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Abstract

T

he safe management of spent nuclear fuel (SNF) is a key challenge facing the nuclear
industry today. In the potential event of a premature pinhole cladding failure, fuel
pond water can come into contact with highly active spent fuel and remain unnoticed

going into storage. In such scenarios, there are risks from reactions including water radiolysis
on the fuel surface leading to an accelerated dissolution of the fuel matrix. While this
mechanism has been widely studied, there still exist gaps in the understanding of water
carryover on dried fuel, precise corrosion mechanisms, and the corrosion rate dependence on
lattice modifications in the fuel matrix. Also, the long-term safety implications of such fuelwater interactions are yet to be determined.
This thesis addresses the scenario by looking at two pathways of this fuel-water interaction adsorption and radiolytic dissolution: in three separate strands. In the first strand, wetting of
SNF surfaces is considered at high temperatures to evaluate the hygroscopic nature of failed
SNF, post drying. This is studied by conducting adsorption isotherm experiments in an
experimental rig that was designed and assembled by the author. In the second strand, the
radiolytic corrosion mechanism of highly active idealistic SNF surfaces is studied by using
epitaxial thin film samples in artificial radiolytic environments. The samples included (U,
Ce)O2 in various U:Ce percentage compositions in order to probe the dissolution characteristics
of (U, Pu)O2 mixed oxide (MOX) surfaces as a function of induced lattice modifications in the
SNF (UO2) matrix. The last strand addresses the scenario of a failed fuel exposed to spent fuel
pond water, resulting in wet, waterlogged fuel going into storage. Here static de-ionized (DI)
water leaching tests are performed on High Burnup SNF to understand the trends in fuel
dissolution as a function of time and surface area of fuel exposed. Further, the fuel surfaces,
post leaching, are metallographically analysed to determine the changes caused due to
corrosion and elucidate potential safety implications in the long term.
In conclusion, this research will give insights and assess the short- and long-term behaviour of
SNF in the presence of water, in the event of a pinhole cladding failure.
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Chapter 1:

Introduction

1.1 Background

N

uclear fuel, retrieved after its useful lifetime in a reactor, is stored under water in what
are called as cooling ponds due to its high temperature and radioactivity. This research

posits a scenario of a fuel rod with a breached cladding in the spent fuel pool, awaiting disposal.
Fuel failure from reactor operation is an issue that has been widely studied and the detectable
damage ratio is close to 0.001%1, i.e., ~14 leaks per million rods loaded for modern Pressurized
Water Reactors (PWRs) (WNN, 2021). The types of defects include pin-hole defects, cracks,
and large breaks and the fuel bundles are moved into pool storage after failure (Johnson,
1977b). Under such conditions, there is a possibility that this hot, radioactive fuel will come
into contact with the pool water. Understanding the interaction of fuel with water at high
temperatures and radioactive environments is of vital importance given the small, but non-zero,
risk of failed fuel in storage and this research aims to experimentally mimic these scenarios
and elucidate some of the basic science problems and gaps that remain unanswered.
The first fundamental question addressed in this thesis is - how does water interact with fuel
surfaces at high temperatures? Assuming the fuel surface is now “wet”, the next logical set of
questions would be – What is the effect of radiochemistry in this fuel-water interaction? What
is the role of radioactivity and how does the fuel corrode? Finally, assuming a more severe case
in which the breach results in waterlogging of the fuel rod, the pressing question becomes how does real spent fuel leach into water and what are the conditions that limit or aid leaching?
The experiments conducted as part of this research follow the likely progression of questions
as listed above; starting by exploring the wetting of fuels as a pure adsorption phenomenon
involving physisorption and chemisorption in Chapter 2; the radiochemical corrosion that
might be expected to follow in the case of real spent fuels, in Chapter 3; and finally, the

1

Taishan Nuclear Power Plant unit 1, first operational 29 June 2018, has a damage ratio of 5
failures per 60,000 rods (0.008%) (WNN, 2021) which is much higher failure rate than usual
(0.001%), but the origins of this are not known at the time of writing.
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evolution of the fuel matrix due to such fuel-water interactions in Chapter 4. Figure 1-6 shows
a flowchart outlining the research questions and the thesis structure.
Chapter 1 is divided into three sections – Section 1.1 introduces the reader to the nuclear fuel
cycle with a focus on the back end of the fuel cycle and the complexities involved with retrieved
nuclear fuel leading to the research problem; Section 1.2 defines the problems addressed in this
research and finally Section 1.3 outlines the chapters based on the scope of this study.

