and electrochemical properties. A knowledge of these properties is required

to support the investigations of corrosion processes on the UO- surface.

3.2. Experimental

3.2.1. Electrode Materials and Preparation

Experiments were conducted on un-doped natural UO> electrodes cut as 2-3 mm-thick discs
from commercial fuel pellets manufactured between 1965 and 2017 for use in CANDU
reactors. Electrodes were prepared for three samples manufactured in January 2017,
September 1990, and November 1977. The details of electrode preparation have been
discussed previously [19]. The surface area of a single face of the disk ranged from 0.89 cm?
to 1.65 cm?, and the thickness of the disk for each sample ranged from 1.5 cm to 6.1 cm.
Prior to all experiments, the electrode was polished with 1200 grit SiC paper and then
sonicated for 2 minutes in Type 1 H2O (resistivity = 18.2 MQ.cm) to remove polishing

debris.
3.2.2. Resistance Measurements

Electrochemical impedance spectroscopy (EIS) was used to determine the resistance of each
sample. The UO; disks were secured in the end of a piece of rubber tubing. Using a 20 mL
glass vial, mercury (Hg) was used to create an electrical connection to both sides of the UO>
disk. Conductive wire was placed in the Hg and connected to a potentiostat with a frequency
response analyzer. Using a Solartron Model 1255 Frequency Response Analyser and ZView
software (Scribner Associates), the sample was perturbed by a small-amplitude sinusoidal
potential of £ 10 mV, and the sinusoidal current response was recorded. The input signal was

applied to a frequency range of 10° to 107 Hz.
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Using a modified version of Ohm’s Law for an alternating current system, the applied
potential (E(w)) can be related to the current output response (i(w)), where ® is the angular
frequency and Z(w) is the impedance, equation 3.1. In this study, impedance measurements
are used to determine the impedance of samples at frequencies when the interface is in phase

(1 Hz), and Z(w) becomes a resistance, Figure 3-1.
E(0) =i(0) Z(®) (3.1)
3.2.3. Raman Spectroscopy

Raman spectra were acquired using a Renishaw 2000 confocal Raman spectrometer
(Renishaw, UK). Spectra were excited using a 50 mW He-Ne laser with a wavelength of
632.8 nm. The power of the laser beam was reduced to 50% to avoid heating effects. Spectra
were recorded over the wavenumber range 150 to 1400 cm™. A Gaussian-Lorentzian peak
model with a Shirley background correction was used to fit spectra. The deconvolution of the

broad band between 500 and 700 cm™ was performed as previously described [20, 21].
3.2.4. Scanning Electron Microscopy (SEM)

Images of the sample surface were collected using a Hitachi SU3500 Variable Pressure SEM.
The electron beam was accelerated at 5 kV or 10 kV with a working distance of 10 mm to
collect high-resolution images. All SEM micrographs were taken at surface locations where

the grain structure was visible.
3.2.5. Electrochemical Cell and Equipment

All experiments were conducted using a standard 1 L three-electrode, three-compartment
electrochemical cell. All potential measurements were recorded against a commercial
saturated calomel reference electrode (SCE; 0.241 V vs. standard hydrogen electrode) [22].
The counter electrode was a 1cm? Pt foil spot-welded to a platinum wire. The
electrochemical cell was housed in a grounded Faraday cage to minimize interference from

external electrical noise. Applied potentials and measured current responses were controlled,
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recorded, and analyzed using a Solartron Model 1287 Multistat and CorrWare software

(Scribner Associates), respectively.
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Figure 3-1. Bode plot collected for a UO:2 disk. The dashed line represents a phase angle
of 0, where Z(®) represents the resistance of the UO: disk.
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3.2.6. Electrochemical Techniques

Prior to any experiment, the UO> electrode was potentiostatically polarized to -1200 mV (vs
SCE) for 2 minutes. This procedure removed air-formed oxides from the surface, ensuring

each experiment begins with a fresh surface.

Cyclic voltammetry (CV) experiments were performed to observe the electrochemical
behaviour of the UO, sample. The potential was scanned from -1200 mV (vs SCE) to a
positive limit of 250 mV (vs SCE) and back at a scan rate of 10 mV.s%. The current interrupt

method was used to compensate for electrode resistance.
3.3. Results and Discussion

Figure 3-2 shows the measured resistivity of all the UO> slices with respect to the year they
were manufactured. The deviations in measured resistivity values were considerably higher
for older pellets, suggesting a possible range of reactivities if it is related to the inverse of
resistivity (conductivity). This variability could indicate that some pellets may not have been
fully sintered to stoichiometric UO> during manufacturing. The measured resistivities range
over three orders of magnitude for the pellets manufactured in 1991, 1990, 1997 and 1965.

Figure 3-3 shows the resistivities measured on slices taken from UO; pellets manufactured in
2017, 1992, 1990, 1977, and 1965, respectively. Given the observed values for a specimen
will be that of the path of least resistance, the measured resistivity provides insight into the
conductivity and, hence, non-stoichiometry of a sample and, therefore, the potential
reactivity under redox conditions. Furthermore, by measuring the resistivity across a pellet,
the uniformity of the sintering process can be assessed, and the reactivity at different points
through the pellet determined. The pellets manufactured in 2017 and 1992 effectively show a
constant resistivity throughout, suggesting the sintering process was consistent throughout
the two pellets. The resistivity for the pellet from 2017 was up to, and sometimes over, one
order of magnitude greater, indicating that the sample from 2017 was effectively reduced
during sintering. The pellets from 1990, 1977, and 1965 show a much greater distribution of
resistivities throughout the pellet, in some cases ranging over approximately three orders of
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magnitude (1990). Though there is greater variability in the resistivity of the pellet slices,
there is no clear trend in the resistivity through the pellet. These variations suggest that the

reactivity of these pellets may vary throughout.
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Figure 3-2. Measured resistivities for un-doped UO2 samples manufactured between

1965 and 2017. Individual resistivity measurements are shown for each sample.

Raman spectroscopy can be used to assess the influence of defects and O, on the UO, matrix
[20]. An example of a deconvoluted Raman spectra is shown in Figure 3-4. The peak at
450 cm™ is attributed to the Tog O-U' stretching mode and is indicative of the undisturbed
fluorite lattice [23], while the broad band between 500 cm™ and 700 cm™ includes responses
which reflect defect structures within the oxide. In fitting the spectra, the peak at 450 cm™
was treated as Lorentzian with the contributions to the wide band treated as Gaussian. While
the peak at 450 cm™ is dominant, confirming the fluorite structure, deconvolution of the

broad band reveals two additional contributions. The peak at 575 cm® has been assigned as
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the first-order L-O phonon, with its intensity thought to indicate a loss of translational
symmetry at a vacancy site, which could be a self-trapped Frenkel defect and/or an O
vacancy [24-28] in a close-to-perfect fluorite lattice [23]. The peak, at 630 cm™, has been
assigned to an Aig stretching mode attributed to the formation of cuboctahedral clusters
formed when sufficient O, are incorporated into the fluorite structure [20, 26, 29], indicating
a degree of non-stoichiometry, which would influence the local conductivity and, hence, the

local reactivity.
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Figure 3-3. Measured resistivities with respect to individual slices from un-doped UO:2
pellets manufactured between 1965 and 2017. The schematic represents the numbering

format used for slices from a single pellet.

Figure 3-5 shows a series of Raman spectra collected at regular spacing intervals across the
surface of specimens with resistivities ranging over three orders of magnitude. Normalizing

the Toq peak allows a qualitative assessment of the bands in the 500 cm™ to 700 cm™ range.
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Peaks were observed at both 575 cm™ and 630 cm™, commonly together, indicating locations
with both defects. This suggests a general distribution of localized lattice distortions and

areas of non-stoichiometry regardless of resistivity.
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Figure 3-4. The deconvoluted Raman spectrum of an un-doped UO2 sample
demonstrates the peak deconvolution into contributions from bands at ~ 445cm™,
575 cm?, and 630 cm™.

Since non-stoichiometric locations are expected to be the most reactive, Raman maps were
collected for the T (450 cm™) and A (630 cm™) peaks. Maps and the corresponding
optical images were recorded on specimens covering the fabrication range from 1965 to
2017. Given the limited surface preparation of the specimens (described in section 3.2.1.)
and limitations of the instrument’s optical microscope, having the whole of the surfaces
shown in focus was not possible. Consequently, a smaller area was selected for Raman
mapping, identified by the green boxes in Figure 3-6(a) to (e). Though it is difficult to
determine the grain size using optical microscopy, it appears consistent for all samples, as

shown in Figure 3-7.
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Figure 3-5. Raman spectra, collected across the sample surface, show defect distortion
distribution across the sample surfaces. The peak at 445 cm™ was normalized to 1 to
compare the intensity of lattice distortions at 630 cm™. Samples were manufactured in

(a) 2017, (b) 1992, (c) 1990, (d) 1977, and (&) 1965.
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Figure 3-6(f-j) shows the Raman maps collected from the previously discussed green
rectangles, Figure 3-6(a-e). The areas with a strong Tzg peak, indicating a stoichiometric
lattice structure, are shown in red. In contrast, the areas with a strong Aig peak, indicating a
non-stoichiometric location, are shown in blue, with overlapping areas shown in purple. The

black regions are out of focus, resulting in an insufficient signal.

For all but one specimen, a separation was observed between the defect-free Ty lattice
structure and the non-stoichiometric Aig lattice structure. The exception was the 2017
specimen, for which a clear separation of sites was not observed, Figure 3-6(f). The
separation observed for the other specimens suggests the presence of variations in the non-
stoichiometry between either individual grains or grain boundaries. Any attempt to further
distinguish between these types of sites is thwarted by the lack of resolution of the optical
images (Figure 3-6(a) to (e)). Furthermore, the distribution of the Tag and Aig signals
observed in the Raman maps suggests that the reactivity could vary from grain to grain. This
agrees with previous studies using Raman analysis on hyperstoichiometric UO samples that

correlated lattice defects with specific grains [20, 26].

