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Abstract

The UK radioactive waste inventory includes spent fuels from various reactor types, many of which
have compositions and irradiation histories that are unique to the UK. These include uranium oxide
fuels from existing Advanced Gas-cooled Reactor (AGR) power stations, of which approximately
4,500 tonnes is forecast not to be reprocessed and thus will require disposal in a Geological Disposal
Facility (GDF)(1). The direct disposal of spent nuclear fuel into a geological repository is part of the
nuclear waste policy of several mature nuclear states. The vast majority of this fuel is from light-
water moderated reactors (LWR) and a significant amount of research has been carried out to
support the direct disposal concept in terms of the physical and aqueous durability of the container,
the cladding and the irradiated UO;-based fuel. In the UK, a large proportion of SNF is from
indigenous Advanced Gas-cooled Reactors. AGRs, whilst also using UO,-based fuel, employ CO; as
coolant and are graphite moderated. Further, the fuel assembly cladding is comprised of 20/25/Nb
stainless steel (20% Cr, 20% Ni) rather than zircalloy as is the case in Pressurised Water Reactors
(PWRs). Consequently, AGR fuel has unique characteristics that need to be evaluated in order to

satisfy safety case requirements before it can be disposed of in a geological repository.

It is expected that, at some point after repository closure, the canisters within which the SNF is
sealed will fail, allowing the ingress of groundwater. This groundwater may come into contact with
the 20/25/Nb stainless steel cladding and subsequently the UO; fuel pellets, initiating corrosion on
either one or both elements of the SNF. At this failure point, most B/y radiation will have decayed
away, with just a-radiation remaining, initiating the process of the a-radiolysis of water. Alpha-
radiolysis of the invading groundwater contacting the UO, fuel pins will generate H,0,, which
through a conversion mechanism can lead to the formation of studtites. Furthermore, the 20/25/Nb

cladding may also show susceptibility to near field corrosion.

The objectives of this work are therefore to examine the mechanisms that occur during the
corrosion of annular AGR simulant fuel. This will lead to the establishment of the baseline corrosion

behaviour and give a better understanding into the formation of secondary uranyl phases.
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A range of AGR SIMFUELs of simulated burn-ups have been fabricated. Using combined Raman and
electrochemical studies, the effects of the added dopants on the UO; crystal structure have been
investigated. The effect of deliberately added H,0, on the surface of simulated AGR fuels has also
been studied. Additionally, the electrochemical baseline behaviour of the minor actinide americium
in nitric acid media representative of reprocessing within the nuclear fuel cycle and the possible
subsequent uptake of americium onto stainless steels representative throughout the nuclear

industry have also been investigated.

It was found that SIMFUEL samples prepared in the absence of dopants (pure UO; pellets) exhibit
the cubic fluorite structure expected of UO,. This is observed for both 25 and 43 GWd/tU burn-up
SIMFUEL, reflecting the introduction of dopant-associated lattice defects into the H,O, matrix. As

might be expected, the peak intensity is greater for the 43 GWd/tU sample.

Voltammetry indicates the presence of three oxidation waves in neutral media typical of UK
groundwater concepts: the oxidation of UO. sites at grain boundaries at -0.6 V vs SCE; the
oxidation of UO; to U0 within the grains at -0.1 V; and the oxidation of UO,. to U(VI) species at
+0.3 V. The currents associated with all three waves increase with simulated burn-up indicating a
similarly increasing susceptibility to anodic corrosion reactions with burn-up. The size of the feature
at -0.6 V suggests a high concentration of UO. sites at grain boundaries. As these may act as
preferential and localized corrosion sites, it may be that fission products residing in grain boundaries
will be instantly released on contact with groundwater. A literature review exploring the effects of
hyperstoichiometric phases on UO; dissolution suggest that spent fuel, where grain boundaries can
contain non-stoichiometric sites, is able to corrode more quickly in comparison with stoichiometric
grains. Therefore the assumption that radionuclides on grain boundaries will be released instantly

upon contact with groundwater is a realistic assumption (2)).

An increase in the lattice damage peak in the Raman spectrum is observed when the SIMFUEL is
exposed to H,0O, representative of a repository near-field, suggesting that the structure at the
surface is becoming more distressed. Supported by concurrent Eoc measurements, this is consistent
with additional point defects being established as the concentration of interstitial oxygen is

increased in the lattice via H,0; induced surface oxidation of the SIMFUEL — so increasing the
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concentration of UO,. sites both on and within the grains and thus increasing the susceptibility of

the SIMFUEL to corrosion.

Open circuit potential measurements on 43 GWd/tU burn-up AGR SIMFUEL in modified simplified
groundwater indicate that the SIMFUEL may corrode in the modified simplified groundwater even in
the absence of a peroxide generated oxidative stress. Similar studies of the same SIMFUEL held in
contact with samples of the 20/25/Nb steel cladding show that this coupled system exhibits a mixed
potential of ~-0.12 V vs SCE. This potential is (i) negative of that adopted by the isolated SIMFUEL
and (ii) positive of that adopted by the isolated cladding in electrolytes of the same composition
implying that, whilst corrosion at SIMFUEL’s grain boundaries may still obtain, the UO, matrix is at

least in part protected against on-grain corrosion at the expense of the steel cladding.

In the case of americium we found that, by use of cyclic voltammetry, it is possible to indirectly
observe the electrochemical oxidation of Am(lll) to Am(VI) on glassy carbon electrodes. This oxidation
occurs stoichiometrically, yielding a 100% conversion to Am(VI) in the local diffusion layer of the
electrode. The electrochemically generated higher oxidation states of Am are stable on the timescale
of a typical voltammetric experiment, opening the possibility of an electrochemical route to the
reagentless generation of Am(VI) in advanced Am separation schemes that employ the higher
oxidation states of americium. It was also confirmed that, under conventional solvent extraction

conditions, Am(lll) cannot act as a process steel corrosion accelerator via the generation of Am(VI).
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1.1 Background

1.1.1 Nuclear Fission
In nuclear chemistry and engineering, nuclear fission is a nuclear reaction in which the nucleus of an

atom splits into smaller parts when hit with an incident neutron, releasing energy (1). Nuclear fission
can also occur without the bombardment of a neutron, the process of which is known as radioactive
decay (1). This type of fission, which is called spontaneous fission, is rare, except for in some cases
which involve isotopes from heavy elements. In an engineered nuclear device, such as a nuclear
reactor, the former process of a nuclear reaction, where the bombardment of a neutron into an
atomic nucleus resulting in the release of energy takes place rather than by the spontaneous
radioactive process radioactive decay (1). The schematic below outlines the process of nuclear

fission which is described above.

Nuclear Fission ssionprodua

incident
neutron
release of energy \‘
fissionable
nucleus
chain
‘ Q . :
reaction
incident
neutron o

splitting of nucleus

fission product

Figure 1-1 showing process of nuclear fission (2)

Nuclear reactors are most commonly thermal reactors, that use slow or thermal neutrons (3).
Thermal reactors use a neutron moderator to slow down the neutrons until they have approached
the average kinetic energy of the particles that surround the neutron moderator (3). In other words,

this process reduces down the speed of the neutron to a low-velocity, thermal neutron (3).

1|Page



In order for a nuclear reaction to take place in a thermal nuclear reactor, a fissile material must be
bred into it. The few fissile nuclei that are found in nature all belong to heavy atoms (4). The most
notable of these fissile nuclei from a nuclear power point of view are uranium-233, uranium-235 and
plutonium-239 (4). Uranium-233 and plutonium-239 are artificially produced from the fertile
materials uranium-238 and thorium-232 respectively, which are the only two naturally occurring
fertile materials (5). A fertile material is itself not capable of undergoing fission with low energy
neutrons (5). When a fertile material such as thorium-232 is bombarded with a slow neutron, it
absorbs the neutron and transmutates to thorium-233. As thorium-233 has a short half-life (22
minutes), it decays into protactinium-233. Protactinium-233, also having a short half-life (27 days),
decays into uranium-233 (6). This is how uranium-233 arises in the nuclear fuel cycle, where it is
thermally bred from thorium-232 (7). A similar process occurs in uranium breeder reactors where
fertile uranium-238 absorbs neutrons to form fissile plutonium-239. When uranium-238 is
bombarded with neutrons, it absorbs one neutron and transmutates to uranium-239. This is then
followed by two beta-decays, namely uranium-239 to neptunium-239 and finally from neptunium-
239 to plutonium-239. Depending on the fuel cycle and the design of the reactor, the uranium-233
that is generated in the first scenario either fissions in situ or is chemically separated from the used
nuclear fuel and formed into new nuclear fuel (7). The plutonium-239 that is generated as a result of
neutron capture by uranium-235 is used as a mixed oxide fuel (MOX) mostly in Belgium, France,
Switzerland and Japan. The majority of global nuclear power reactors use uranium-235 based fuels
as either the metal or oxide at a range of enrichments. This is especially true for the UK, which is why
this chapter will specifically focus on the uranium-235 fuel cycle. The fuel cycle is explained in more

detail below.

Uanium-235 based fuel pellets contain UO, with fissile uranium-235 (U-235), and can therefore be
used in the chain reaction that leads to the release of energy (8). Uranium in its natural form is
abundant in the earth’s crust. The isotope that is predominant in uranium is uranium-238, which is
not radioactive and therefore not fissile (9). Natural uranium only contains about 0.7 % of the fissile
uranium-235 isotope, which needs to be enriched to a higher concentration in order to be used as
nuclear fuel (9). There are currently fourteen Advanced Gas-cooled (AGR) and one Pressurised Water
(PWR) reactors in the UK (10). These reactors combined generate approximately 21% of the UK's
electricity (9). The UK imports mined uranium which is then milled, enriched and fabricated into fuel.

For an AGR reactor, the percentage of enrichment of uranium-235 typically ranges from 3.5-5% (9).
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The difference in mass between uranium-235 and uranium-238 will allow for the separation of the
isotopes by centrifuging, and therefore enabling the enrichment process of uranium-235 (9). In order
for the uranium-235 to be enriched it must be in gaseous form (9). Hence, the nuclear fuel cycle
starts with the mining of the uranium ore and the subsequent production of a UsOg concentrate (for
enrichment) (8). UsOs in this instance is produced by crushing uranium ore which is then ground into
a slurry that is typically leached in sulphuric acid (9). This allows for the separation of waste rocks
from the desired uranium (9). The uranium is then recovered from the solution and the final product
is precipitated as UsOg concentrate (9). The concentrate is sold in this form for enrichment (9). At a
conversion facility, the UsOsg will first be converted into uranium hexafluoride (UFg) and then heated
to 57° C, at which point it is converted into a gas (8). This UFs gas is then enriched. Once enriched,
the UFs gas is converted into UO; fuel (8). The route by which the manufacture of UO; is achieved is

by first undergoing the Integrated Dry Route (IDR), followed by powder conditioning (11).