1.1.1. Nuclear Energy and the Fuel Cycle
Nuclear energy contributes to about 10% of the global electricity production from 452 power
reactors as of 2021 and a total inventory of about 400,000 metric tons of used fuel throughout
the world as of 2017 (IAEA, 2021). However, the current fleet of reactors are nearing the end
of their designed lifetimes and the inventory of used fuel is expected to increase by 2- 5% by
2050 (Anon, 2021).
The fuel that goes into a reactor are pellets of either metal or oxide in nature with a fertile and
fissile combination of uranium isotopes. Less commonly, alternative fuels like mixed oxides
(MOX) of uranium with other actinides like plutonium and thorium are used in some reactors.
Currently, ceramic oxides are the dominant fuel type with a few exceptions such as Light Water
Reactors (LWRs) that use Uranium metal. They are porous sintered ceramics of uranium
dioxide with a typical enrichment of 5-15% based on regulations and use (Olander, 2009). The
processes leading up to fuel irradiation in a reactor core can be categorised as the front end of
the nuclear fuel cycle, a term that looks at the life cycle of the nuclear fuel (Figure 1-1).
After its reactor lifetime (3 - 6 years), which varies with burnup and reactor types, the retrieved
fuel termed as spent nuclear fuel (SNF) or used nuclear fuel (UNF) enters the back end of the
fuel cycle. In the back end, hot SNF coming out of the reactor core undergoes initial wet storage
in cooling ponds/ pools for a few decades. Depending on its back-end cycle, nuclear fuel cycles
are further divided into open and closed fuel cycles. The open cycle is also called as a once
through cycle, where the retrieved fuel assemblies are packaged and disposed without any
modifications. In the closed fuel cycle, SNF is reprocessed to extract uranium and plutonium
(as shown in Figure 1-1) which may be reused as mixed oxide (MOX) fuels following
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treatment, re-enrichment, and re-fabrication. The reader is referred to (Lamarsh and Baratta,
2001) for a detailed explanation of the nuclear fuel cycle.

Figure 1-1. The different stages of a nuclear fuel cycle which illustrates how this research covers the timeline of fuel water
interaction whilst the fuel is in storage in the pool or in dry casks. Image taken from (Stages Of The Nuclear Fuel Cycle |
NRC.gov).

As mentioned in the introduction, this research focuses on breached fuel in the back end of the
fuel cycle when the fuel is introduced into the cooling ponds. Depending on the extent of breach
in the cladding, the failed fuel is either identified from pond radioactivity levels or goes into
disposal as is, when the breach does to result in any external changes for it to be identified.
Section 1.1.3 talks about failed fuel and how it is identified and processed by various nuclear
countries around the world. It also highlights the discrepancies involved and the potential for
water carry over into storage due to the methods currently adopted. On the other hand, in the
event of a pin prick failed cladding that goes unnoticed in the pond, the fuel can attract layers
of seeped water (vapour) going into storage. This work focuses on these two pathways of fuel
water interactions in the early stages of SNF retrieval, while the fuel is hot and radioactive.
However, before getting into the research problem, it is important to understand the
complexities involved with spent fuel in order to acknowledge the problems raised in this
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thesis. Section 1.1.2 briefly describes SNF and the associated risks. Individual chapters reintroduce the complexities to contextualise the experiments conducted in this study.

1.1.2. Spent Nuclear Fuel
Commercial SNF is mostly made up of uranium (U238) dioxide, which constitutes of about
96%, according to the current fuel types commonly used around the world. Plutonium (~1%),
fission products, transuranic and activation products (adding to the remaining 3%) that
continue to evolve through radioactive decay for hundreds of thousands of years constitute the
remaining balance of SNF (Kleykamp, 1985), (Ewing, 2015). However, fuel burnup,
enrichment, reactor type and the chemical composition of the initial fuel are factors that can
affect the final composition; with a higher burnup increasing the fission product and transuranic
compositions in the fuel matrix. Also, due to the variation in neutron flux (which directly
affects temperatures and burn up) in the centre of the fuel bundle compared to the outer rods;
and the centre of the reactor itself compared to the inlet and outlet of the primary loop, there
exists a variation in the thermal gradient of the fuel at different parts of the reactor and within
pellets. This influences the grain size and hence the precipitation of fission gases and volatile
elements differently in different fuel pins around the reactor core.

Figure 1-2: Schematic showing major constituents in a SNF pellet. Image adopted from (Ewing, 2015).
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Figure 1-2 shows the schematic representation of different phases in which the fission products,
the transuranics and actinide dioxides are seen in the SNF matrix. The composition also varies
heterogeneously across the fuel matrix and can exist in different phases including solid
solutions, fission gases and metallic precipitates (Ewing, 2015).
Typically, a nuclear reactor will generate ~20 metric tonnes of SNF per year (Bruno and Ewing,
2006) . Figure 1-3 shows a graph of the major constituents that contribute to the high levels of
radioactivity in SNF after about ~10 days from retrieval. As seen in the figure, the discharged
fuel is still highly radioactive for hundereds of years until the major contributors to this
radioactivity evolve into the lesser radioactive, long-lived actinides (Ewing, 2015). The major
fission products that contribute to the initial radioactivity are isotopes of caesium, strontium
and iodine that decay by gamma and beta radiation respectively.