Coupling Raman spectroscopy and SEM, He et al. [1] found a correlation between the
Raman spectra and the observed grain structure in SEM micrographs recorded on grains with
known degrees of non-stoichiometry. Three distinct correlations were made between the

observed grain morphology and the degree of non-stoichiometry [17]:

e Grains with featureless surfaces were near stoichiometric;

e Faceted grains with a shallow, stepped pattern were slightly hyperstoichiometric
(~ UO215);

e Spiral-like grains with a large, stepped pattern were more hyperstoichiometric
(~ UO232)
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Figure 3-6. Optical images (a) to (e) of the UO:2 surface, with the area of analysis highlighted (green rectangle). Raman

mapping () to (j) of the UO:2 surface with the overlay of the Tzg (red) and Aig (blue) distribution across the sample surface.
The samples were manufactured in 2017 (a and f), 1990 (b and g), 1992 (c and h), 1977 (d and i), and 1965 (e and j).

89



Near stoichiometric, smooth, featureless grains were observed on samples manufactured
post-1992, Figure 3-7(a-c), with the most uniform structure observed from the 2017
specimen with the highest and most uniform resistivity, Figure 3-3. The most variable
structure with both well-defined grains and nodular clusters, suggesting incomplete sintering,
was observed for the 1990 specimen (Figure 3-7c¢), which also exhibited resistivities that
varied by almost three orders of magnitude. The 1977 specimen (Figure 3-7d) exhibited
grains with spiral-like patterns, thought to indicate hyperstoichiometry. Although uniform
throughout, the resistivity of this specimen is quire low, Figure 3-3. Based on these
observations, it is difficult to define any direct correlation between resistivity, the degree of
non-stoichiometry (as indicated by the Raman analyses), and the surface morphology of the

specimens.

Cyclic voltammetry was used to investigate the influence of resistivity, and hence the degree
of non-stoichiometry, on the electrochemical reactivity of specimens. Figure 3-8 to 3-10
show CVs recorded on specimens with measured low (10 kQ.cm, 2017), medium
(50 kQ.cm, 1977), and high (2500 kQ.cm, 2017) resistivities with the current interrupt
technique used to compensate the bulk resistance of the specimens. In a previous study [7], it
has been shown that the oxidation/dissolution of UO> in a carbonate-containing solution
involves two stages: the oxidation of a thin layer (a few nanometers) of the surface (reaction
3.2) followed by further oxidation to an adsorbed uranyl carbonate layer (reaction 3.3) and

the chemical dissolution of the adsorbed species (reaction 3.4).

U0z — UV1_2xUVoxO24x (3.2)
U1 2xUV2xO24x + COz* — UY'0,CO3 (3.3)
UV'0,CO3 + (x — 1)COs% — UV'0,(CO3)x? =) (3.4)
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Figure 3-7. SEM micrographs showing different grain morphology of UO2 samples with
varying measured resistivities. Samples were manufactured in (a) 2017, (b) 1992, (c)
1990, (d) 1977, and (e) 1965.
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For the low-resistivity specimen, Figure 3-8, a series of oxidation (forward scan) and
reduction (reverse scan) processes were observed, confirming that the bulk resistance of the
specimen was compensated, enabling observation of the electrochemical and chemical
surface processes (reactions 3.2 to 3.4). Three distinct stages of anodic oxidation (Figure 3-8,
labelled 1, 2, and 3) were observed on the forward scan and a cathodic reduction process
(Figure 3-8, labelled 4) on the reverse scan. These observations are consistent with those
previously observed on SIMFUELSs [7, 30, 31] and rare earth-doped UO> [32-34], a specimen
with a known low degree of non-stoichiometry (UO2.002) [33], and on an uncharacterized
CANDU fuel pellet [35, 36]. This ability to observe the surface reactions confirmed a

conductive pathway exists within the specimen.
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Figure 3-8. Cyclic voltammogram recorded on a UO:2 electrode manufactured in 1990
with a resistivity of 10 kQ.cm, in Ar-purged 0.1 mol.L** NaCl + 0.05 mol.L! HCOs
/CO3% solution adjusted to pH 9.5. Arrows represent the scan direction.
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The observation of a current in potential region 1 (Figure 3-8) can be attributed to the
oxidation of hyperstoichiometric surface locations which have been shown to oxidize at
potentials below the equilibrium potential for the oxidation of the stoichiometric UO, matrix
[17]. The shallow, ill-defined peak observed indicates the presence of a range of
hyperstoichiometric compositions with different reactivities. It has been suggested, but not

demonstrated, that hyperstoichiometry is located within grain boundaries [7, 36].

The current observed in region 2 has been shown to be due to the onset of the oxidation and
dissolution of stoichiometric UO2, which would be thermodynamically feasible at potentials
>-0.4V (vs SCE) [33], with the plateau in region 2 attributed to coverage by UY'0,COs
before the onset of extensive dissolution in region 3 [37]. Although not particularly relevant
to the present study, region 4 is due to the reduction of surface species formed in regions 2
and 3 and the partial reduction of the oxidized sites formed in region 1.

Figure 3-9 shows the CV recorded for the specimen with a medium resistivity (50 kQ.cm,
1977). Although similar anodic and cathodic peaks are observed, suggesting a similar
sequence of reactions to those observed on the low-resistivity specimen, they are less well-
defined than those observed on the lower-resistivity specimen, Figure 3-8, and the CV is
tilted. Therefore, the values are unreliable as the specimen's bulk resistance is not fully
compensated for by the potentiostat. Despite this qualitative uncertainty, both the anodic and
cathodic currents recorded were significantly larger than observed on the lower resistivity
specimen. A comparison of the currents in regions 1 and 2 shows the sub-thermodynamic
oxidation of hyperstoichiometric locations (region 1) was more extensive than that of the
matrix (region 2). Additionally, the current attributed to oxide reduction (region 4) was
considerably larger. Both these features are consistent with the observations of He, et al. [17]
and Badley and Shoesmith [38] who attributed the more extensive oxidation to the increased
mobility of O, within the hyperstoichiometric regions compared to within stoichiometric
regions of the oxide surface. This would be consistent with the presence of the spiral-like
features observed on the specimen surface which were shown to be an indication of
hyperstoichiometry [17] and supports the suggestion in the Raman maps (Figure 3-6(d) and

(i)) that distinct grain size regions of the surface yield a significant signal at 630 cm™ due to
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hyperstoichiometry. That the specimen from 1977 exhibited a larger resistivity despite
appearing more hyperstoichiometric than the specimen from 1990 would be consistent with
the more localized nature of the hyperstoichiometry as observed by He, et al. [17]. This
would lead to a less interlinked conductivity network throughout the specimen and a
correspondingly higher resistivity. This separation appeared visible in the Raman maps,
where the map for the medium resistivity specimen (1977) exhibited more distinctly red and
blue surface locations compared to the low-resistivity specimen (1990), for which purple

locations are more prominent.
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Figure 3-9. Cyclic voltammogram recorded on a UO: electrode manufactured in 1977
with a resistivity of 50 kQ.cm, in Ar-purged 0.1 mol.L* NaCl + 0.05 mol.L! HCOs
/CO3? solution adjusted to pH 9.5.

94



For the specimen with the highest resistivity (2500 kQ.cm, 2017), the current recorded was
very low, and the response ohmic, Figure 3-10, confirming the specimen resistance was
dominant and uncorrected by the potentiostat. Consequently, any surface reactivity was
obscured. The extremely high resistivity confirms the absence of hyperstoichiometric

conductive pathways through the oxide.
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Figure 3-10. Cyclic voltammogram recorded on a UOz2 electrode manufactured in 2017

with a resistivity of 2500 kQ.cm, in Ar-purged 0.1 mol.L* NaCl + 0.05 mol.L"* HCOz
/CO3? solution adjusted to pH 9.5.

3.4. Summary and Conclusions

The resistivities of a series of CANDU UO: pellets manufactured between 1965 and 2017
were measured using impedance spectroscopy, and the locations of residual

hyperstoichiometry were investigated using Raman spectroscopy and SEM. Measured
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resistivities show variations ranging over two to three orders of magnitude depending on
when the fuel pellets were manufactured, indicating significant variations in reductive

sintering efficiencies.

Both Raman and SEM analyses indicate the presence of distinct areas of hyperstoichiometry.
In some pellets (1990), this correlated with low resistivity values, indicating the presence of a
conductive network throughout the pellet. The presence of such a network was confirmed
electrochemically. When the bulk resistance of the specimen was compensated, the surface
electrochemical/chemical reactions on the oxide surface were distinguishable

electrochemically.

For specimens which appeared to exhibit distinctly hyperstoichiometric and stoichiometric
grains (1977), detected by Raman spectroscopy and SEM, the resistivity was higher, but the
surface reactivity, detected electrochemically, was also higher. This appears to be due to a
less interlinked conductivity network throughout the specimen due to the hyperstoichiometry
being localized within individual grains rather than distributed along inter-connected grain

boundaries.

For the specimen from 2017, which exhibited an extremely high resistivity, the matrix was
free of interconnected hyperstoichiometric locations. Consequently, an electrochemical

attempt to determine surface reactivity was unsuccessful.
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Chapter 4

4. Influence of Resistivity on the Dissolution of Uranium

Dioxide in Peroxide-Containing Environments

4.1. Introduction

The development of disposal procedures for high-level nuclear waste has resulted in the
internationally accepted approach of a deep geological repository (DGR). The use of a multiple
barrier system will isolate and contain the fuel. The fuel will be sealed within a corrosion-
resistant Cu-coated steel container surrounded by a bentonite clay buffer that seals the
container within the host rock. Although the container is expected to remain intact until
radiation levels decay to natural levels [1, 2], it is necessary to assess the possible consequences
of container failure when the spent fuel could come in contact with groundwater. This has led
to an extensive international effort to determine the behaviour of spent fuel under a range of

possible DGR conditions which could lead to the release of harmful radionuclides [3-9].