During the IDR process, the UFg is heated up to 250 °C to produce a flame of the aerosol UO;F,. This
aerosol is then reduced with hydrogen, along with steam from 550 °C to 750 °C to form UO; (11).
Once the UO; has been produced, the powder goes through a conditioning process, which includes
sieving, blending to achieve the correct enrichment, the blending in of additives, optimising the
pouring properties, and finally the addition of a die lubricant (11). Once the finished fuel has been

used for power generation in a reactor, it can either be reprocessed or disposed of.

When the spent fuel from a reactor is reprocessed, the fuel cycle is referred to as a closed fuel cycle,
whereas if the spent fuel is not reprocessed, it is referred to as an open fuel cycle (10). Figure 1-2

below shows the complete nuclear fuel cycle.
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The Nuclear Fuel Cycle

>

3-5% U-235

Fuel rods -
4 i
Used fuel

w N v

Figure 1-2 showing schematic of uranium-235 in an open and closed fuel cycle (9)

In an open fuel cycle, the spent fuel is sent to interim storage after removal from the reactor. Once
stored in interim storage, the spent fuel is destined for final disposal at a Geological Disposal Facility
(GDF), which is the end of the open fuel cycle, meaning that the spent fuel will not be reprocessed
(10). Up until 2018, which is when the THermal Oxide Reprocessing Plant (THORP) at Sellafield
closed, the UK has been operating a closed fuel cycle (12). This will however shift to an open fuel
cycle in the future (13), which is why it is important to look into both fuel cycles, in other words, the

reprocessing procedure and also the disposal of spent fuel at a GDF.

1.1.3 Reactors in the UK
The first commercial reactors that came into use were the Magnox reactors that are moderated by

graphite and cooled by carbon dioxide (14). These Magnox reactors were later superseded by the
AGRs between 1960-1970, which function on a slightly enriched oxide in fuel. There are currently 26
Magnox reactors in the UK, all of which have ceased generating power and will be decommissioned
over the next 80 years (14). The problems that have been associated with the reactivity of CO, at
high temperatures, and also the use of low burnup fuel has generally turned attention away from

Magnox and towards Light Water Reactors (LWR) (14).
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Magnox reactors are named with reference to the magnesium alloy that is used for the cladding that
surrounds the natural uranium metal fuel rods. The integrity of the fuel-clad however limits the
outlet temperature of the CO; to 450 °C. The corrosive effects of CO, on the mild steel components
in the alloy further limits the outlet temperature to 370 °C (14). The CO, coolant operates at 11 bar
and is kept at an inlet temperature of 160 °C. The steam generators are operative at two pressures —
high and low. Dual pressure steam cycles such as these are rather uncommon in modern reactor

designs (14).

The natural uranium that is used in Magnox reactors is susceptible to radiation damage which leads
to dimensional changes of the fuel elements. This means that the fuel has to typically be changed
after an output of only 3500 MWd/tU. This figure is low when compared to LWR fuel which only has
to be changed after 40000 MWd/tU (14). The low output is however partly off-set by the fact that it
is possible to refuel on load, meaning the energy production efficiency can be optimised as there is
no need to shut down in order to refuel (14). The above-mentioned features stem from the weapons
programme when it was possible to easily withdraw fuel during operation, and the build-up of Pu?4,
which is undesirable for weapons, could be avoided by processing low burnup fuel elements (14). In
comparison to modern AGR and LWR reactors, the thermal efficiency and output of a Magnox
reactor are low — approximately 25 % and 150 MW electrical power, respectively. Magnox reactors
are, however, long-lived, with some operating in excess of 50 years (14). Below is a schematic of a

Magnox reactor, as described above.

Figure 1-3 schematic of a Magnox reactor (14)
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AGRs use a slightly enriched uranium fuel compared to the Magnox reactors which use uranium in
its natural form. The UO, in AGRs is UO; enriched to approximately 2-2.6 %. The core of the AGR fuel
is more compact than that of Magnox and also has a lower fuel mass (14). Owing to the
improvements in cladding compared to Magnox fuel, the use of an oxide fuel and also improved
steel, it has been possible to enable greater pressure and temperature differentials to be
maintained, which have subsequently resulted in an increased thermal efficiency of over 40%, when

compared to Magnox fuel (14).

Even though the prototype of the AGR had been successful for over the 20 years, the scale —up to
commercial operation has proven difficult and costly. A representation of an AGR has been given

below.

Coniyol

Concrete pressure vessel
Steam

Graphite moderator

Figure 1-4 schematic of an AGR (14)

There are two types of LWRs, these are Pressurised Water Reactors (PWR), as shown in Figure 1-5
below, and Boiling Water Reactors (BWR). As water is cheap, abundant and has a short-lived
diffusion and slowing down lengths, it can be used as both the moderator and the coolant (14). Since
the conductivity of water is comparatively high, it is also necessary here to use fuel of slight

enrichment. The uranium used in LWRs is enriched to approximately 2.5 — 3% (14).

In PWRs, the water is maintained in the liquid phase, and the primary cooling system is separated

during the heat removal stage. In BWRs however, the water exists in both the gas and liquid phase.
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The primary cooling system here includes a heat removal phase, which is known as a direct cycle
(14). The term 'light' referred to in LWRs is used in order to distinguish the water from heavy water —

D20.

The first commercial LWR plant was developed in 1957, with building having continued till present

day.

Contro! r_oq drives

Inlet

290°C
155MPa 13m

0.23m

k—6.2m—]

Figure 1-5 schematic of a PWR (14)

The PWR design consists of a primary loop that is in contact with the core, which provides water at a
temperature of 330 °C and a pressure of 15.5 MPa to the secondary loop (14). The secondary loop
provides feed water to the steam generators, which give steam at a temperature of 290 °C and a
pressure of 7.2 MPa. The typical thermal power of a PWR is 3800 MW, with an electrical output of
1300 MW, which equals a low thermal efficiency of 34 %. The pressure vessel is made of low-alloy
carbon steel, which includes a 33 stainless steel inner liner (14). The assembly of PWR fuel consists

of zirconium rods which are transparent to neutrons and are also neutron resistant (14).
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There are currently 15 AGRs operational in the UK, with many of them having had their expected
life-time extended (9). The focus of this thesis will thus be on AGR, which will be described in more

detail below.

Like the PWR, the AGR also uses UO; as its main fuel material. However, as well as the differences in
cladding, moderator and coolant materials used by AGRs compared to PWRs, AGR UO; fuel pellets

are also different to PWR pellets. The AGR is made up of the following components:

Fuel — UO, with a pellet diameter of 14.5 mm
Fuel cladding — Stainless steel cladding consisting 0f20/25/Nb
Moderator — graphite, CO; gas also acts as weak moderator

Coolant — CO; gas

The finished AGR fuel is in the form of cylindrical pellets which are annular in shape, i.e. they contain
a central hole (15). The annular shape of the pellet reduces the fuel temperature down its
centreline, whilst also providing a reservoir for the containment of fission gases released from the
fuel during irradiation (16) (17). The shape of the fuel rod has also shown to reduce the amount of

stress imposed onto it, resulting in reduced cracking (17).

One fuel element consists of a total of 36 fuel pins (15), each one of which is encased in a 20/25/Nb
stainless steel cladding (18), as can be seen in Figure 1-6 below. The composition of this steel is

mainly 20 % chromium, 25 % nickel and stabilised with niobium (19).
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Figure 1-6 schematic of an AGR fuel assembly cutaway (9)

AGR fuel pellets are encased in a metal cladding. This cladding is made from an austenitic stainless
steel alloy consisting of 20Cr/25Ni/Nb (20). Due to the nature of storage of spent AGR fuel clad,
there is the possibility of some degree of corrosion of the clad in the cooling ponds (20). The extent
of corrosion has been shown to be correlated to the degree of radiation damage to the clad (20).
Although the fuel clad encapsulates the fuel pellets in order to prevent fission product release (20),
the release, and hence the rate of release of radionuclides from the fuel will be controlled by the

rate of dissolution of UO, (21).

The main differences between the AGR reactors that are typically found in the UK, compared to light
water (LWR) or pressurised water (PWR) reactors are that, the AGRs use graphite as the neutron
moderator (22) (graphite is used here to slow down ‘fast’ neutrons into thermal neutrons which can
be used in the fission of uranium-235 (23)), and CO; as the coolant (whereas water is used in both
LWR and PWR reactors) (22). The annular shape of AGR fuel also differs to that of LWR and PWR fuel
—there is no central hole in either LWR or PWR fuel (22). Due to the fact that AGRs operate at higher
temperatures compared to LWR and PWR (825° C compared to 300° C), the UO; fuel in an AGR
needs to be encased in a stainless steel cladding as opposed to a zircalloy cladding (22). The main

differences between the reactor types compared here are reproduced in Table 1-1 below.
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Magnox

AGR

PWR

BWR

CANDU

Fuel and Cladding

Natural uranium metal (0.7 %

UZ35)

Magnesium alloy cladding

Uranium dioxide enriched to

2.3% U

Stainless steel cladding

Uranium dioxide enriched to

3.2% U3

Zirconium alloy cladding

Uranium dioxide enriched to

2.4 % U

Zirconium alloy cladding

Unenriched uranium dioxide

(0.7 % U235)

Zirconium alloy cladding

Moderator

Graphite

Graphite

Light Water

Light Water

Heavy

Water

Coolant

Heat extraction

CO; gas heated by fuel

raises steam in generator

CO, gas heated by fuel

raises steam in generator

Pressurised light water
pumped to steam
generator which raises

steam in separate circuit

Pressurised light water
boiling in the pressure
vessel produces steam

which drives the turbine

Light water boiled at
pressure — steam used to

drive turbine

Outlet

Temp.

360° C

650° C

317°C

286° C

305°C

Spent Fuel

Reprocessing

Within one year
for operational

reasons

Can be stored
under water for

tens of years

Can be stored for
long periods

under water

As for PWR

As for PWR

Steam
Cycle
Efficiency

31%

42 %

32%

32%

30%

The operation of a reactor is limited by the potential of the fuel, or in other words, its burnup (9).

The burnup of a fuel is determined by the level of its enrichment, for example, if the fuel is enriched

to 4%, then its subsequent burnup would equal approximately 40 GWd/tU (9). The unit of gigawatt

days per tonne of uranium is the conventional measure used for oxide fuels, where for example the

amount of burnup, let’s say 40 GWd/tU equates to the atomic percent burnup i.e. 4%; which is the

amount of uranium atoms that are being burnt or being converted into fissile plutonium (9). The unit

gigawatt-days is used at nuclear power plants to approximate the energy produced in one day. The

gigawatt-day refers to the thermal power of the reactor, and not the fraction that is converted to

electricity. Tonne refers to a metric ton of uranium metal (25).
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After continued use, the number of fission products that are produced will amount to such a
concentration that it is no longer practical to continue to use the fuel, and thus it is removed from
the reactor, even if much of the potential remains within the fuel (9). Due to the radiation and heat
that will still be emitted from the fuel, it is stored in ponds for cooling (9). The used fuel taken out of
reactor is called spent fuel. Spent AGR fuel in the UK is sent to Sellafield for interim storage in its

cooling ponds (26).

At this point, there are two options for the spent fuel; it can either be reprocessed so that the usable
potential still contained within the spent fuel can be recycled and reused again in a reactor, or, the
spent fuel can be put into long-term storage which is the final disposal route and does not involve
any reprocessing (9). If the latter is chosen, it is where the nuclear fuel cycle ends. The complete
nuclear fuel cycle is shown in Figure 1-2. In an open fuel cycle the spent fuel is reprocessed, as

described below.

Nuclear fuel reprocessing involves the chemical separation of the remaining uranium and plutonium
from the fission products and higher actinides contained in the spent fuel (10). Once the uranium
has been reprocessed, it can be entered into the fuel cycle once again. All current industrial
reprocessing in the UK is based on a liquid-liquid solvent extraction process which is known as the
Plutonium Uranium Redox Extraction (PUREX) process (10). Nuclear fuel reprocessing for AGR spent
fuel in the UK has been taking place at THORP in Sellafield, Cumbria until 2018. It is foreseen that all

remaining spent fuel will be stored at interim storage until a permanent solution for disposal (12).
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Figure 1-7 showing schematic of reprocessing of AGR spent fuel

In order to reprocess the spent fuel, the cladding must first be removed. In the case of spent AGR
fuel, the fuel assembly is taken apart, and the fuel and clad are placed into the dissolver together.
The solids from the clad are only separated out after the dissolution has taken place (10). At THORP
the AGR fuel assembly is sheared into small pieces of approximately 5 cm in size. These pieces are
then allowed to fall into a basket that is partly immersed in approximately 7 mol dm nitric acid, at a
temperature of 90° C (10). These clad solids, which are often referred to as the hulls, are then
removed from the dissolver and discarded as Intermediate Level Waste (ILW). Because the AGR fuel
is dissolved in nitric acid, both the uranium and plutonium components of the fuel are oxidised to
the +6 valance states. There may also be some nitric oxide or nitrogen dioxide gases that be released

according to the following equations (10):

3U0; + 8HNO3 = 3UO,(NOs); + 2NO + 4H,0

Equation 1-1

UO; + 4HNO3 - UO,(NO3); + 2NO; + 2H,0

Equation 1-2
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During the process of fuel dissolution, some fission products will also be released as gases or as
steam. The standard PUREX process cannot be used to separate out long-lived fission products such
as Cs and Sr so they end up as high level waste raffinate. Some fission products such as iodine, can
however be directed into the off-gases during shearing, and finally removed using a caustic wash

(10).

Once the fuel has been dissolved, the nitric acid concentration is adjusted to a lower concentration
of 2-3 M. Subsequently, additions of hydrogen peroxide, and either nitrous acid, or, nitrogen
tetraoxide are made in order to reduce the plutonium to its most extractable oxidation state, which

is +4 (10). The next step in the PUREX process is the chemical separation.

The process of liquid-liquid extraction is how a desired solute is extracted from a feed or inlet
stream, containing the substrate to be extracted, by the use of a solvent (10). The solvent in this
case is the second immiscible liquid into which the solute is transferred to produce an extract, which
is an outlet stream that contains the solute, and a raffinate, which is the feed material minus the

solute (10).

During the PUREX process, an aqueous phase that contains all of the dissolved fuel, or feed in other
words, is exposed to an organic solvent phase (the solvent in this case), in a series of contactors (10).
The two immiscible phases are thoroughly agitated in the contactors, and then allowed to separate
out. At each stage the desired products, which in this case are uranium and plutonium, are extracted
from the aqueous phase by the organic solvent (10). The solvent phase will subsequently contain the
extracted uranium and plutonium, whereas the fission products remain in the aqueous phase, which
is the raffinate. The separation process may not be completed in each contactor, which is why

several stages are often necessary to achieve the desired separation (10).

During the first of many stages (mentioned above), the uranium and plutonium are separated out
from the fission products and minor actinides (such as americium) in the aqueous nitric acid stream
using TriButyl Phosphate (TBP) dissolved in odourless kerosene (10). Uranium and plutonium then
enter the organic phase as the TBP/nitrate mix complexes as Pu(NOs)-TBP and UO,(NOs)- TBP, whilst

the fission products and minor actinides remain in the aqueous phase. During the second stage, the
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plutonium is stripped from the solvent phase by reducing the plutonium to Pu(lll) using ferrous
sulfamate, which allows the plutonium to be back extracted to the aqueous phase (10). Once the
uranium and plutonium have been separated out, the uranium is evaporated to UO,(NOs),-6H,0 and
thermally de-nitrated to UOs, while the plutonium is precipitated as PuF; and PuO,. These are then
converted into plutonium metal via the reduction with cadmium (10). These high level strategic

materials are then either solidified and disposed of, or re-used in fuel manufacture.

Having discussed the processes and chemicals that are involved in the PUREX separation, it is also
important to look at the properties of the main material from which reprocessing pipework and
associated plants are comprised of; stainless steel. The behaviour of the minor actinides (americium)
and their uptake onto commonly used process steels in the nuclear industry will be investigated and
discussed in further detail in Chapter 8 'Surface alteration influenced by actinides'. We will now turn

our focus back to the disposal route.

Nuclear waste is categorised into the following three categories: high, intermediate, and low level
waste (9). The categorisation of each respective waste helps to determine how the waste should be
disposed of. High-level waste requires to be cooled and also to be shielded, whilst low-level waste
can easily be handled without shielding (9). Below is a representation showing the different
categories of nuclear waste and their disposal routes with respect to their half-lives, as outlined by
the International Atomic Energy Agency (IAEA) (27). It should be noted that the term activity content
is used due to the generally heterogeneous nature of radioactive waste. In other words, it is a
generic term that has been used to cover activity concentration, specific activity, as well as total

activity (27).
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Figure 1-8 schematic showing conceptual illustration of the radioactive waste classification scheme (27)

The x-axis in Figure 1-8 above represents the half-lives of the radionuclides which are contained in
the waste. These half-lives can range from short (seconds), to very long (millions of years) time spans
(27). According to the IAEA’s classification, exempt waste (EW) contains only small concentrations of
radionuclides that it can be cleared from regulatory control and does not require provisions for
radiation protection. The very short lived waste (VSLW), contains radionuclides of very short half-
lives, the activity concentration however being above clearance levels. The waste can therefore be
stored until the activity has fallen beneath clearance levels, at which point it is classed as
conventional waste (27). Very low level waste (VLLW), may arise from mining or the processing of
ores, as well as the operation and decommissioning of nuclear facilities. An adequate level of safety
for very low level waste can be achieved by disposing of it in engineered surface landfill facilities,

such as the ones which are already in practice for wastes arising from mining practices (27).
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Radioactive waste facilities have been designed with various layers of protection, in order to make
sure that the environment is protected until the radioactivity from the waste has been reduced
down to background levels (9). Low and intermediate level wastes (LLW/ILW) can be buried close to
the surface, i.e. low-level waste is not much different from a normal landfill. High-level wastes (HLW)
however can remain highly radioactive for thousands of years (9). There is therefore a need to
dispose of high-level radioactive waste in engineered facilities which are deep underground and also

built in stable geological formations (9).

The UK’s proposed disposal of spent nuclear fuel is via underground burial in a geological repository,
or in other words, in a Geological Disposal Facility (GDF). Several other nuclear states, such as the
USA and Sweden (28) have taken a similar route (29). The nuclear waste from these countries is

however, mainly LWR fuel, whereas the UK has a large amount of AGR fuel to dispose of (30)

As aforementioned, where there are significant similarities between LWR and AGR fuel, there are
also some important differences between the two fuels. Whilst the disposal of AGR spent fuel will be
based on current knowledge of LWR disposal, it is crucial to produce a disposal strategy that is
specific to UK AGR fuel. Taking into account the different types of spent fuel that needs to disposed
of in the UK, along with the fact that the geology as well as the groundwater compositions in areas
of the UK will differ to those of the other nuclear states, it is crucial to develop a safety case that is
specific to the UK for the safe underground disposal of spent nuclear fuel. Shown below is a

schematic of a typical Geological Disposal Facility (GDF) planned for radioactive waste in the UK.
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Figure 1-9 showing a schematic representation of a generic geological disposal facility (31)

For a geological disposal facility (GDF) to be built, a suitable site has to first be found which can then

be evaluated to see if it meets all the criteria for the safe disposal of spent nuclear waste. Site

characterisation is employed to tackle this task.

Site characterisation is made up of detailed surface/subsurface studies which include aspects of the

geoscientific, environmental, as well as socio-economic conditions that will be affected throughout

the development and implementation of a GDF. However, before detailed site characterisation can

be carried out on a site, site selection needs to take place first (30).