The majority of radionuclides are contained within the fuel matrix [10, 11], and their release
will be determined by the corrosion or dissolution rates of the uranium dioxide (UO2) matrix
[3]. Since the solubility of U in the UV! state is many orders of magnitude higher than in the
U' state [12], the redox condition of the groundwater in contact with the fuel is important.
While any dissolved Oz originally present in the groundwater will be rapidly consumed by
reactions with minerals and organic material in the clay and by corrosion of the copper/steel
container [13], the a-radiolysis of water within a failed container can result in the generation
of oxidants [14]. Of the oxidants produced, H202 is dominant with its cathodic reduction in
support of the anodic oxidation of the fuel occurring ~ 200 times faster than that of O2 [15].
While H>O> acts as a cathodic reagent on the UO; surface, its behaviour is complicated since
it can also rapidly decompose on oxides to produce the slower reacting O [16-18], as
illustrated in Figure 4-1.
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Anodic Reactions

Figure 4-1. Schematic illustration of the possible reactions of H202 on a UO:2 surface,
showing that the H20: oxidation reaction can be catalyzed by U'V/UVY donor-acceptor sites
[19].

In addition to the importance of groundwater composition, the composition of the UO, matrix
will influence its susceptibility to corrosion and, therefore, dissolution. The UO; fluorite lattice
structure contains a large number of vacant octahedral sites (Ov) that can accommodate excess
interstitial oxygen (O)) atoms. To maintain charge balance when O'" is incorporated, the
oxidation of U' sites to U occurs to form hyperstoichiometric U'1.2xUV2xO2+x. However,
changes in stoichiometry can exert a considerable influence on the conductivity of UO; [20,
21]. Based on a series of experiments on samples with increasing degrees of
hyperstoichiometry, He, et al. [22] showed that an increase in conductivity, due to non-
stoichiometry, leads to an increase in reactivity. Further, as the degree of non-stoichiometry
increases, the number of pre-existing UV sites on the sample surface increases. These sites can
catalyze the kinetics of the cathodic reduction of O2 [23]. This raises the concern that variations
in the degree of residual non-stoichiometry on completion of the fuel fabrication and reductive

sintering processes could influence the overall reactivity of the fuel under disposal conditions.

The number of Ov available for oxidation of the UO- surface, can be reduced in the presence
of rare-earth elements (RE"") as dopants in the UO, matrix. Using doped-UO, samples, the
decomposition of H20. was shown to be the dominant anodic reaction compared to the
dissolution of UO: in both chemical [24-26] and electrochemical experiments [19, 27, 28]. In
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addition, repeat exposure to H20- solutions has been shown to dramatically decrease the anodic
dissolution of UO., while the decomposition of H2O> proceeds unimpeded, regardless of

sample doping [29].

In this study, the influence of conductivity of a number of UO, specimens on their reactions
involving H202 was investigated using a combination of electrochemical, and solution and
surface analytical techniques. The primary goal was to determine whether the resistivity of
UO: (the inverse of its conductivity) exerted any influence on the kinetics of reactions of H>O»,
the key radiolytic oxidant likely to drive UO> corrosion, and hence radionuclide release under
disposal conditions. To this end, experiments were conducted on CANDU fuel specimens with
a distribution of resistivities produced over a 40-year period (1977-2017) of fuel pellet
production. The behaviour observed was expected to be representative of the variability in fuel
reactivity in a Canadian DGR.

4.2. Experimental

4.2.1. Electrode Materials and Preparation

Experiments were conducted on un-doped natural UO; electrodes cut as 2mm-thick discs from
commercial fuel pellets manufactured in January 2017, September 1990, and November 1977.
The details of electrode preparation have been discussed previously [30]. The surface area of
the single exposed face of a disc was 0.89 cm?, 1.16 cm?, and 1.65 cm? respectively. The
resistivity of UO2 is known to be sensitive to the degree of stoichiometry (x in UO2+x) [21, 31-
34]. The measured value for the specimens used were approximately 2500 kQ.cm (2017),
10 kQ.cm (1990), and 50 kQ.cm (1977). The large resistivity of the fuel pellet manufactured
in 2017 suggests the pellet is stoichiometric, while the lower resistivities of the pellets
manufactured in 1990 and 1977 are close to that measured on a UO2.002 Specimen, suggesting
the pellets may have had slight degrees of non-stoichiometry [35]. Prior to an experiment, the
electrode was polished with 1200 grit SiC paper and then sonicated for 2 minutes in Type 1

H>O (resistivity = 18.2 MQ.cm) to remove polishing debris.
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4.2.2. Solution Preparation

Solutions were prepared using Type 1 H>O obtained from a Millipore Milli-Q direct water
purification system and were deaerated using a stream of ultra-high purity Ar gas (Praxair) for
a minimum of one hour prior to each experiment. All experiments were conducted ina 100 mM
NaCl (Fisher Scientific) solution containing 0.05 mol L™ NaHCO3s/Na,COs; (EMD Chemicals)
and a [H202] in the range 1 mM to 20 mM achieved by adding the appropriate amount of a
diluted 3% W/V solution (Fisher Scientific). The pH was adjusted to 9.5 using 500 mM NaOH.

4.2.3. Electrochemical Cell and Equipment

All experiments were conducted in a 50 mL single-compartment, three-electrode
electrochemical cell. Potentials were recorded against a commercial saturated Ag/AgCl
electrode (0.197 V vs. standard hydrogen electrode) [36]. A Pt foil spot-welded to a Pt wire
was used as the counter electrode. The electrochemical cell was housed in a grounded Faraday
cage to minimize interference from external electrical noise and covered with Al foil to avoid
photolytic decomposition of the H202. Applied potentials and measured current responses were
controlled, recorded, and analyzed using a Solartron Model 1480 Multistat and CorrWare

software (Scribner Associates), respectively.
4.2.4. Electrochemical Techniques

Corrosion potential (Ecorr) experiments were performed in solutions purged with UHP Ar
(Praxair). After electrochemically reducing the surface at -1200 mV (vs Ag/AgCl) for 20

seconds, Ecorr Was measured for 24 hours.

Linear polarization resistance (LPR) measurements were performed hourly over the 24-hour
duration of an experiment. A potential bias of £10 mV vs Ecorr Was applied at a scan rate of
0.167 mV/s starting at Ecorr. The slope from the resulting linear region of the current-potential
relationship yields the polarization resistance (Re) value, which is inversely proportional to the
rate of interfacial charge transfer processes. In this study, the Rp value is representative of the

sum of the resistances for the two reactions possible on the sample surface, Figure 4-1.
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4.2.5. Ultraviolet-Visible Spectroscopy (UV-vis)

Hydrogen peroxide (H202) concentrations were measured using an Agilent Cary 8454 UV-Vis
diode array instrument, with a detection limit for H.O> of 0.003 mM. The absorbance at
352 nm was measured using the Ghormley tri-iodide method [37, 38]. To reduce the effect of
H20, decomposition due to exposure to light, all volumetric flasks were covered with Al foil
and analyses were performed immediately after sampling the solution. Additionally, to correct
for any contribution of H2O. decomposition in solution, a blank solution with no electrode was

prepared for each experiment and analyzed concurrently.
4.2.6. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Dissolved U concentrations were measured using an Agilent 7700x ICP-MS instrument. Prior
to analysis, all samples were filtered through a 0.2 um filter paper and diluted in 2% HNOg,
with a dilution factor of 100, to minimize matrix effects. The instrument was calibrated using

a series of uranium standards, with a detection limit of 1.68 x 107" mM.
4.2.7. Scanning Electron Microscopy (SEM)

Images of the sample surface were collected using a Hitachi SU3500 Variable Pressure SEM.
The electron beam was accelerated at 5 kV with a working distance of 10 mm to collect high-
resolution images. All SEM micrographs were taken at surface locations where the grain

structure was visible.
4.3. Results and Discussion

Figure 4-2 shows a series of Ecorr and Rp measurements in solutions containing initial
concentrations of H2O> ([H20:]i) ranging from 1 mM to 20 mM. The initial Ecorr values are
in the range 0.16 V to 0.18 V (vs sat. Ag/AgCl) and do not vary significantly with [H20:];.
This is consistent with the findings of Wu and Shoesmith [28] in a similar H2O2 concentration
range. The Ecorr decreases with time for all electrodes, yielding final values in the range 0.14
V 10 0.10 V (vs sat. Ag/AgCI). At these values of Ecorg, it has been shown that the surface is

oxidized to a composition of U™V 34UV 660233 [35]. This represents the terminal composition
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for the fluorite structure, beyond which dissolution, as opposed to further solid state oxidation,
becomes the dominant reaction [35, 39, 40]. As shown by Broczkowski, et al. [41], at these

potentials, the surface is irreversibly oxidized.
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Figure 4-2. Ecorr (line) and Rp (squares) measurements as a function of time with various
[H20:2]i. Recorded on a natural UO: electrode with (a) high resistivity, 2500 kQ.cm, (b)
low resistivity, 10 kQ.cm, or (c) mid resistivity, 50 kQ.cm, in 0.1 mol L* NaCl +
0.05 mol L' HCO3/COs? solution adjusted to pH 9.5.

For the electrodes with high and low resistivities, Figure 4-2(a) and (b) respectively, at high
[H202]i, Re values show little-to-no change over the course of the experiment. This suggests
the cathodic reduction of H20, proceeds on the UO; surface, supporting H2O2> decomposition
and UOz corrosion over the full 24 hours, at a constant rate which is not directly dependent on
[H202] and is changing as the experiment proceeds. For [H202]i = 1 mM, Rp increases
exponentially after ~ 6 hours especially for the high and low resistivity specimens. An increase
in Rp with a decrease in Ecorr suggests a decrease in rate of the cathodic reaction, likely due
to the consumption of H.O> at this low concentration, Figure 4-3. For the electrode with a mid
resistivity, Figure 4-2(c), increases in Rp were observed at [H202]i <10 mM. For this specimen
the Rp value unexpectedly increases more at longer times for [H20.]i = 10 mM than at 1 mM.