The following flowchart is used in the candidate site selection process:
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Unsuitable

Potentially suitable

Figure 1-10 showing flowchart used for candidate selection site (32)

Even after candidate sites have been selected, it is still uncertain at this point as to what the
geological conditions may be at the candidate site/sites. In order to determine a stable underground
setting which would provide long-term safety from radioactive waste, a safety case for the UK has
been produced (32). This safety case is, however, a generic one, as it does not relate to any one
specific place or disposal site (32). This generic safety case is therefore based on a collaboration of
analyses from several nuclear states and various forms of evidence that has been collected (32). Itis
therefore not possible to generate a complete safety case until the location for geological disposal is
known (32). In order to avoid any oversights, the site characterisation studies remain generic at this
point and cover the following geological environments (which are all the probable geological
environments that could be found within the UK for which site characterisation can be undertaken)

(31):

e High strength rocks — these are typically made up of metamorphic and igneous crystalline
rock, or sedimentary rock which is geologically older. Any fluid movement found within

these types of rocks is predominantly caused by discontinuities
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e Low strength rocks (sedimentary) — these are generally made up of sedimentary rocks that
are geologically younger (as opposed to high strength rocks). Any fluid movement

encountered here is mainly through the matrix of the rock

e Evaporites — these are normally formed through the evaporation of water from water bodies
that contain dissolved salts. Typical evaporate rocks include anhydrite; containing anhydrous

calcium sulphate, and halite, which is a rock salt (33)

As well as addressing the geological and environmental factors affecting site selection and site
characterisation, the physical attributes of a GDF must also be considered. It is proposed that a

geological disposal facility would be built at a depth between 200 m and 1000 m underground (32).

Globally there are 25 countries that have decided to use geological disposal as a long-term disposal

solution, such as the USA, Sweden, Spain and Finland (32) (34) (35) (36).

Important points that must be taken into consideration for a safety case include the following:

e an understanding of the groundwater system at the proposed site and
e an understanding of how gases that are produced in the geological disposal would migrate

through the rock structure or dissolve in groundwater (32)

Both of the above points are determined by the type of rock that the geological disposal will be set
in, so the primary focus is on site selection, so that a non-generic safety case may be put forward.

The selected site would then have to fulfil the requirements set out by the site-specific safety case.

In 2008, a white paper on nuclear power named ‘Meeting the energy challenge’ (37) was published

by the government. It sets out 6 criteria for the assessment of candidate sites (32). These are:

e to find a suitable geological setting
e to minimise the potential impacts on people - including human health and

nuisances/disturbances
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e to minimise the potential impact on the environment

e to maximise the beneficial effect on local socio-economic conditions, whilst minimising any
adverse effects

e to minimise the requirements for more transport and infrastructure

e to minimise cost and timing whilst maximising ease of implementation (32)

A geological disposal site would mean that effectively, a geological barrier would be in place, which

could subsequently help in the safe immobilisation of spent nuclear waste by:

e limiting groundwater flow, in particular into the specific areas where the waste will be
disposed of. This can be achieved in the case of low permeability rocks, i.e. the potential for

radionuclides to leach from the waste is limited

e allowing enough time for any activity that does come into contact with the groundwater to
decay to such low limits that it shall not be harmful when coming into contact with the
environment at the surface. This can be achieved by providing a slow and long path for the

groundwater to travel from the emplaced waste to the surface environment

e providing rock surfaces that are able to remove radionuclides from the groundwater via

chemical-processes that are naturally occurring

e providing fractures or pores that are ‘dead-end’, so to say areas where the groundwater

which contains the radionuclides cannot move any further and will be stagnant

e preventing gases that may be generated by the wastes to directly be released to the surface

environment

e protecting the displaced wastes from extreme cases of natural changes or human actions,

i.e. ice ages, that may take place at the earth’s surface (33)

Thus, a generic plan for a geological disposal facility which addresses the safety points laid out in the

White Paper from 2008 exists.
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1.1.5 Expected Conditions in Underground Repository
As aforementioned, there are currently, three different host rock types that are being looked at as

potential sites for a geological disposal facility.

Host Rock lllustrative Geological Disposal Concept for High
Level Waste/Spent Fuel

Higher strength rocks Sweden (KBS-3V, Sweden)
Lower strength sedimentary rocks Switzerland (Opalinus clay, Nagra)
Evaporites Germany (Salt Dome, DBE Technology)

Table 1-2 showing geological disposal concepts for different host rocks (31)

The groundwater compositions that have been used in recent experimental programmes for High

Level Waste (HLW) glass are shown below:
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For higher strength rocks:

Composition &pH Concentration (mol kg)
Na 3.7x10?
K 4.4x10°
Mg 5.7x 103
Ca 2.9x 1072
Sr 2.0x 103
Al 1.7x10°®
c 1.0x 103
Si 2.5x10*
cl 4.2 x10*
NoXa 1.2 x 107
pH 7.22

Table 1-3 showing composition of saline hard rock groundwater illustrated by Sellafield Borehole RCF3 DET5 (38)

For lower strength sedimentary rocks:

Composition & pH Concentration (mol kg™)
Na 3.2x10-2
K 7.1x10-3
Mg 1.4 x 10-2
Ca 1.5x10-2
Sr 1.1x10-3
Al 6.9 x 10-9
c 3.0x10-3
Si 9.4 x10-5
cl 3.0x 10-2
S042- 3.4x10-2
pH 7.0

Table 1-4 showing composition of clay groundwater illustrated by the Callovo-Oxfordian (COX) argillite clay formation
groundwater (38)
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For evaporite rocks, either:

Composition, temperature & pH Concentration
Oxygen < 0.1 mg/L
Na 4870 mmol/L
K 20.3 mmol/L
Mg 82.3 mmol/L
Ca 26.5 mmol/L
HCOs 2.09 mmol/L
SO.> 52.9 mmol/L
Cl- 4766 mmol/L
HA -

FA 0.20mg C/L
Temperature 16.9 °C
pH 6.3/7.0°

Table 1-5 showing composition of the Channel Brine GoHy-514 at 235-238 m depth, Elster. ® = pH corrected according to
Runde (1993) (39)

Or:

Compound Concentration (g/L)
NacCl 303.22
NaHCO:; 0.32
MgSO, 0.62

NaSO, 9.33

CaCl; 0.47

Table 1-6 showing composition of the simulated WIPP-site ground water (40)

Alongside the different water compositions that would be existent with various host rock types,
there are other variables that need to be taken into consideration when looking at the expected
conditions of an underground repository. Effects that are temperature-related must also be
considered regarding the disposal of spent fuel in deep geological repositories (41). The exposure of

groundwater to the host rock during the heat pulse (through corrosion of the canister) can lead to
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the migration of radionuclides into the environment, so temperature and also pressure related

effects need to be investigated (41).

Once the geological disposal facility has been closed shut with the spent nuclear fuel buried within
its engineered barriers, there is expected to be a thermal pulse which originates from the heat
production of beta/gamma decay from the spent fuel. The thermal pulse is the time frame during
which the temperature of the host formation is expected to lie above the range of temperatures
within which nominal migration properties can be relied upon by using one or more engineered
barriers (42). These engineered barriers are designed to contain the radionuclides and other
contaminants during the thermal pulse (42). After the thermal pulse has come to an end, the beta
and gamma radiation from the spent nuclear fuel will have subsided, and only alpha radiation is
expected to prevail (43). The thermal pulse is expected to last 1000 years (see Figure 1-11 below)
(42), after which the alpha radiolysis of water (see Section 1.17) will take place, due to the
prevalence of alpha radiation which will come into contact with the groundwater that is expected to
enter the fuel canisters once the barriers fail (44). Below is the strategy of the Belgian concept, with

the expected timescale of the thermal pulse and system containment (42).
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Engineered containment phase
Safety function fulfilled: engineered containment (C)

Contributing components: supercontainer
Factor determining time frame: loss of integrity of supercontainer

System containment phase

Safety function fulfilled: delay and atienuation of releases (R)

R1: limitation of contaminant releases from the waste forms

R2: limitation of water flow through the system

R3: retardation and spreading in time of contaminant migration
Contributing components: waste forms, engineered barier system,
Boom Clay
Factor determining time frame: dissolution properties of waste foms,
transport properties of Boom Clay for contaminants

Geological isolation phase

Safety function fulfilled: isolation (I)
Contributing components: Boom Clay, geological coverage
Factor determining time frame: geological stability

i D e | |
0 10° 10* 10° 10°

Time after closure (indicative timescale) (years)

Figure 1-11 showing the safety functions of the Belgian GDF concept and the expected timescale of the thermal pulse of
a GDF (42)

A geological disposal facility strategy assessment by the Nuclear Decommissioning Authority (NDA)
has considered how spent fuel packages would evolve in the very long term - post-disposal,
recognising that radionuclides would be released only following a breach in the disposal canister
(45). A limited sensitivity analysis has been carried out for the strategy assessment, examining two
different canister materials (copper and steel) and testing the influence of the assumed corrosion
properties. Subsequent to any canister failure, the radionuclides associated with the spent fuel
would be able to leach into the groundwater (45). The rate at which the radionuclides are leached, in
combination with the assumed properties of the host rock, the behaviour of individual radionuclides
and also the exposure routes are subsequently used to assess the potential risks to humans (45). The
leaching of the radionuclides from the spent nuclear fuel is characterised by an initial Instant Release
Fraction (IRF), which is then followed by a more general dissolution rate (45), which is known as
matrix dissolution. The IRF is the fraction of the inventory of more mobile radionuclides which is
assumed to be readily released upon contact with groundwater and is influenced by the properties
of the spent fuel (45). The fraction of fission products from the IRF include the fission gases lodine-
129 and Chlorine-36, as well as caesium isotopes and other volatile radionuclides. These migrate

during reactor operations and accumulate at grain boundaries, also known as the grain boundary
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inventory, or other accessible parts of the fuel, referred to as the gap inventory - where the gap
represents the interconnected volume of the fuel to the cladding gap, fractures in the fuel pellets as
well as open fission gas tunnels (46). Following breach of the spent fuel disposal container and of the
fuel pin cladding, in safety assessments the IRF is assumed to be readily (instantly) leached into the
groundwater. In studies of fractional release rates, the fractional release rates of elements
associated with matrix dissolution processes had reached steady state values after about 1 year of
leaching (46). After release of the IRF, dissolution of the spent fuel and the radionuclide inventory
that is not included in the IRF is controlled by the rate at which the matrix itself dissolves. This
process is of great importance, as the vast majority of radioactivity (of the order of 97%) is likely to
be present in the fuel matrix (46). Matrix dissolution is influenced by a variety of factors, such as fuel
thermal history, the radiation field and the chemistry and redox potential of the water contacting
the fuel. Significant dissolution of the spent fuel only occurs under conditions where the relatively
stable UO; (solid) matrix is oxidised to the more soluble UO,.x, such as occurs under oxic conditions
(46). Two examples of repositories currently under oxic conditions are the Waste Isolation Pilot Plant
(WIPP) in New Mexico and Yucca Mountain in Nevada, although it should be noted that WIPP will be
under anoxic conditions in the near future. The fuel matrix dissolution rate is much slower under
reducing conditions because it is likely to be driven by the dissolution of UO,, which has a much
lower solubility and slower dissolution kinetics than UO..x (46). In the case of higher burnup fuel, the
increased irradiation of a third generation pressurised water reactor fuel (EPR) would increase the
IRF as compared to that for lower burnup fuel (47). Generally available information on the potential
performance of higher burnup fuel has been used to provide a suitable IRF for assessment and the

assumptions that have been made above (45).

Below is a schematic of the expected timeline of the Belgian disposal concept.
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Figure 1-12 schematic showing timeline of Belgian disposal concept (48)

The Belgian concept also outlines the idea of heat production or a ‘thermal pulse’ during early
closure and an interaction between the host rock and the concrete i.e. canister failure and
groundwater ingress during late closure, as mentioned above. The Belgian concept should only be
taken as an indication of the stages that may occur post-closure in an anoxic GDF, such as the one

that is envisaged for the UK.

1.2 Comparison of LWR/PWR Fuel Characteristics to AGR Fuel
Characteristics

In the UK, part of the disposal strategy will be based on existing knowledge of LWR fuels under

repository conditions. It is however necessary to address the differences between LWR and AGR

spent fuel in order to satisfy safety case requirements.

The LWR characteristics that are likely to affect radionuclide release after disposal with regards to

high burnup have been assessed and compared to AGR fuel (49). LWR and AGR are
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phenomenologically the same in terms of fission gas release during low to intermediate burnup.

Despite the similarities, there are two fundamental differences between AGR and LWR fuels:

e The low hydrostatic stress that is imposed onto the AGR fuel pellets (due to the collapsible
can concept — the concept refers to the use of collapsible rods in the fuel pellet (50)) leads to
the low morphological relaxation of grain face bubbles (49)

e The deposition of carbonaceous material on the outer surface of the AGR pin is likely to
increase fuel temperatures by a significant amount, and therefore allowing the release of

fission gas (49)

Low morphological relaxation of grain face bubbles are only of concern with a large amount of
fission gas release, which is only expected to occur when there are carbonaceous depositions (49). It
was found that carbonaceous deposition can lead to an increase of fission gas release, from ca. 0.1 -
5% at an approximate burnup of 20 MWd/kgU. This leads to a significant increase in grain boundary
and also pin free volume inventories of long-lived radionuclides such as **’Cs and ?°I. If similar

depositions occur at higher burnups, then a gas release of higher significance is expected (49).

Due to the similarities between AGR and LWR fuel pellets with regards to maximum fuel centre
temperatures and also radial temperature gradients, and given the use of helium gas as a filler for
both types of fuel, the average concentrations and chemical forms of fissions products are expected
to be similar for a given burnup. There are however expected to be some differences with regards to
neutron spectrum, pellet dimensions and chemical interactions between the fuel and the clad or can

(49). Below is a table comparing the key parameters between PWR and AGR fuel assemblies.
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17x17 PWR 10x10 BWR AGR
Mo. of fuel rods/pins 264 91 288
Rod/pin length (mm) 3863 4081 987
Fuel pellet material U0, uo, uo,
Fuel grain size (pm) 122 122 12°
Fuel oxygen to metal ratio® 1.995 - 2.005 1.995 - 2.005 2.000 - 2.004
Fuel porosity volume 5% 4%, 2%"
fraction®
Fuel pellet length (mm) 13.5 10.5 14.6
Fuel pellet ID (mm) Zero Zero 6.4
Fuel pellet OD (mm) 8.19 8.67 14.6
Rod/pin OD (mm) 9.5 10.05 15.3
Clad/can material Zircaloy-4/M5™ Zircaloy-2* Stainless steel
Clad/can thickness (mm) 0.57 0.605 0.37
Rod/pin fill gas Helium Helium Helium
Rod/pin fill pressure (bar) 25f 109 1

Table 1-7 key parameters for PWR, BWR and AGR fuel assemblies (49)

where, a = typical value
b = post 1979 value
c = typical ranges — all three fuel types are effectively stoichiometric

d = calculated from stated fuel densities, assuming a 10960 kg/dm? density for fully dense
uo,

e = with Fe enhanced Zr liner
f = typical value

g = typical value for modern BWR fuel (49)

The expectations of LWR fuel with regards to the radioactive fission product inventory in the rod
free volume and grain boundaries pre-disposal are to be expected from AGR fuel as well. It is

therefore anticipated that:

e the measured rod free volume and also grain boundary inventories of %Sr and %Tc are

extremely low (between 0.01 — 0.4% of total amounts of radionuclides)
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e the rod free volume and grain boundary inventories combined (of #I and !¥’Cs) are
correlated to fission gas release)

e matrix dissolution is best modelled with a fractional mass-loss of 107 per annum

The above points all require experimental data on spent AGR fuel (under UK repository conditions)
to confirm these expectations. Due to the fact that carbonaceous deposits are expected with AGR
pins, and these subsequently have a significantly higher fission gas release, they would also be
expected to have a significantly higher grain boundary and pin free volume inventories of *| and

B37Cs (49).

It is also important at this stage to take note of the irradiation conditions of the reactor fuel and the
effects that these conditions have on the fuel chemistry. Below is a table outlining the core design

parameters and irradiation conditions of LWR and AGR fuels.
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PWR BWR AGR
Electrical output (MWe) 1258 1200 660
Active core height (m) 3.66 3.68 8.3
Fuel inventory (tHM) 89 126 110
Mumber of assemblies 193 700 324
Enrichment: initial core (%) 2.1/2.6/3.1 2.25 1.16/1.54/2.1
Enrichment: reloads (%) 3.1 3.16 2.12-3.42
Cycle length (months) 12# 12 4
Core reload fraction per cycle 33 20 7.5
Core average rating (kW/m) 17.8 17.5 16.8
Peak rating (kW/m) 30° 30° 27.8
Coolant type Light water | Light water CO,
Coolant pressure (MPa) 15.5 7 4.1
Coolant inlet temperature (°C) 292 278 286
Coolant outlet temperature (°C) 323 286 675
Coolant mass flow (t/h) 65000 41040 13700
Average assembly burnup (MWd/kgU) 33 42 24
Peak assembly burnup (MWd/kgU) 458 45 28
Max clad/can temperature (*C) 353 316 825
Max fuel centre temperature (°C) 1400° 1300° 1500
Max temperature gradient (°C/mm)® 210 180 165

Tablel- 8 typical LWR and AGR core design parameters and irradiation conditions (49)

where, a = however, Sizewell B is now operating on 18 month cycles, and use of such extended

cycles (18 or 24 months) for PWR operation is becoming increasingly common

b = the peak rating and maximum fuel centre temperature for Sizewell B published by NEI
are 41.3 kW/m and 1796°C, respectively. These values correspond to operation at maximum local
rating limits and are atypical of normal operation. A typical peak rating of 30 kW/m is therefore
tabulated, with the maximum fuel centre temperature scaled down from the 1796°C value such that
the quoted maximum fuel centreline temperature minus clad temperature to peak rating ratio is

maintained
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¢ = the peak rating and maximum fuel centre temperature for Forsmark 3 published by NEI
are 44 kW/m and 1800°C, respectively. These values are assumed to correspond to operation at
maximum local rating limits and are therefore atypical of normal operation. Hence, a typical peak
rating of 30 kW/m is tabulated (core average rating plus ~ 50% of the difference between the NEI
peak rating and the core average rating, as per the PWR entry), with the maximum fuel centre
temperature scaled down from the 1800°C value such that the quoted maximum fuel centreline

temperature minus clad temperature to peak rating ratio is maintained

d = Biblis (Biblis, UK) B value corresponding to an average assembly burnup equal to that for

Sizewell B (33 MWd/kgU)

e = maximum pellet average radial temperature gradient calculated from tabulated
maximum fuel centre temperature, pellet inner and outer radii from Table 1-8, and an estimated
pellet surface temperature. For the PWR and BWR, the pellet surface temperature was assumed to
be the maximum clad temperature plus a typical beginning-of-life pellet-clad gap temperature drop
at the tabulated peak ratings of 200°C. For the AGR, the pellet surface temperature was taken as the
maximum can temperature (since the AGR can is pressurised onto the fuel pellets during

manufacture) (49)

The chemical state reached whilst irradiating reactor fuel is influenced by the compositional changes
that result from the fission process and also by the redistribution of the fuel and fission product
phases (49). The isotopic composition of irradiated fuel can be determined as a function of time
from knowledge of fission yield and cross-sectional data, as well as the irradiation conditions
(including the fission densities, fuel temperatures and neutron flux spectrum) (49). As a result of the
fission process, the average valency of the resulting actinide and fission product mixture will differ
from that of the starting material. In oxide fuels, the valency, and hence the oxygen requirements, of
the fuel and fission products is controlled by the oxygen potential (partial molar free energy) of the
oxidation reactions for the components of the system. Based on the oxygen potential of the various
fission product metal/oxide systems, the actinides, namely Np, Pu, and Am, the rare earths
elements, namely La, Ce, Pr and Nd, the alkaline earths, namely Sr and Ba and zirconium will exist as
the oxide phase in equilibrium with the uranium fuel, either in solution or as separate phases (49).

The noble metals, namely Mo, Tc, Ru, Rh and Pd and the fission gases Kr and Xe will remain in the
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elemental state (metallic inclusions, and gas atoms/bubbles, respectively) and the volatile elements

Cs, Te and | will remain in the elemental state or interact together to form separate phases (49).

In the above section, the properties of AGR fuel and its similarities and differences to PWR/LWR fuel
have been discussed. These properties are of relevance to the Instant Release Fraction (IRF), and are
not necessarily specific to the behaviour of AGR fuel in a GDF post-thermal pulse. Whilst the above
properties point out possible differences in behaviour; such as the IRF and that the compositional
and morphological differences may influence long term behaviour in a GDF once the cladding has
been compromised post thermal pulse (see Section 1.1.6), the subject of this work is in fact the
behaviour of AGR fuel in a GDF, after the thermal pulse has subsided and the containment and
cladding have failed. The behaviour of such, in particular the corrosion behaviour of AGR fuel in a

GDF, will be discussed hereafter.

In order to be able to assess the matrix dissolution of spent nuclear fuel, it is important to look at the
corrosion behaviour of the fuel in question. In other words, the electrochemistry of the material,

which in this case is UO2, must be investigated.