For all electrodes, an increase in Rp was only observed when [H202] <1 mM, Figure 4-3.
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Comparison of the Rp values measured on the three specimens shows the values appear related

to the overall resistivities,
Re (2500) >> Rp (50) > Rp (10)

If the measured resistivities are indicative of the degree of non-stoichiometry of the
specimens [21], this order suggests a relationship between the rate of the two possible

interfacial processes and the stoichiometry of the specimens.

Figure 4-3 shows the remaining concentration of H20: in solution during the experiments
plotted in Figure 4-2 as a function of time. For all electrodes and [H20-]i, the remaining
concentration of H>O; in solution decreases as a function of time as observed in other studies
[42, 43].
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Figure 4-3. Measured [H202] remaining in solution as a function of time for [H20z2];
ranging from 1-20 mmol.L1. Recorded on a natural UO:2 electrode with high resistivity,
2500 kQ.cm (a), low resistivity, 10 kQ.cm (b), or mid resistivity, 50 kQ.cm (c), in
0.1 mol L NaCl + 0.05 mol Lt HCO3/CO3? solution adjusted to pH 9.5.
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Figure 4-4 shows the relationship between the remaining [H20-] as a function of the measured
Ecorr at the time at which the [H20.] was analyzed over the 24-hour experiments. Apart from
the low-resistivity specimen in 20 mM [H20:];, Ecorr decreases as H202 was consumed for all
specimens. As noted above, once oxidized to the terminal composition of U'V34UV0.6602.37 the
surface composition does not decrease as Ecorr decreases. Consequently, changes in Ecorr
reflect the surface [H202].
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Figure 4-4. The remaining [H202], taken after 1, 2, 6, 12, 20, and 24 hours of immersion,
with respect to measured Ecorr. Recorded on a natural UO: electrode with high
resistivity, 2500 kQ.cm (square), low resistivity, 10 kQ.cm (circle), or mid resistivity, 50
kQ.cm (triangle), in 0.1 mol Lt NaCl + 0.05 mol L1 HCO3/CO3? solution adjusted to pH
9.5.
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Figure 4-5 shows the amount of H.O> consumed on the UO> surface as a function of [H202];
and time. For all specimens, the amount of H202 consumed increases with both time and
[H202]i, Figure 4-5, which is to be expected. While this behaviour is consistent for all
specimens, the total amount of H.O> consumed varies significantly, with the consumption of
H>0> decreasing with decreasing sample resistivity. This is at odds with the suggestion that
Re! is an indication of interfacial rate, and clearly indicates that the reactivity of the UO> is
not determined by the resistivity of the specimen; i.e., to the degree of non-stoichiometry
remaining on completion of the fuel fabrication and sintering process. The amount of H.O>
consumed and the measured Rp, using the data for [H2O2]i = 20 mM, where the surface
reactions are least likely to be influenced by transport control, the order of increase in both

cases is
2500 kQ.cm >> 50 kQ.cm > 10 kQ.cm

confirming that the Rp value is not a reliable indicator of the surface reactivity. This suggests
the Rp values indicate, at least partially if not predominantly, the bulk resistance of the
specimens and not the interfacial polarization resistances (which would define the surface

reactivity).

For the low and mid resistivity specimens, the amount of H,O> consumed plateaus at longer
times regardless of [H20:2]i. As a substantial [H202] is still present, this cannot be attributed to
a lack of H2O: in solution, suggesting that for these two specimens the surface becomes less
reactive with time. Possible due to the rate limiting presence of a UO.COs layer. This trend is
observed at low [H20:]i<5mM for the high resistivity sample, however, at higher
[H202]i > 10 mM, the amount of consumed H20: continues to increase over the whole

exposure period.

The electrode with the highest resistivity, Figure 4-5(a), consumes the greatest amount of H20-
of all the specimens. The specimens with low and mid resistivities, Figure 4-5(b) and (c)
respectively, consume similar amounts of H202, however, the overall H.O, consumed is
approximately 50 % less than the high-resistivity sample. As previously stated, Re is not a
reliable indicator of the surface reactivity. Kumagai, et al. [44] observed a similar trend on

111



U020 and UOz3 specimens, expected to have a high and low resistivity, respectively. They
found the rate of H202 consumption on the UO2 surface was much greater on the stoichiometric
UO:2,0 sample, while the UO2 3 underwent a greater amount of dissolution. It is possible that at
the [H20-] used, the dependence on degree of non-stoichiometry is overwhelmed by the ability

of H20> to create and utilize its own catalytic sites via reactions 4.7-4.9.
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Figure 4-5. Total amount of H202 consumed at the UO2 surface over 24 hours as a
function [H20z2]i. Recorded on a natural UO: electrode with high resistivity, 2500 k€.cm
(@), low resistivity, 10 kQ.cm (b), or mid resistivity, 50 kQ.cm (c), in 0.1 mol L* NaCl +
0.05 mol L' HCO3/COs? solution adjusted to pH 9.5.
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UV + (OH")ags — UV + OH (4.1)
Hx + (OH.)ads - (H.)ads + H20 (4-2)
UV + (H)ags — UV + H* (4.3)

Regardless of [H202]i, the amount of consumed H20 tends towards a steady state after 20
hours suggesting no more surface oxidation or peroxide decomposition occurs beyond this
point. This agrees with Figure 4-3, where the [H202] remaining in solution is shown to reach
a steady state after 20 hours regardless of how much H»O is remaining in solution. Figure 4-8
shows the amount of dissolved uranium for the high and mid resistivity samples reach a similar

steady state after 20 hours.

As shown in Figure 4-1, the cathodic reduction of H202 consumed on the UO> surface can
couple with one of two possible anodic reactions, the decomposition of H>O> or the dissolution
of UO2. The decomposition of H20, has been shown to proceed via a surface radical
mechanism, reactions 4.1-4.3 [16, 43, 45-49].

(H202)ads — 2(OH")ads (4.49)
(H202)ags + (OH%)ags — H20 + (HO2)ads (4.5)
2(HO2")ads — H202 + O2 (4.6)

The presence of a thin U'1.oxUV2xO24x surface layer has been shown to catalyze this process
through the formation of UV donor-acceptor sites. These sites are accompanied by the
incorporation and subsequent release of interstitial O% at vacant lattice sites within the UO;
matrix [27]. Reactions 4.4-4.6 illustrate the mechanism by which the UV and UV! states are

extracted via complexation as a HCO3/CO3s? complexed with uranyl ion [3].
UY(in UV1.2xUY2xO2+x) + HCO3” — (UYO2HCO3)ads + € (4.7)

(UYO2HCO3)ags + OH™ — (UV'02C03)ags + H20 + € (4.8)
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(UV'02C03)ads + (y-1)HCOs — UV(COs)y@?* + (y-1)H* (4.9)

Figure 4-6 shows the amount of dissolved U in solution after 24 hours with respect to [H20:];
for all three fuel samples. In general, the extent of dissolution increases as the [H2O2]i increases.
At the two lowest concentrations, there is little difference between the three specimens in the
amount of dissolved U. This is most likely due to the greater likelihood that the interfacial rates
of the two possible reactions are at least partially controlled by H>O- transport to the UO>
surface. At the higher [H20z2];, there is no clear trend between the amount of dissolved U and
the specimen resistivities. To better understand what is occurring at the UO2-solution interface,
we need to consider the dissolution vyield; i.e., the fraction of consumed H.O causing

dissolution, Figure 4-7.
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Figure 4-6. Amount of dissolved U in solution with respect to [H202]; after 24 hours of

immersion.
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Dissolution vyields after 24 hours with respect to [H202]i are shown in Figure 4-7. The
dissolution yield provides a better indication of the surface’s susceptibility to oxidation as a
ratio between the dissolution of U and the consumption of H202 on the sample surface. This
dissolution yield shows no consistent trend with [H20-], although the slightly lower values for
the high-resistivity sample reflect the higher amount of H2O. consumed on this specimen; i.e.,
the high-resistivity specimen sustains a higher rate of H.O> decomposition, reactions 4.1-4.3.
In general, the low-resistivity sample has the greatest dissolution yield. The constant
dissolution yield of ~ 3.4 %, regardless of [H2Oz]i, suggests U dissolution is concentration
dependent. The dissolution yield of the mid-resistivity sample decreases from ~ 4.5 % to ~ 1
% as [H202]i increases. Though an increase in the [U] with an increasing [H20:]; is observed
in Figure 4-6, this trend suggests the decomposition of H20-, possibly catalyzed by surface
states (reactions 4.7-4.9), occurs more readily than U oxidation and dissolution. The high-
resistivity sample shows the least consistent results, though it averages the lowest dissolution
yield at ~ 1.4 %. This would be expected of a near-stoichiometric sample with slight variances
in the local stoichiometry at grain boundaries and from grain to grain that could result in a
range of dissolution yields.
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Figure 4-7. Calculated dissolution yield with respect to [H202]i after 24 hours immersion.
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These results confirm that > 95 % of the H202 consumed on the UO; surface is consumed by
its own decomposition. However, these results vary from previous findings of Nilsson and
Jonsson [26], where the reported dissolution yield for a UO: pellet was 14 %. These results are
significantly higher than the dissolution yields previously reported on SIMFUEL samples of
0.2 % and 0.76 % [26, 27]. This is expected as the dopants in SIMFUEL stabilize the fuel
matrix, decreasing the susceptibility to dissolution. The similarity between these specimens
and the behaviour observed on SIMFUEL specimens, on which the Rp values do represent the
reactivity of the surface, indicate that the behaviour of the present specimens is controlled by
the kinetics of the surface reactions with H202 [27]. The relatively minor differences in
reactivity between specimens and the inability to relate the extent of H.O, consumption to the
resistivity of the specimens indicates the reactivity is only loosely connected to the sintering
process of the electrodes, if at all.