The reason for interest in the redox chemistry of UO; is the fact that it has a large change in its
aqueous solubility upon oxidation, with changes in redox potential (51). In its fully reduced form,
UO; is extremely difficult to dissolve, however, under oxidising conditions, the solubility of uranium
in its UV has been determined to be four to ten orders of magnitude higher (51). Subsequently, this
means that geological deposits of uranium oxide exist in a composition close to UO,. The
mobilisation of such uranium by transport via dissolved uranium in groundwater requires oxidising
conditions. Hence the release of radionuclides from used fuel in a GDF will also be controlled by the
redox potential of the groundwater, and will be more rapid under oxidising conditions, as opposed

to reducing conditions (51).
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The redox conditions which are of importance in relation to a GDF cover a wide range, over which
the degree of oxidation of the surface of UO,, and subsequently its rate of dissolution will change
greatly (51). The usefulness of electrochemical techniques in investigating the redox chemistry of
UO; using UO, electrodes has been demonstrated by Nicol et al (52) by showing that dissolution
rates of UO; that has been exposed to various oxidising agents can be predicted from dissolution
currents (51). From the figure below it can be seen that there are similarities in the redox conditions

between geochemical and spent fuel disposal environments.
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Figure 1-13 showing schematic of change in surface composition of UO; and the onset of oxidative dissolution as a
function of the potential of a UO; electrode (51)

As can be seen from the figure above, although the general chemistry of uranium is similar for
geological and spent fuel environments, it should be noted that there are major differences between
highly dense sintered uranium pellets, which are altered by in-reactor irradiation and thermal
treatments, and natural uraninite deposits which yield distinct differences in the dissolution and

corrosion behaviour (51).

The reliable prediction of corrosion damage is a necessity in the evaluation of a repository concept

(53). A lot of knowledge has been gained over a period of several thousand years about the
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corrosion behaviour of metallic materials (53). There is however, a need to develop this base further.
The lifetime of most industrial materials can range from just a few seconds or minutes, for example
for rocket engines, to several decades for nuclear power plants, going up to a hundred years for
infrastructure such as bridges (53). The approach of many countries in demonstrating the feasibility
in predicting the corrosion behaviour of steels over a long period of time is based on the following

points (53):

e The comparison of data from experimental studies to that obtained by other international
laboratories, which is then used to develop semi-empirical models which are capable of
performing initial estimations of service lifetimes. These models include corrosion rate
evaluations (53)

e The use of predictive models which are based on corrosion mechanisms. Mechanistically
based models can lead to an improved understanding of the evolution of the damage caused
(53)

e The use of archaeological artefacts which are used to demonstrate the feasibility of long
term storage and to also provide a database which can be used to test and validate models.
The investigation of artefacts is showing itself to be a promising approach for validating
deterministic models, given that the data of the archaeological data is well understood and

also recognised (53)

Given the above points, it can be useful to use computational modelling to predict corrosion
behaviour over a longer time-period, thus the next section will focus on feasibility studies carried out

by computational modelling.

As aforementioned, modelling can be used to predict the corrosion behaviour in an underground

repository over long periods of time.

It is important to have a state of knowledge on the kinetics and the corrosion mechanisms of the
steels used in the cladding, in the environmental conditions that they will be expected to be in

during the various phases of geological disposal (54) (55). These can include dry-hot oxidation,
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humid-air atmospheric corrosion, aqueous corrosion (including aerobic and anaerobic corrosion),
corrosion in porous argillaceous environments, as well as cementitious environments (54). Semi-
empirical laws (which are discussed later on) can be used to describe general and localised corrosion
—such as pitting or crevice corrosion. Semi-empirical modelling works by using the longest duration

data sets available relating to the corrosion in soils and clay materials (54).

General corrosion, as opposed to pitting or crevice corrosion, is considered to be the prevailing type
of corrosion mechanism in the long term (54). Even though there has been some development on
mechanistic models for the corrosion of carbon steels in order to make long term predictions on
container lifetime, these models do not take into consideration the effect of lowering the corrosion
rate brought about by the corrosion products (54). Being modelled through a combination of
electrochemical reactions which take place at the carbon steel surface, and the mass transport of
oxidants and corrosion products (54). Due to the fact that the build-up of corrosion products inhibits
the corrosion, and this fact is neglected in the models, the results obtained by such models do not
coincide with experimental results (54). In fact, Gras et al. have shown that the modelled corrosion
depth after one year of exposure is five times larger than experimental data (54). It is due to this
discrepancy, that the French national radioactive waste management agency, along with its
partners, have developed a new model which takes into account the possibility of the existence of a

layer above the steel surface, which could be susceptible to the pseudo-passivity of the steel (54).

The following is an example of a study carried out in France, which whilst dealing with different
conditions to the proposed repository in the UK, can still be used as an indicator when predicting

corrosion behaviour over longer time-periods.

The French national radioactive waste management agency (Agence nationale pour la gestion des
déchets radioactifs, Andra) has conducted feasibility studies in order to evaluate the long-term
evolution of a repository (56). The potential host formation for France is Callovo-Oxfordian clay (56),

and Andra’s predictions are based on studies of this particular clay formation.

The materials that are used for the containers are generally categorised into these two groups (54):
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e Corrosion-allowance materials — the lifetime of these materials is attained adjusting the wall
thickness accordingly. These include carbon steels and cast irons (54)

e Corrosion-resistant materials — these materials form a protective/passive film in water
making their general corrosion rates extremely low, but are however susceptible to localised

corrosion. These materials include austenitic stainless steels and various alloys (54)

Below is a table showing container materials that are used in various countries and their associated
problems, outlining that there is not one readily available material that could address all the

following problems, hence canister failure at some point is inevitable.
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Materials Countries Possible modes of attack

Carbon steels France General corrosion
Low alloy steels Germany Pitting/crevice corrosion
Cast irons Japan, Spain Stress corrosion cracking
Switzerland, UK Microbial induced corrosion
Copper Canada General corrosion
Finland Pitting/crevice corrosion
Sweden Stress corrosion cracking
Titanium & alloys Canada Crevice corrosion
Japan Hydrogen embrittlement
Stainless alloys Belgium Pitting/crevice corrosion
France Stress corrosion cracking
USA Microbial induced corrosion

Table 1-9 showing container materials and their associated problems for various countries (54)

As aforementioned, to allow for a realistic prediction of canister lifetime, semi-empirical laws that
are based on experimental data can be used which take into account variables such as appropriate
wall thickness (of canister), in order to attain realistic mass-balances and so forth (54). Below is a

description of semi-empirical modelling.

1.3.2 Semi-Empirical Modelling
The compilation of the results that are collected during certain types of experiments can be used for

semi-empirical modelling which in turn can be used for estimating designs and lifetime (57). As
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mentioned above for example, in France, where the Callovo-Oxfordian geological formation is the
proposed host-rock, the formation has extremely low permeability which significantly reduces the
flow of water (57). The semi-empirical model of this system is shown in Figure 1-14 from which it can
be seen that 3 mm of metal are corroded in a 1000 years. From this it can be calculated that for
example, a flow of 102 L m2 year® will limit the rate of corrosion of iron to 3 um year?, assuming the

rate of corrosion to be uniform (57).

Semi-empirical modelling can also be used to calculate the sizing of containers or over-packs of
reasonable thicknesses by using the above approaches of over-estimating (54). However the time
scales involved can make these predictions less credible and therefore a better understanding of the
base mechanism is necessary to prove the lifetime prediction of containers in a more certain way

(54).

Experimental work on UO; dissolution, as is the focus of this work, can therefore be used, along with
other experimental work and semi-empirical modelling to predict the corrosion rates of canisters

and canister materials that are envisaged to be used in a GDF in the UK.

As mentioned above, Figure 1-14 below shows an example of where semi-empirical modelling may
be used - specifically with respect to the Callovo-Oxfordian geological formation. Semi-empirical
modelling uses modelled data as well as ‘real’ data. For example, in the schematic below, which
shows the influence of the flow of water on corrosion rates (57), published data as well as data
generated by the French Atomic Energy Commission (Commissariat & I’énergie, CEA) and Electricité
de France (EDF) in representative repository conditions, where the corrosion rates of buried
archaeological objects made out of iron have been included, has been used to produce the laws to
represent rates of generalised corrosion of low and/or non-alloy steels as a function of the

temperature expected in a repository, in the absence and presence of oxygen, as shown below (57):
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Figure 1-14 showing the influence of the flow of water on the corrosion rates with expected kinetic control domains for

a Callovo-Oxfordian rock formation (57)

Even though semi-empirical modelling can be used to predict the life-times of canister and canister

material, experimental data is still required to investigate the corrosion of canister material, and

more specifically, the corrosion of the spent fuel, once the canister material fails. The next section

will focus on the spent fuel matrix, uranium dioxide.
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1.4 Structural & Electrical Properties of UO:

At this point, before going too deeply into the corrosion of UQ,, it is also important to look into the
UO; fluorite lattice structure and its capacity for accommodating excess oxygen anions, as UO? ions
will be incorporated into the lattice during the initial stages of oxidative corrosion, i.e. during the
early transition of UO,->UO2.. Stoichiometric crystalline UO; is isostructural with a cubic fluorite
structure (CaF,). Each unit cell consists of four U ions sitting on a face centered cubic (fcc) sublattice
and eight 0% ions forming a cubic sub-lattice embedded in the U* sublattice. This structure is shown

schematically in the figure below.

Uranium ————————» Q ( ) O

Oxygen

O -
Figure 1-15 showing schematic representation of the cubic fluorite structure of the UO, lattice (34)

The fluorite structure of UO; is able to generate a number of derivative structures. This flexibility to
generate derivative structures exists due the presence of octahedral vacancies at the centre of the
unit cell and its capacity to accommodate excess anions. Insertion of O into an interstitial site (i)
within the UO; lattice leads to the formation of point defects within a retained fluorite structure of
overall stoichiometry UO,.. Upon the introduction of further O; into interstitial sites, the
concentration of point defects increases and the fluorite structure becomes more distressed, giving
rise to more widespread structural rearrangements and leading to extended defect structures. The
generation of these extended defect structures displaces oxygen atoms from the lattice sites that
are adjacent to the interstitial sites leading to the creation of additional lattice vacancies.
Furthermore, the introduction of hydrogen peroxide (as expected to be found in an underground
repository due to the alpha radiolysis of water, see Section 1.4.4) to UO; surfaces, complicates the

hyperstoichiometric behaviour and thus the corrosion behaviour of UO, even more (the effects of
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hydrogen peroxide on the undoped UO; and SIMFUEL pellets are explored in the Chapter 4). This
phenomenon has been recently elucidated and reviewed by He et al. (58). As UO, moves towards
hyperstoichiometry through the peroxide-driven oxidation of U(IV) sites, U(V)/U(IV) donor-acceptor
sites may be generated, which in turn catalyse the reduction of H,0, (58). The balance of electrons in
this process is provided by coupled chemical/electrochemical oxidation of U(IV) to U(V), catalytically
further accelerating the rate of peroxide reduction, and (similarly coupled) U(IV) oxidation to U(VI)
with its release to solution as UO,%*. Generation of UO,% in the presence of H,0, may result in the

formation of studtite/metastudtite (58). These processes are illustrated in the figure below.