Figure 4-8 shows the influence of [H202]i on the amount of dissolved U for the high and mid
resistivity samples over a 24-hour exposure period. Data was not recorded for the low
resistivity specimen. Atall [H20-];, on both specimens, the dissolution yields initially increased
with time before approaching a final steady-state after 20 hours. While at a lower [H20-]; of
1 mM and 5 mM this can be attributed to the depletion of H.O; in the solution, it does not
explain the similar trend observed at higher [H20:]i for which the [H20.] remaining in the

solution is significant, as shown in Figure 4-3.

This tendency for an initially more rapid release of U from 1 to 12 hours of immersion followed
by a tendency to plateau after 20 hours coincides with the exposure period over which Ecorr
is rapidly changing as it approaches a steady state value. This trend has been previously
observed on a SIMFUEL sample with a resistivity of only 174 ohm.cm [41]. During this early
period, it was shown by Zhu, et al. [27] that the fuel surface is oxidized to U'1.2xUV2xO2+x,
leading to a surface composition which optimized the catalyzed decomposition of H>O> on the
oxidized surface and a decrease in the dissolution rate of the UO». The establishment of a
steady state [U] and [H20;], Figure 4-5, suggests there may be U"' secondary phase deposits
partially blocking the surface, preventing further oxidation. For the pH range in this study, the

solubility limit ranges from 3.2 pmol.L to 4.5 umol.L? [20, 50, 51]. Further analysis using
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X-ray photoelectron spectroscopy would be necessary to confirm the presence of these

secondary phases.

Initial H202 concentration

[ Ry 2
1 5 mM
1l 10 mm
1020 mm

-
o
1

Amount of dissolved U (umol.cm™)
|

0.1
1 2 6 12 20 24
Time (hour)
Initial H,O, concentration
10-{ [l 1 mM b
1 5 MM
1l 10 mM

1020 mm

Amount of dissolved U (umol.cm™)

0.1+

1 2 6 12 20 24
Time (hour)

Figure 4-8. Amount of dissolved U in solution with respect to time for electrodes with (a)
high resistivity, 2500 kQ.cm, and (b) mid resistivity, 50 kQ.cm.
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Figure 4-9 shows the influence of [H20:]; on the dissolution yield of U for the high and mid
resistivity samples over a 24-hour exposure period. For the high-resistivity sample, the overall
extent of dissolution is lower than that of the mid-resistivity sample, despite the greater
consumption of H>O>. This suggests the matrix is more stable at the higher resistivity. For the
mid-resistivity, the dissolution yield is higher at the lower [H20:]; (1 mM, and especially, 5
mM) at most time points. A possible explanation for this is that the dissolution is first order
with respect to [H202] while the decomposition of H20- is second order. At low [H202]i, the
formation of (OH")ags, reaction 4.1, occurs, however, diffusion may control the [H20>] at the
fuel surface, resulting in reaction 4.2 being slow, allowing the extent of dissolution via

reactions 4.5 and 4.6 to increase. Under these conditions, dissolution could occur.

Figure 4-10 and Figure 4-11 show a series of SEM micrographs of the sample surface for the
high- and mid-resistivity samples pre- and post-immersion in 1 mM, 5 mM, 10 mM, and
20 mM H20: solutions respectively. The pre-immersion micrographs show a uniform surface
for both samples with minor variances in grain morphology, suggesting minor compositional
differences, not surface damage. At [H202]i <1 mM, the samples show little-to-no corrosion
damage across the sample surface. However, as the [H20-]; increases, both samples begin to

undergo localized corrosion events.

The high-resistivity sample, Figure 4-10, shows minimal corrosion damage after immersion in
the 1 mM H20O> solution as the grain structure remains clearly visible. At [H202]i > 1 mM,
localized dissolution occurs. For 5 mM, 10 mM, and 20 mM, respectively, intergranular
corrosion with deep penetration into the sample was observed. Additionally, the micrograph
recorded after exposure to the 20 mM solution shows more severe damage at grain boundaries
across the sample surface. The non-uniform dissolution suggests the possible establishment of
localized chemistries, probably at the grain boundaries where the availability of lattice defects
may enhance both anodic and cathodic reactions, reactions 4.4-4.6 and 4.1-4.3, respectively.
The alternative that anodic and cathodic sites are physically well separated is unlikely given

the high resistivity of this specimen.
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Given that the localized corrosion damage was observed on the high resistivity specimen but
not the medium resistivity specimen, micro-indentations were deliberately made on the low-
resistivity specimen to introduce physical surface defects, Figure 4-12(b). Prior to performing
any immersion experiments, the general grain structure of the surface was smooth and flat,
Figure 4-12(a). Upon completion of all immersion experiments, the general surface of the
specimen was only slightly roughed, Figure 4-12(c), consistent with the occurrence of minimal
dissolution. By contrast, the locations with the micro-indentations and a natural slight fracture
in the surface were considerably more aggressively corroded, Figure 4-12(d). This indicates
that dissolution occurs dominantly at physically defective locations. It is also possible, but not

unequivocally proven in this study, that the reduction of H.O> is enhanced at these locations.

The mid-resistivity sample, Figure 4-11, shows minimal corrosion damage after immersion in
all solutions, consistent with the minimal amounts of dissolved U (Figure 4-6) and the low
dissolution yield. No evidence for localized corrosion, as seen for the high resistivity specimen,
was observed although there is some evidence for slight grain etching at the highest [H20:];,

Figure 4-11e.
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Figure 4-10. SEM of the high-resistivity sample (2017, 2500 k€2.cm) (a) before immersion,
and after 24 hours immersion at various [H20:]i (b) 1 mM, (¢c) 5 mM, (d) 10 mM, and (e)
20 mM.
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Figure 4-11. SEM of the mid-resistivity sample (1977, 50 kQ.cm) (a) before immersion,
and after 24 hours immersion at various [H20:]i (b) 1 mM, (c) 5 mM, (d) 10 mM, and (e)
20 mM.
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Figure 4-12. SEM of the low-resistivity sample (1990, 10 kQ.cm) (a) and (b) before
immersion, or (c) and (d) after all immersion experiments. Micro-indentations created
on the surface are indicated with red arrows and a natural crack along the surface

indicated with a yellow arrow.
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4.4. Summary and Conclusions

There is clearly a wide distribution in the conductivities for fuels used in CANDU reactors
over the > 60 years of operation. The differences in resistivity (inverse of conductivity) suggest

significant variability in fuel fabrication over the lifetime of reactors.

Based on these results, we have shown that the reactivity of these un-doped UO2 specimens is
only loosely related to the sintering process. Further, there appears to be no relationship
between the measured resistivity of a specimen and its reactivity as the consumption of H20>

does not correlate to the measured Rp.

The majority of H202 consumed on the UO; surface was consumed by H>0> decomposition.
Any dissolution that did occur was primarily at physically defective locations, resulting in
localized damage. Though the high-resistivity specimen consumed the greatest amount of
H20> in solution, it underwent the least U dissolution of all the specimens, suggesting a more

stable matrix than the two lower resistivity specimens.

Additional investigations using X-ray photoelectron spectroscopy would provide surface state
information for each specimen and identify the surface composition and degree of oxidation

for each experimental set.
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Chapter 5

5. Effect of Hydrogen on the Dissolution of Uranium Dioxide

in Peroxide-Containing Environments

5.1. Introduction

The internationally accepted approach for the disposal of high-level nuclear waste is to isolate
and contain it within a deep geologic repository (DGR). Canada’s design to ensure the
containment of used nuclear fuel is to seal it in a corrosion-resistant Cu-coated steel container
isolated within a multiple barrier system composed of the fuel waste form, the container,
bentonite clay buffer and seals around the container and the surrounding host rock. While the
container will provide long-term containment,® it is necessary to evaluate the potential
consequences of its failure when the fuel waste form could come in contact with groundwater.
An extensive international effort has been expended on determining fuel behaviour and the

possible release from the fuel of radionuclides under a range of DGR conditions.?*3

The groundwater entering the failed container will be anoxic, the dissolved O in the vicinity
of the container having been consumed by reactions with organic matter, oxidizable minerals
in the clay buffer and the host rock and container corrosion processes. Consequently, the
radiolysis of the groundwater will be the only source of oxidants within the container. Since U
solubility increases by many orders of magnitude when oxidized to UV' (as UO2%*),%* radiolytic
oxidants, in particular, H.O2 will lead to fuel corrosion and radionuclide release.'® However,
the radiolysis of H2O and the corrosion of the carbon steel container will produce the oxidant
scavengers Hz and Fe?*, which will suppress oxidizing conditions at the UO; surface by both
homogeneous and heterogeneous reactions.%18 Of these two potential reducing agents, Hz has
been shown to be dominant in suppressing the corrosion rate.!® 17 1% Consequently, the
influence of Hz on fuel corrosion has been extensively studied as summarized by Badley and

Shoesmith, and references therein.
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For dissolved H> to act as a reductant, it must be activated, i.e., dissociated into reactive H"
radicals. This has been shown to occur on the surfaces of simulated spent nuclear fuels
(SIMFUEL), catalyzed by noble metal (¢) particles composed of metals known to catalyze H»
dissociation [Rh, Pd, Ru, Mo].2° These particles are galvanically coupled to the UO2 matrix
and act as anodes which catalyze H* oxidation to H*, forcing the matrix to adopt a corrosion
potential (Ecorr) too low for the oxidation/dissolution of UO>. In the absence of such particles,
galvanic protection does not occur, with experiments indicating minimal activation of H> on
the UO; surface.!® Activation can also be achieved in the presence of radiation (both o and )
with the radiolytically-produced H* on the UO> surface acting as a scavenger for radiolytic

oxidants, a process shown to suppress their reaction with UQ,.*% 2128

Since the noble metals in the e-particles are catalytic for both the reduction of oxidants, such
as H20», as well as the oxidation of Hy, it is not surprising that UO> oxidation in H2O solutions
containing Hz can be suppressed when they are present either as particles in the UO; surface
or as separated powder in the solution.® 293! However, experiments in which H.0 was added
to Ar/Hz-purged solutions in the presence of a SIMFUEL containing no g-particles suggested
but did not clearly demonstrate that Ho scavenging could also occur directly on the UO>
surface. This would not be surprising since H2O. reactions (particularly its decomposition to
02 and H20) have been shown to proceed via the formation of surface OH" radicals introducing
the possibility they could be scavenged by reactions with soluble H> on the UO> surface in the

absence of radiation and e-particles %38

In this study, the role of the UO. surface in reactions involving H>O2 and H: is investigated

using a combination of electrochemical and surface analytical techniques.
5.2. Experimental

5.2.1. Electrode Materials and Preparation

Experiments were conducted on an un-doped natural UO; electrode cut as a 2mm-thick disc
from a commercial fuel pellet manufactured by Zircatec Precision Industries (Now Cameco

Fuel Manufacturing, Port Hope, Ontario) in September 1990. The details of electrode
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preparation have been discussed previously.® The surface area of the single exposed face of
the disc was 1.16 cm? The resistivity of UO2 is known to be sensitive to the degree of
stoichiometry (x in UO2+).%** The measured value for the specimen used was 10 kQ.cm. This
is close to that measured on a UO2.002 Specimen,® suggesting the pellet may have had a slight
residual excess O within the matrix. Before an experiment, the electrode was polished with
1200 grit SiC paper, then sonicated for 2 minutes in Type 1 H2O (resistivity = 18.2 MQ.cm)

to remove polishing debris.
5.2.2. Solution Preparation

Solutions were prepared using Type 1 H>O from a Millipore Milli-Q direct water purification
system and deaerated using either Ar or 5% H2/95% Ar gas (Praxair) for one hour prior to each
experiment. All experiments were conducted in a 0.1 mol.L™* NaCl (Fisher Scientific) and
0.05 mol.L* NaHCO3/Na,CO3 (EMD Chemicals) solution, with the pH adjusted to 9.5 using
0.5 mol.L™! NaOH. H20, was added by diluting a 3% W/V solution (Fisher Scientific).

5.2.3. Electrochemical Cell and Equipment

All experiments were conducted using a standard 1 L three-electrode, three-compartment
electrochemical cell. All potential measurements were recorded against a commercial saturated
calomel electrode (SCE; 0.241 V vs. standard hydrogen electrode).*® A 1 cm? Pt foil spot-
welded to a platinum wire was used as the counter electrode. The electrochemical cell was
housed in a grounded Faraday cage to minimize interference from external electrical noise.
Applied potentials and measured current responses were controlled, recorded, and analyzed
using a Solartron Model 1480 Multistat and CorrWare software (Scribner Associates),

respectively.
5.2.4. Electrochemical Techniques

Prior to experiments, the UO2 specimen was potentiostatically polarized to -1200 mV (vs SCE)
for 2 minutes. This process removes any air-formed oxides on the surface to ensure each

experiment begins with a fresh surface.
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Cyclic voltammetry (CV) experiments were performed to confirm the electrochemical viability
of the UO> specimen. A potential scan was performed from -1200 mV (vs SCE) to a positive
limit of 250 mV (vs SCE) and back at a scan rate of 10 mV.s™. The current interrupt method
was used to compensate for electrode resistance.

Open circuit experiments were performed in solutions purged with either UHP Ar (Praxair) or
UHP 5% H/95% Ar (Praxair) (dissolved [Hz] ~ 10 M). After electrochemically reducing the
surface at -1200 mV (vs SCE) for 2 minutes, Ecorr Was allowed to stabilize for 1-2 days before
H>0; additions.

Potentiostatic polarization (PSP) experiments were performed with UHP 5% H2/95% Ar. After
1 day, to allow the system to reach a steady state, the UO> electrode was polarized to 0.1 V (vs

SCE) or -0.1 V (vs SCE), with Ecorr being monitored both before and after polarization.
5.2.5. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to measure the surface composition of the
electrode on completion of some experiments. Samples were transferred between the
electrochemical cell and XPS instrument using a vacuum-sealed desiccator. Analyses were
performed using a Kratos AXIS Supra Spectrometer with a monochromatic Al Ka (15 mA, 14
kV) radiation source (hv = 1486.6 e¢V). The instrument work function was calibrated for the
Au 4f7, metallic gold binding energy of 83.96 + 0.025 eV, and the spectrometer dispersion
was adjusted to a binding energy (BE) of 932.62 + 0.025 eV for metallic Cu 2p3;2. When
necessary, surface charging was corrected by setting the C 1s BE at 284.8 eV. Survey spectra
were collected over a BE range from 0 to 1100 eV at a pass energy of 160 eV. High-resolution
spectra were collected for O 1s, U 4f, and C 1s at a pass energy of 20 eV. For all measurements,
the area of analysis was ~ 400 x 700 um. All spectra were analyzed using CasaXPS software

(version 2.3.19) with the fitting parameters used described elsewhere.*’
5.2.6. Raman Analyses

Raman spectra were acquired using a Renishaw 2000 confocal Raman spectrometer

(Renishaw, UK). Spectra were excited using a 50 mW He-Ne laser with a wavelength of 632.8
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nm. The power of the laser beam was reduced to 50% to avoid heating effects. Spectra were
recorded over the wavenumber range 150 to 1400 cm™. A Gaussian-Lorentzian peak model
with a Shirley background correction was used to fit spectra. The deconvolution of the broad

band between 500 and 700 cm™ was performed as previously described. 4
5.3. Results and Discussion

Figure 5-1 shows a CV recorded from -1200 mV (vs SCE) to +250 mV (vs SCE) with the
vertical line at ~ -400 mV (vs SCE), indicating the thermodynamic threshold for oxidation of
stoichiometric UO>. By confining the negative potential limit to -1200 mV (vs SCE), the
possibility of reducing any oxidized states (UY) pre-existing in the UO specimen was avoided,
as demonstrated previously.®® Consequently, the shallow sub-thermodynamic oxidation
current observed on the forward scan (from ~ -800 mV to - 400 mV) can be attributed to the
oxidation of pre-existing non-stoichiometric locations within the UO. matrix. This sub-
thermodynamic oxidation at such sites is thought to be associated with grain boundaries,>®
and has been observed previously and characterized in detail.** 50 5253 The current plateau
observed when the scan is extended to more positive potentials can be attributed to the anodic
oxidation of the surface of the U'VO, matrix to a thin layer (a few nm) of U"V12xUV2O24x. The
final rise in current, as the positive potential limit is approached, is attributable to the further
oxidation of this layer to soluble uranyl carbonate complexes (UV'O2(CO3)x?29*5% The
cathodic peak observed on the reverse scan has been shown to be due to the partial reduction

of the surface layer.>

A series of Raman spectroscopic analyses yielded mainly spectra exhibiting only a single peak
located at 445 cm™, assigned to the symmetric O-U'"Y stretching mode in an undisturbed
stoichiometric lattice. However, a number of locations exhibited both this peak and a broad
shallow band located between 500 and 700 cm™, Figure 5-2, indicative of a disturbed lattice.
Deconvolution of this band yielded a peak at 575 cm™, assigned to a first-order LO phonon
and a second peak at 630 cm™.*8 This last peak can be attributed to distortion of the anion
sublattice involving the formation of clusters of interstitial O atoms and is a signature of a

degree of non-stoichiometry consistent with the voltammetric observation, Figure 5-1.5%
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Figure 5-1. Cyclic voltammogram recorded on a UO: electrode in Ar-purged 0.1 mol.L™!
NaCl + 0.05 mol.L"* HCOs/COs? solution adjusted to pH 9.5. The vertical dashed line at
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Figure 5-2. Raman spectra recorded across the surface of an unoxidized UO:2 specimen.
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Figure 5-3 shows a series of Ecorr measurements in solutions purged with either Ar (Figure
5-3a) or 5% H2/95% Ar (Figure 5-3b). Prior to the first H2O addition, Ecorr Was allowed to
approach a steady state. Irrespective of the purge gas, Ecorr increased to a value between -150
mV (vs SCE) and -100 mV (vs SCE). Since the thermodynamic threshold for the oxidation of
stoichiometric UO> is ~ -400 mV (vs SCE) for the conditions employed in these experiments,
Figure 5-1, these values suggest a slight oxidation of the UO; surface, probably by traces of

dissolved O2.

In the absence of Hz, Figure 5-3a, each H20, addition led to a small increase in Ecorr to a new
steady state value, up to a [H20,] = 10 M. For [H202] =5 x 10 M, a very marked increase
in Ecorr Occurred, with subsequent increases in [H20-] leading to only minor further increases,
with the potential stabilizing around ~ 60 mV (vs SCE). When H> was present (in the present
case at ~ 10 M), Figure 5-3b, increases in [H202] up to 10° M led to similar small increases
in Ecorr. However, when [H202] was increased to > 10 M, a rapid initial increase was
eventually reversed. A similar initial increase/subsequent decrease was observed for [H202] =
10° M. However, at 5 x 10 M, the eventual decrease was arrested as Ecorr decreased only
slightly and approached a steady state value of ~60 mV (vs SCE). This indicates an
insensitivity to Hz for [H202] > 5 x 10> M on the time scale of this experiment. Similar Ecorr
behaviour has been consistently observed on SIMFUELS which contain rare earth dopants and
g-particles or rare earth dopants only.?> 2° While the general form of the transients (in the
absence and presence of Hy) are reproducible the actual values recorded can vary as observed

in this study and previously.