> > uo

Electrolyte

Figure 1-16 schematic representing the mechanism of UO, dissolution in the presence of H,0,(34)

Apart from the effect that the addition of hydrogen peroxide has on UO; (which is further explored
in chapter 4), it is, at this point, essential to once again look into the stoichiometry of UO,, as
undoped UO; is only near-stoichiometric (unless it is in single crystal form), as opposed to
stoichiometric. It is important to note that the hyperstoichiometry of UO, (UO, becoming
hyperstoichiometric through the addition of interstitial oxygen into vacancies, resulting in UO2.y), will
exert a significant influence on the electronic conductivity of UO,. Hence, the electronic properties

of UO, will now be explored.
The electronic properties of solids are usually described in terms of the band model. The band model

involves the behaviour of electrons moving in the combined field of atomic nuclei and other

electrons in an array (59). The formation of a crystalline solid such as TiO can be taken as an
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example. As isolated atoms (which are characterised by filled and vacant orbitals), are assembled
into a lattice, new molecular orbitals are formed. These orbitals are closely spaced such that they fall
into continuous bands. These filled bonding orbitals subsequently form the valence band, and the

vacant antibonding orbitals form the conduction band, as seen in Figure 1-17 below (59).
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Figure 1-17 showing schematic of filled bonding orbitals and vacant antibonding orbitals (59)

In general, these bands are separated by a forbidden region or a band gap of energy (Eg), which are
usually given in units of electron volts (eV). The electrical and optical properties of the solid in

question are strongly influenced by the size of the band gap (59).

When the band gap is small, such that the Eg < < kT (Boltzmann constant x temperature), or when
the conduction and valence bands overlap, the material is a good conductor of electricity, such as Cu
or Ag. Under these circumstances, filled and vacant electronic energy levels exist at virtually the

same energy, so that it is possible for an electron to move from one level to another with only a
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small Ea (59). This feature provides the electrons with electrical mobility in a solid, and allows them
to respond to an electric field. However, electrons in a completely full band, having no empty levels
in close proximity, have no means for redistributing themselves spatially in response to an electric
field, and therefore they are unable to support electrical conduction (59). For larger values of Eg,
such as Si, where Eg = 1.1 eV, the valence band is almost filled, and the conduction band is almost
vacant. Here, conduction becomes possible due to the thermal excitation of electrons from the
valence band into the conduction band (59). This process generates electrons in the conduction
band, that have electrical mobility as they are free to transfer among vacant levels in the conduction
band, leaving behind "holes" in the valence band that have mobility. Mobility is enabled due to the
fact that the valence band electrons can rearrange themselves to shift the spatial location and
energy of the vacancy (59). This type of material is called an intrinsic semiconductor, such as UO,. In
an intrinsic semiconductor, the charge carriers, electrons and holes exist in dynamic equilibrium.
They are created by dissociation, and are then eliminated by recombination. In an intrinsic

semiconductor, the electron and hole densities are equal (59).

In its stoichiometric form, UO; is a Mott-Hubbard insulator, containing a narrow filled 5f band, which

contains two electrons per U atom. These are located in the ~5eV gap between the empty

conduction band and the filled valence band, as shown in Figure 1-18 (58).
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Figure 1-18 schematic energy level diagram for UO; expressed on standard hydrogen scale (SHE) (58)

The above diagram represents a schematic energy-level diagram for UO, which has been derived
from various spectra and theoretical calculations including spectroscopic and electrochemical data,
the data being represented against a standard hydrogen electrode (58). The valence band which is
fully occupied has a predominance of O 2p character, whilst the empty conduction band consists
mainly of U5f, 6d and 7f states. The U5f band contains two electrons per U atom for stoichiometric
UO.. This means that the U5f band falls into the gap between the filled valence band and the empty
conduction band as pictured above (58). Although the valence band has a predominant character of
O 2p, there is evidence of a small contribution from U 6d and 5f orbitals. The conduction band
however consists mainly of various overlaps of U 7s, 6d and 5f states, the energy difference between
the empty and occupied and 5f levels being approx. 5 eV (58). This value being the Coulomb
correlation energy (Uer). The U 5f subbands in a Mott-Hubbard insulator are much narrower than
the Uer, and therefore doped UO; produces 5f! or 5f° configurations. In stoichiometric UO, however,
electrical conductivity would require the promotion of electrons from the occupied U 5f level to the
conduction band, with an activation energy (Ea) of approximately 1.1 eV (58). The probability of this
taking place at room temperature is extremely low. Since ceramic UO; has a slight oxygen excess due

to the interstitial oxygen (0% ions), the overall charge balance is maintained by the ionisation of an
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appropriate fraction of U(IV) ions to the U (IV/V) valence states (58). This introduction of non-
stoichiometry, in the form of incorporated additional O ions, which are accompanied by the
creation of U(V) atoms to maintain charge balance, creates holes in the 5f band making the electrical
conductivity of UO.. very sensitive to the degree of non-stoichiometry (58). In addition, non-
stoichiometric locations have been shown to provide donor acceptor U(IV)/U(V) sites which catalyse
the cathodic reduction of 0,/H,0, (51) (60). If these locations, which appear as grain boundaries (58)
also exhibit an enhanced anodic reactivity (i.e. the oxidation and subsequent dissolution
outnumbering the stoichiometric locations) then they could be preferential corrosion sites (51). The
migration of electrons in this scenario would be enabled via a hopping process with a low Ex of
approximately 0.2 eV, due to the narrow occupied U 5f band (58). In the following sections the
structural and electronic features that allow for hyperstoichiometry, and its effects on UO; corrosion

will be discussed.

As aforementioned, the release of radionuclides from spent fuel under repository conditions will be
affected and controlled by radiolytically driven corrosion (61) (62). It is known that prior to
irradiation in the reactor, the fuel, uranium dioxide is close to stoichiometric in terms of
composition, i.e. UO.001 (61). However during irradiation, the UO, fuel will undergo changes with
respect to composition and microstructure. The generation of fission and activation products leads
to an increase in non-stoichiometry. This increase in non-stoichiometry means that the UO; fluorite
structure must now accommodate a large number of interstitial oxygen in different lattice sites

which lead to the formation of hyperstoichiometric phases (61).

As discussed above, uranium dioxide, in its stoichiometric form, is an f-f Mott-Hubbard insulator
(63). The 5f orbitals and their respective spatial extents must be taken into consideration here. The
early members of the actinide series, including uranium, have a 5f orbital diffuse that is sufficient
enough to participate in molecular bonding (63). The 5f orbital diffuse also allows for the formation
of metallic bands in the elemental solid (63). In the case of UO, and according to theoretical
calculations of electronic structure and density of states (DOS), it is evident that a narrow 5f band
that is filled with two electrons per uranium atom is found below the Fermi level Er (61). The
unoccupied states which appear at the onset of the conducting band are however, also found to be

5f states (63).
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As oxygen is incorporated into the system, an electron from the 5f Hubbard band is removed to
create U(V), which in turn removes the Coulomb interaction and thus converts insulating UO to a
UO2.x p-type semi-conductor (61). From this it is evident that UO, hyperstoichiometry affects
electronic conductivity (64); this conditioning can in turn support galvanic coupling between
oxidation and reduction reactions on the UO,.« surface and therefore increase the rate of corrosion

of UO, (61).

Again, as discussed above, it is known that the fluorite structure of UO; is able to accommodate
additional O as it has empty interstitial spaces in order to do so. According to theoretical
calculations, the energies of formation of O interstitials and vacancies are lower when compared to
the energy taken to create a U defect (61). This observation is in agreement with neutron capture

experimental results which have established that the UO, defects originate in the O sub-lattice (61).

The energy of formation for a U vacancy is double the energy of formation of an O vacancy, however
the important observation made was that the energy of formation of an O interstitial in the
octahedral site is negative (61). This observation explains why the oxidation of uranium dioxide
occurs via the addition of O interstitials rather than by the formation of U vacancies, which leads to

hyperstoichiometry (61).

The above is in agreement with experimental results obtained by Allen et al. in 1986. The study also
showed that the interaction between different interstitial defects lead to the production of
microscopic substructures or clusters which introduced specific localised properties rather than
basing hyperstoichiometric phases on randomly distributed point defects, as they have been in the

past (65). This point will be returned to and addressed later on.

It has recently been established that the local current density (anodic) experienced by a naturally
corroding surface can vary by a factor of 5. This factor of 5 depends on the degree of non-

stoichiometry present in that location (61).
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In accordance with the above, it has also been demonstrated that the locations which are non-
stoichiometric are able to provide donor acceptor sites, i.e. U(IV) and U(V), for the reduction
(cathodic) of oxidants, including O, and H,0,. This leads to the acceleration of corrosion at non-
stoichiometric locations (61). SECM measurements have shown that the anodic oxidation of UOj.
depends on the degree of hyperstoichiometry. It has also been observed that when point defects
that have been randomly distributed had a low degree of non-stoichiometry, that the surface that

was originally inert would have its cathodic reactivity enhanced by anodic oxidation of UO2.« (61).

However, if the UO,.« has already been oxidised to a large extent and clusters of a cuboctahedral
structure are present, anodic oxidation reduces surface reactivity (61). When intermediate levels of
stoichiometry are present and the primary defects are Willis clusters (a Willis cluster is a defect
formed by a linear combination of the interstitials O’ and 0”, and the vacancy Oy, and is labelled

according to the combination O’:0y:0” (66)) the surface is observed to be reversibly oxidisable (61).

Moreover, a recent study by Elorrieta et al. (67) has shown that an addition of x up to UO;¢s leads to
a progressive incorporation of oxygen atoms within its interstitial sites. Starting from UO,0s and up
to UO,.11, these point defects start to rearrange themselves into ordered defects or Willis clusters
(67). At around UO,.11 however, part of the Willis clusters start to develop into more densely packed
cuboctahedral clusters, at which point a complete rearrangement of the oxygen atoms in the
cuboctahedral clusters at around UO,2 leads to a new, fully ordered superstructure containing

oxygen vacancies. These are gradually filled until reaching a minimum of UO;,4 (67).