Figure 5-4 shows the final measured values of Ecorr, from Figure 5-3, as a function of the
total [H202] added to solution. While the values for [H202] < 10° M may reflect the influence
of traces of dissolved Oz, which could be present at a concentration > that of the added H20-,
there is a clear separation in the values measured in the presence and absence of H: in the
[H202] range indicated approximately by the horizontal arrow. At the highest [H202] (5 x 10
M), there is no difference in the two values, indicating an insensitivity to H in this range. This
clearly demonstrates that H, (at a concentration of ~ 10 M) can interfere with the reactions of

H20, on the UO; surface when [H20] is in the concentration range between approximately
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10 M and 10° M. It is likely that this interference extends to lower [H202] but is undetectable

in these measurements.

A similar insensitivity of Ecorr to [H202] > 10° M has been observed previously on undoped
UO: and attributed to the redox buffering of the H>O> decomposition reaction. Under these
conditions, the equilibrium potentials for the two half-reactions involved, reactions 5.1 and 5.2,
exhibit identical dependencies on [H20-], which are opposite in sign. Providing both reactions
are rapid and equally influenced by [H202], a change in [H202] would change the

decomposition rate without influencing Ecorr.
H.02 + 2¢° — 20H" (5.1)
H.0, — Oz + 2H' + 2¢ (5.2)

The decomposition of H2O> proceeds on the surface of various metal oxides via a radical

mechanism.32-38

(HZOZ)ads - 2(OH')ads (5.3)
(H202)ags + (OH)ags — H20 + (HO2")ads (5.4)
2(HO2")agss — H202 + O2 (5.5)
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Figure 5-3. Ecorr as a function of time with sequential additions of [H202], recorded on
a natural UO2 electrode in 0.1 mol.L-* NaCl + 0.05 mol.L"* HCO3z/CQOz3? solution adjusted
to pH 9.5 with (a) Ar, or (b) 5% H2/95% Ar purge gas. The values show the actual

concentration of H202 during that measurement period.
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On UOy, this process has been shown to be catalyzed by the presence of a thin
U'V12xUV2xOa4x surface layer; i.e., by the formation and destruction of UV surface sites
accompanied by the incorporation and release of O% at vacant interstitial sites readily available
in the UO2 cubic lattice.*® This peroxide decomposition process occurs in competition with the
oxidative dissolution (corrosion) of the UO; surface via the extraction of the UV state (from
the U'V1.2xUV2xO2+x surface layer) and its further oxidation to UV' and release to solution as a
HCO3/COs? complexed uranyl ion®

UVY(in UV1.2xUV2x024x) + HCO3 — (UYO2HCO3)ads + € (5.6)
(UVO2HCO3)ags + OH — (UV'02C03)ags + H20 + € (5.7)
(UV'02C03)ags + (y-1)HCO3 — UV'0(CO3)y@ M+ + (y-1)H* (5.8)

with the electrons consumed by the reduction of (OH")ags.

2(OH.)ads + 26' — 2OH (59)

~ 0.10
E)J || & H,-purged
(D_ 0054 = Ar-purged " o
n
> J
2 0.00- < >
1 A
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Figure 5-4. Final Ecorr values from Figure 5-3, as a function of total [H202]. The

horizontal arrow indicates the range in which Ecorr is sensitive to the presence of Hz.
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The balance between H20, decomposition and UO- dissolution depends not only on the [H20-]
and [COs]it ([HCO3] + [CO3%]) but also on the composition of the U'1.2«UV2xO24x surface
layer. It also depends on whether or not the oxide matrix is stabilized by rare earth (RE"")
doping, with ~ 14% of the H.0, consumed by dissolution on undoped UO> but < 4% on RE"!-
doped UQ,. %657

It should be noted that CI- and HCO3/CQs? ions in solution can also react with hydroxyl
radicals on the UO; surface.®® However, all solutions used for immersion experiments had
constant [NaCl] and [NaHCO3/Na>COs], resulting in a consistent influence on the surface

reactions. The effect of these ions is therefore not considered in this article.

Figure 5-5 shows a series of individual Ecorr measurements at different single [H202] values.
As observed in Figure 5-3, Ecorr increased prior to the addition of H.O; in both the absence
(Figure 5-5a) and presence (Figure 5-5b) of H, towards a steady state value between -160 mV
(vs SCE) and -200 mV (vs SCE). The increases are attributed to slight surface oxidation due
to trace dissolved O2. This occurs independently of the presence of Hz, confirming there is no
detectable influence of Hz in the absence of H20.. The values recorded after H2O2 addition do
not show the same consistent behaviour as in the first set of experiments (Figure 5-3).
However, the tendency to more readily generate a peak in the presence of Hz is observed. As
discussed below, this is not surprising given the competition between surface oxidation and
oxidant scavenging in the presence of surface radical species. While the results collected in
this study were based on single experiments, the behaviour observed (with and without Hy) is

consistent with our previous observations.?? 2°

After the individual H>O; addition experiments, the extent of surface oxidation was determined
by XPS, Figure 5-6. The percentage of reduced (U') and oxidized (UY and UY') states are
plotted as a function of the final Ecorr value recorded. Although the individual fractions of UY
and UV! are determined when deconvoluting the XPS spectra, as described elsewhere,?® the
extent of air oxidation from UY to UY! is difficult to control, making the relative analyzed
contributions of UY and UY' somewnhat variable. This makes the sum of the two states (UY +
UV a more reliable indication of the extent of oxidation.
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Figure 5-6 shows that, despite the absence of a clear relationship between Ecorr and [H202],
Figure 5-5, the surface composition is dependent on the final measured value of Ecorr. The
data shows that the extent of oxidation increases as Ecorr becomes more positive in both Ar
and Ar/Hz purged solutions. A similar analysis of the oxidation state of the surface after each
incremental addition of H.O (Figure 5-3) was not possible. This introduces the possibility that
the transient behaviour in Ecorr Observed in these experiments when Ha is present, Figure
5-3b, can be attributed to a rapid initial oxidation of the surface when H2O: is first added,
followed by a subsequent reduction of the temporarily oxidized UO. surface. These results
suggest that the anticipated scavenging of the surface OH" radicals, created by reaction 5.3, by

dissolved Hz could involve catalysis by the U'V/UV states in the UO; surface.

UV + (OH)ags — UY + OH (5.10)
Hz + (OHYass — (H')ass + H20 (5.11)
UY + (H)as — UV + H* (5.12)

The ability of H radicals to reduce UV states in a UO; surface has been demonstrated in gamma

radiolysis experiments.*
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Figure 5-5. Ecorr as a function of time before and after individual additions of H202
(indicated by arrows) prior to XPS analyses. The purge gas was either (a) Ar or (b) 5%
H2/95% Ar.
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Figure 5-6. Surface compositions recorded on a natural UO: electrode as a function of
the final measured Ecorr in a solution purged with either (a) Ar or (b) 5% H2/95% Ar
(from Figure 5-5). The horizontal dashed line refers to the composition of U'V (green) and

UY + UV! (magenta) after experiments with no H202 added.

Figure 5-7 shows the relationship between the final measured Ecorr Vvalues (from Figure 5-4)
and the surface composition expressed as a fraction of surface oxidized states (UY + UV"Y)/Ua).
The surface oxidized states are compared to the composition of a Gd-doped UO- surface after
electrochemical treatment at a series of applied potentials for 1 hour in a solution with the same
composition as that used in the experiments in this paper.*>4° The increase in oxidized surface
states with potential is considerably steeper for the undoped UO, from this study when
compared to that observed for the Gd-doped UO,. The enhanced stability of RE"'-doped UO-
to oxidation has been shown to be due to the formation of RE"'-oxygen vacancy (Ov) clusters.
These clusters limit the available number of Oy, which are required to accommodate interstitial

oxygen (Oi) ions as U0 is oxidized to U"V12xUV2x024x.*
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Figure 5-7. Comparison of (UY + UV')/Uwta ratio as a function of potential. The solid
circles were measured on a Gd-UO:2 electrode in Ar-purged 0.1 mol.L* NaCl + 0.05
mol.Lt HCO3/CO3? solution®.

Several regions (A to D) are noted in Figure 5-7, in addition to several compositions for
specific fractions of oxidized surface states. These regions denote specific ranges of
composition and lattice structure determined by He and Shoesmith using Raman
spectroscopy.*® For relatively low degrees of non-stoichiometry (region A), excess oxygen is
randomly distributed within the oxidized surface with an increase in X (in U'V1.2xUY2xO2+x),
leading to the association of O; ions into clusters. For a sufficiently high degree of non-
stoichiometry (x > 0.15) (region B), the generation of large cuboctahedral clusters leads to a
significant loss of cubic symmetry, resulting in the onset of a cubic to tetragonal structural
transition and the initiation of dissolution.>® In region C, the UO; achieves a terminal
irreversible composition for the fluorite structure (U'o.34UV0650233). Region D, indicated by
the horizontal arrow, shows the potential range (and, hence, the range of surface compositions)
over which the sequence of reactions 5.10 to 5.12 can be sustained, allowing Hz to scavenge

OH" radicals and possibly control the surface composition. It is likely that H, scavenging of
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OH" radicals and, hence, a suppression of surface oxidation, the first essential step in the
dissolution process (reactions 5.6 to 5.8), is possible at lower [H202] (and, hence, lower Ecorr)
but is not detectable in these experiments. Although the potential region over which (H")ads
appear able to suppress or reverse surface oxidation is narrow (region D) and the change in
composition is significant, leading to some uncertainty, these results suggest an ability of the
U'V12xUV2xO24x layer to act catalytically via the reaction sequence 5.10 to 5.12. Once the
surface reaches the terminal composition (region E), OH" radical scavenging is kinetically
more difficult, as indicated by the only minor reversibility of Ecorr When [H20;] > 10° M
(Figure 5-3). At sufficiently high [H202] and Ecorr, Within region E, the dominant reaction is
H>0 decomposition (reactions 5.3 to 5.5) accompanied by some dissolution (reactions 5.6 to
5.8). Whether or not OH" radical scavenging would compete with these reactions at higher [H:]
remains to be investigated.