As aforementioned, the introduction of non-stoichiometry in the form of 0%, along with the
formation of U(V) atoms that maintain the charge balance, increases the electrical conductivity of
the oxide whilst simultaneously providing donor/acceptor (U(1V)/U(V)) sites on the surface of the
oxide (58). The above have been shown to catalyse oxidant reduction reactions, which introduces
the possibility of the overall corrosion process being accelerated (58). Moreover, there is the
possibility that the structural changes within the UO, lattice caused by the addition of O will
influence the anodic kinetics of the corrosion process, i.e. of the dissolution reaction U0, (UO)*

(58).
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It is therefore believed that spent fuel, where grain boundaries can contain non-stoichiometric sites,
is able to corrode more quickly in comparison with stoichiometric grains. Therefore the assumption
that radionuclides on grain boundaries will be released instantly upon contact with groundwater is

realistic (61).

The rate of corrosion of the fuel can be affected by the addition of O, as well as the addition of
dopants. Dopants have been added to the SIMFUELs that are studied in this work in order to
simulate the amount of fission products that would be present in spent fuel after burnup, i.e. after
undergoing fission. The next section will focus on the effects that dopant incorporation has on the

dissolution of the fuel matrix.

Some fission products have very limited solubility in the UO, lattice which are volatile at reactor
operating temperatures (e.g. Kr-85, He-4, A-39r, Tc-99, 1-129, C-14, Cs-135, Sn-125, Se-79), and
migrate to the fuel/sheath gap during reactor operation, whilst other fission products are non-
volatile and migrate to grain boundaries, reside in fission gas bubbles, or separate into solid phases
such as perovskites ((Ba, Sr) ZrOs) and metallic alloy phases (epsilon-particles: Mo, Ru, Rh, Pd, Tc)
(68). The majority of fission products and actinides/lanthanides (e.g. Pu-238, Am-241 and Np-239)

however, are retained within the UO; fuel matrix (68).

The effect of dopants on the air oxidation of UO, was found to have a stabilising effect on the cubic
fluorite structure (69). An explanation for this was that the dopant cations were stabilised by the
formation of dopant-oxygen vacancy clusters known as O, clusters (68). This effectively leads to a
reduction in the availability of the interstitial sites that are required for the fuel oxidation to occur

(68).

The phase relationship of the rare-earth oxides and the uranium oxides would suggest that the
solubility of the rare-earths decreases with an increase of x in UO,., and that these elements are
insoluble in the Us0g phase (68). It is however also possible to attain a kinetically metastable state,
i.e. a rare-earth doped UsOs phase, by the oxidation of rare-earth doped UO, (68). The effects of

dopant incorporation in UO; fuel will be further discussed in Chapter 3.
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The structural and electrical properties, as well as the incorporation of x and dopants into the lattice
structure are not the only factors that will affect corrosion of UO; in an underground repository. The
potential conditions in nuclear waste repositories can vary from being oxidising or reducing to being
wet or dry (21). Not all these conditions will apply to UK nuclear waste repositories. However the
variables that need to be taken into consideration during the phase of repository life that is the
focus of the work presented in this thesis (i.e. during the post-thermal anoxic phase where it is

assumed that the cladding has been breached) are as follows:

e the effect of alpha radiation

e the effect of dissolved hydrogen
e the effect of hydrogen peroxide
e the pre-oxidation of the fuel

e the effect of pH

e the effect of temperature and

e the effects of dissolved salts in groundwater compositions (21)

Each of these effects will be discussed in turn, however, prior to their discussion, it is important to
have some information of the effects of a, B, and y radiation and the subsequent radiolysis of water,

which will be the focus of discussion below.

Emissions of strong a-, B- and y-radiation fields from spent nuclear fuel can cause the radiolytic
decomposition of groundwater (70). Once the thermal pulse has occurred and the beta and gamma
radiation has decayed away, only alpha radiation will be prevalent in a GDF (71). Below is a figure

demonstrating the radiation fields with their associated time scales in a geological disposal facility.
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Figure 1-19 showing alpha, beta and gamma radiation dose rates as a function of time from a 220 MWh/kgU of Canadian
CANDU fuel sample (72)

Once the canister fails and groundwater comes into contact with the alpha radiation of the spent
fuel, the alpha radiolysis of water is expected to take place. Below is a figure representing the

mechanisms that occur during the radiolysis of water.
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1012 4

Chemical stage

10s | e,y H*, HO*, HO,*,OH", H,0%, H,, H,0,

v

Figure 1-20 showing schematic of species formed during the radiolysis of water (73)
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Before the late 1950’s, there were two conflicting views about the fate of the electron. One theory
was that the electron that was ejected would be thermalised before it would be able to escape from
the Coulombic attraction of the parent cation (74), and thus be recaptured to give an excited
molecule which would subsequently decompose (74). The second theory was that the electron
would, in fact escape the parent ion, but would rapidly react with a neutral water molecule (74). The
outcome of either mechanism was however, that the primary products were H- and OH- radicals.

Moreover, the initial reaction was also the same in both cases (74).

In 1953, Platzmann et al. proposed that the hydrated electrons may exist sufficiently long enough to
react with other solutes, and in 1963, Boag et al., Hart et al., and Keen et al. independently observed
the transient (short-lived excited state (75)) spectrum of a hydrated electron in the pulse radiolysis
of water (74). Many reactions that had been reported in the past, prior to 1960, for being a H- radical

in alkaline or neutral solutions were in fact the reportings of hydrated electrons (74).

Thus, the main products of the radiolysis of water after approximately 10® s are: eaq), H, OH;, H,,
H,0,, H30* and OH" (74). Below is a table showing the amount of each species produced at different

pH ranges per 100 eV of energy, given by their G values (74).

Table 1-10 showing G values of species at different pH ranges (74)
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H, can escape readily. However if it is in solution then it reacts via the following reaction:

Ho+OH > H.O+H

Hydrogen peroxide would also react with the reducing agents e’ aq) and H- via Equation 1-4 and

Equation 1-5:

H20; + €7aq) > OH + OH"

H,0; + H = OH' + H,0

During the radiolysis of pure water, H, and H,O, are destroyed as fast as they are produced,
provided that the H, cannot escape (74). In the case that it does escape, O, is also produced via the

following pathways:

H,0; + OH - H,0 + HOy

HO, + HO; - H,0, + O3

HO, + OH - H,0 + O3
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The hydrogen peroxide that is retained in solution may also react with the solutes (74). The hydrated
electron that is produced during the radiolysis of water is a powerful reducing agent and reacts via

the following mechanisms (74):

2€(aq) + 2H,0 —— > H, + 20H" (this reaction is fast)

€'(aq)+ H20 - H' + OH: (this reaction is slow)

e-(aq) + S % S

-with solutes

e-(aq)'l' H+ 9 H

It should be noted here that the hydrated electron is a conjugate base with a pKa of approximately
9.7, there are therefore equal amounts of e’(aq) and H' at pH 7 (74). The hydrated electron normally

reacts by electron attachment, such as:

e_(aq) + ‘02‘ 9 OZ‘-

The reaction between the hydrated electron and nitrous oxide is important as the reaction is specific

to e, and also because the hydrated electron is converted to oxidising radicals (74).

N2O + €’aq) = [N20] - N2+ O

+H* +H*

N20H - N + OH:
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€(ag) reacts with many uncharged molecules at each encounter, however does not react with alkali

metals or alkaline earth metals (74).

The hydrogen radical, H, is not as strong a reducing agent as is e7(aq). In an acidic solution, e7(aq) is

converted to an H- radical via the following reaction (74):

e_(aq) + H+ 9 H

In an alkaline solution, the following takes place:

H +OH = €(aq) + H.O

The H- radicals main reaction is with O, to give a hydroperoxyl radical (74):

‘Oz +H - HOy

The hydroxyl radical is a powerful, uncharged oxidising species. It forms the following in an alkaline

solution:

OH + OH ¢ H,0 + O~

The conjugate base that is formed here can react with O; in aerated solutions (74). In the absence of

a solute, the following takes place and hydrogen peroxide is formed:
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OH +OH & HzOz

The hydroperoxyl radical formed via Equation 1- is a weak radical and is found in tracks of heavy
particles in de-aerated water (74). It can also be formed by the hydroxyl radical reaction with

hydrogen peroxide:

OH' + H20; - H20 + HO2

An ionised form of the hydroperoxyl radical can also be formed by reaction with light particles in

water:

‘02 + €'(aq) > 02 (ionised form of HOy)

The hydroperoxyl radical is also formed in a non- ionised form:

‘Oz +H - HOy

However the hydroperoxyl radical usually disappears in reaction with itself:

HOz' + HOz' - HzOz +Oz
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Most radiolysis models that take the formation of the above species into account have concentrated
on the water radiolysis in the presence of gamma radiation, and not alpha radiation (76). In the
event of canister failure, groundwater is expected to come into contact with the spent fuel. The
water that reaches the fuel will be subjected to alpha radiation as beta/gamma radiation would have
decayed by the time that canister failure is expected to take place. It is therefore important to model

the generation of the species that are expected to be formed during the alpha radiolysis of water.

Researchers at Pacific Northwest National Laboratory (PNNL) have created models to perform
radiolysis predictions for fuel corrosion in an anoxic atmosphere, and within a thin layer of water,
driven by the alpha radiolysis of water (76). The figure below shows a plot of the species that are
expected to be generated during the alpha-radiolysis of water in a geological disposal facility. The
plot is divided into a time-dependant portion, where the second half of the plot shows the
concentrations of the species, varying with distance, once the system has reached steady-state

conditions (76).
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Figure 1-21 showing the calculated environment within 30 mm of a 160 rad/s alpha field in an anoxic environment
illustrating the time dependence of dominant species (76)

From the figure above it can be seen that the species most likely to be generated via the alpha-

radiolysis of water in a geological disposal facility are hydrogen and hydrogen peroxide. Hence we
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will focus on the effects that these two species have on the corrosion of spent fuel in a GDF in the

following sections.

As discussed above, should a nuclear waste container in an underground repository fail, then the
dissolution of the spent fuel will occur (72). The main factors that control the dissolution of spent
fuel are the redox conditions that are generated by the radiolysis of water (see Section 1.4.4) at the
fuel surface (72). Before going into detail of the effects that hydrogen and hydrogen peroxide have
on the corrosion of nuclear waste, we will discuss below the effects that an external source of alpha

radiation could have on the co