To demonstrate that Hz is only active on the surface at compositions less oxidized than the
terminal composition (U'34UV0.6602.33) in the presence of OH' radicals, a set of potentiostatic
polarization experiments were performed in a Ho-purged solution. After reaching a steady state
Ecorr, the electrode was electrochemically oxidized at -100 mV (vs SCE) or 100 mV (vs SCE)
for one hour and immediately analyzed by XPS. In an additional experiment, the electrode was
electrochemically oxidized, then Ecorr Was measured for 4 days before XPS analysis was
repeated. The Ecorr-time curves and the oxidized fractions ((UY + UV")/Ui:) are shown in
Figure 5-8 and Figure 5-9, respectively. Despite the applied overpotential, Ecorr rapidly
recovered to steady-state values measured prior to polarization. For both applied
overpotentials, there is little difference between the surface composition recorded immediately
after polarization and after 4 days at Ecorr. This is unsurprising for the -100 mV overpotential,
as the steady state Ecorr is only slightly lower than the applied overpotential. When compared
to Figure 5-7, the compositions are in reasonable agreement. However, even though Ecorr
rapidly recovered to those values measured prior to applying the 100 mV overpotential, the
surface composition remained close to the terminal composition (U'o34UY0.660233). While
UV'0,%* formed at this potential would be expected to dissolve as UY'02(COs),®* via
reaction 5.8, this result demonstrates that H, alone cannot reduce the extensively oxidized

surface on the time scale of this experiment.
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Figure 5-8. Ecorr as a function of time in a solution purged with 5% H2/95% Ar. The
arrow indicates the time at which the electrode was potentiostatically polarized to either
100 mV (blue) or -100 mV (red). XPS was performed immediately after polarization
(dashed) or after 4 days of allowing the system to return to a steady state (solid).
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Figure 5-9. Surface compositions recorded as a function of the polarization potential from
Figure 5-8. XPS was performed immediately after polarization (open points) or after 4
days of allowing the system to return to a steady state (solid points). The horizontal
dashed line refers to the composition of U'Y (green) and UV + UY!' (magenta) after

experiments with no H20:2 added.

To further investigate the ability of H» to reduce a partially oxidized UO- surface in H20>
containing solutions, experiments from Figure 5-5 were repeated for a [H202] of 5x 107 M
and 10 M under a H, purged environment. In all experiments, the system was left for 24 hours
to establish a steady state Ecorr before adding H>O, indicated by the vertical arrows. After
adding H20>, the system was either left to return to a steady state (solid line) or terminated
before Ecorr could begin to recover from the initial increase (dashed line), Figure 5-10.
Following each experiment, the sample was taken for XPS analysis to determine the fraction
of surface oxidized states, Figure 5-11. The reproducibility of the initial increase in Ecorr

allowed for reliable termination at the maximum Ecorr value of ~-50 mV (vs SCE). When
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left to return to a steady state, Ecorr decreases to a value lower than the pre-addition value.
The surface oxidation ratio for all experiments was approximately 0.66, regardless of the initial
[H202] or final measured Ecorr. While Hz was shown to reduce the UO- surface for the same
concentration range in previous experiments, Figure 5-7, this was not observed for these
experiments. This confirms that once the UO: surface reaches the terminal composition of
U"0.34UV0.6602.33, the formation of cuboctahedral defect clusters occurs.>® When such lattice
defects form, Hz is unable to reduce the surface regardless of the presence of H.O> or the value
of Ecorr. The transient observed in Ecorr iIs therefore more likely due to the continued

consumption of H.O; rather than the reduction of the UO- surface.
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Figure 5-10. Ecorr as a function of time in a solution purged with 5% H2/95% Ar. The
arrows indicate the time at which H202 was added. Electrodes were removed for XPS
analysis at either the peak potential (dashed lines) or after the eventual achievement of a

steady state (solid lines).
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Figure 5-11. Comparison of (UY + UV!)/Uretal ratio as a function of potential. XPS analysis
was performed after the immersion experiment (Figure 5-10) at peak potential (open

points) or after returning to a steady state (solid points).

5.4. Summary and Conclusions

Based on these results, it can be claimed that the presence of H2 can scavenge (OH")ags, which
would otherwise oxidize the UO- surface, catalyze the decomposition of H20>, and stimulate
a small amount of dissolution. These results are consistent with recently published model
predictions.® Whether or not the Hp, as (H")ads, is involved in changing the surface composition

is not clear.

The results in Figure 7 and Figure 5-11 suggest Hz may reduce UV states on the surface,
providing the extent of surface oxidation by (OH)as is limited, and x in U'V1.2UY2O24x

remains < 0.25; i.e., within the composition range where O; remain randomly distributed
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allowing surface oxidation to be reversed. At higher values of x, when O; are dominantly
located within defect clusters, reversibility of the surface composition does not appear to occur,
and H>O> decomposition is the dominant reaction. Whether (H")ags produced by the scavenging
of (OH")ags have an influence in re-reducing the U'1.2xUV2xOa4x surface layer remains to be

demonstrated. This is likely to require experiments at higher H, concentrations.
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Chapter 6

6. Conclusions and Future Work

6.1. Conclusions

The primary goals of this research were, (i) to characterize natural UO, samples manufactured
between 1965 and 2017 using a combination of electrochemical and surface analytical
techniques to determine an estimated reactivity under long-term disposal conditions; and (ii)
to investigate the possible reaction mechanisms between a U'1.,4UV22+x surface and
radiolytically produced oxidants both in the presence and absence of H», an oxidant scavenger
produced by the corrosion of the steel container and by radiolysis of groundwater inside a

failed container.

The quality of UO> pellets manufactured over four decades of the Canadian nuclear program
was characterized to determine qualitatively a range of possible reactivities under DGR
conditions. The range of resistivities was over three orders of magnitude, with most of the
pellets being highly resistive, suggesting a near-stoichiometric composition. Using Raman
spectroscopy, the non-stoichiometric features were found to be grain-specific, and possibly
within grain boundaries rather than uniform across the sample. Additionally, SEM showed that
variations in the surface morphology partially correlated to the measured resistivity of the
samples. Preliminary electrochemical analyses confirmed that only low-resistivity samples
were sufficiently conductive to allow compensation of the physical resistance, thereby
allowing the surface electrochemical processes to be observed.

Dissolution experiments in solutions containing a range of H2O concentrations (the key
oxidant anticipated due to radiolysis of groundwater after container failure) showed that the
reactivity of the natural UO2 samples investigated in this study was only loosely related to the
sintering process. During the immersion experiments, the majority of the H2O- in the solution
was consumed by decomposition to O and H2O over a 24-hour period. The observed
dissolution of the UO> matrix was localized at natural or manually created physical defects in

the sample surface, such as cracks or micro-indentations. Measurements of the amount of U
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dissolved showed the sample with the highest resistivity underwent the least U dissolution
while consuming the greatest amount of H2O: in the solution, regardless of the initial
concentration of H20,. While this observation suggests the resistivity (which is related to the
degree of hyperstoichiometry) may have an influence on matrix stability, there does not appear
to be a significant correlation between the measured resistivities and Rp values, the latter being

a measure of surface reactivity.

With the introduction of H> into the system, it was clear that even in the absence of e-particles,
H> is capable of scavenging (OH")ass. However, the role of (H")ags in the changing surface
composition is unclear from these experiments. It appears that H, can reduce a partially
oxidized U'"V1.oxUV2xOz+x surface, provided the degree of surface oxidation has not exceeded
x > 0.25. Beyond values of x > 0.25, the clustering of interstitial oxygen within defect clusters
appears to remove the reversibility of the surface composition by H.. At sufficiently oxidized

surface compositions, the decomposition of H2O2 becomes the dominant reaction.
6.2. Future Work

In this study, an attempt was made to further understand the corrosion properties of natural
UO: under long-term disposal conditions. This work specifically looked at the influence of
H20>, the primary oxidant of concern, and H, the primary oxidant scavenger, on the corrosion
mechanism of UO- specimens with varying expected degrees of reactivity. However, there are

unresolved issues that should be addressed with further research considerations:

e While the characterization of these samples yielded preliminary results, additional
SEM and Raman spectroscopy analysis could provide greater confidence in the
correlation between surface morphology and lattice defect structures.

e The characterization techniques used in this work could be complemented by scanning
electrochemical microscopy (SECM) or scanning electrochemical cell microscopy
(SECCM) to probe the reactivity of specific grains using a probe approach curve
analysis. Furthermore, given the lack of knowledge surrounding the history of the

specimens in this work, thermogravimetric analysis would provide quantitative results
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for the degree of non-stoichiometry for the specimens to correlate with previous
characterization techniques.

Performing in-situ analysis of H.O. and U concentrations using atomic emission
spectroelectrochemistry (AESEC), a technique that utilizes a flow cell coupled with
ICP-MS or inductively coupled plasma-optical emission spectroscopy (ICP-OES), that
would provide more accurate results to elucidate the dissolution mechanism of UO..
Preliminary investigations on the influence of H, on the scavenging of oxidants and the
reduction of the UO; surface were performed in this work. Using pressure cells to
increase the dissolved concentration of H> would further our understanding of the role
of (H")ags in the re-reducing of the U'1.2xUY2xO24x surface.

Repeating the experiments presented in this work using site-specific groundwaters
relevant to the NWMO’s DGR (CR-10 or SR-290) is essential to confirm the safety
case for the disposal of spent nuclear fuel.
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