Figure 1-3. Activity of high-level waste from one tonne of SNF. Image adopted from (Muller et al., 2019).

It can also be inferred from Figure 1-3 that cesium-137 and strontium-90 decay over a few
decades (100 - 300 years) leaving the transuranic elements (americium, plutonium, neptunium,
and curium) as the dominant radiation sources. These isotopes decay by different processes.
Non-fissile nuclei capture neutrons to release gamma rays, further, the de-excitation happens
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through alpha or beta emission. This is seen in most of the transuranics that form from neutron
capture by fertile uranium isotopes. This results in the SNF constituting high amounts of
plutonium, curium, neptunium, and americium which have long half-lives. These transuranic
isotopes are major alpha emitters and are relevant under long term storage safety considerations
(Shoesmith, 2000).

Figure 1-4: Evolution of decay heat vs time for SNF. Image taken from (Alvarez et al., 2003)

The high radiation levels also contribute to heat output from the SNF with the temperatures
slowly decreasing, over time, along with the radioactivity. Robert Alvarez et al. explains the
decay heat reduction as a function of time from retrieval (0.01 years) to about 100 years for
SNF with typical burnups of 33, 43, 53 and 63 GWd/tHM (Figure 1-4). The heat output
decreases by a factor of ten within the first few years of cooling pond storage (Alvarez et al.,
2003). The spent fuel ponds work by ensuring that the fuel assembly temperatures do not
exceed 100oC at the cladding/water interface. The fuel, however, is hotter due to the radioactive
decay, as shown in Figure 1-4, giving rise to large temperature gradients that stabilise over
time. There is always an enhanced risk of cladding failure due to heat spikes if the temperature
in the pond is not regulated properly.
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1.1.3. Spent Fuel Storage
As discussed in the previous section, SNF consists of a range of decaying actinides and fission
products making it highly radioactive (typically 106 GBq/MTU) and heat dissipating in the
form of decay heat (e.g. 2MW/MTU), the precise values of which vary with burnups and
power ratings (Ewing, 2015; Hedin, 1997). Therefore, spent fuel storage is an integral part of
the fuel cycle that involves a number of potential risks from the fuel and the environment
around it. SNF is initially stored in wet storage facilities or cooling ponds at the reactor site for
several years (Figure 1-5(A)). After this period of wet storage, the fuel is removed and put into
dry casks for interim storage or disposal when they are cool enough to be transferred (LII,
1988). Finland and Sweden are countries that are currently lined to have operational deep
geological repositories for commercial SNF disposal. However, until geo-repositories take
over, all retrieved fuel assemblies from the cooling ponds are stored in dry storage casks under
interim storage awaiting disposal (International Atomic Energy Agency., 2005).
The wet storage activities occur within the initial few decades of spent fuel retrieval when the
cladded fuel is stored in cooling ponds. A cladding failure during this period will lead to direct
fuel-water interactions. The International Atomic Energy Agency (IAEA) defines damaged
fuel as, ‘Any fuel which cannot perform the required safety, regulatory or operating functions
due to the defect(s) it carries’(Management of Damaged Spent Nuclear Fuel | IAEA). This has
led countries to consider fuel rods with pin prick failures and cracks to be the same as intact
fuel as long as it performs under the safety case standards, meaning, damaged fuel can very
well be packaged and sent for interim or final disposal alongside undamaged SNF.
The effectivity of SNF drying methods have been criticised by French et al., 2016. Further,
SNF drying was identified as a high priority technical gap for the U.S. Department of Energy
(DOE), Office of Nuclear Energy (NE), Spent Fuel and Waste Science and Technology
(SFWST) program, in an assessment carried out in 2019 to support extended storage and
transportation of SNF (Teague et al., 2019). The report states that the issues of residual water
carryover from dried fuels requires further research to fully understand and predict; meaning
the assumptions leading to repository safety cases might perhaps be too far from the reality.
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Countries like the UK and USA categorise failed and damaged fuel as separate entities where
damaged fuel is failed fuel that has now lost its structural integrity. A breach in such a canister
can potentially lead to the dissolution of fuel inventory in the long run based on its exposure to
water under wet storage. The issue is widely reported around the world but is dealt differently
depending on the nuclear spent fuel management policies of each country. The event of a
damaged or failed fuel pin is generally assessed by sipping tests, monitoring the activity in a
small sample of water from a reactor or storage pond. Any breach would lead to increased
levels of fission products in the water as fuel components dissolve into the pond. Although
reprocessing can be seen as a general term for managing damaged fuel, it is often accompanied
by other processes like canning, pin replacement, moderator exclusion, (neutron) poison
addition, ventilation of dry casks, tailored cask shielding at damaged pin locations, addition of
supplemental structural support and changing storage conditions(French et al., 2016). Table
1-1 lists the different criteria adopted by countries in order to classify their inventory of SNF
from power/research reactors as failed or damaged.
Canning is the most widely accepted means of handling damaged fuel. It is used to confine the
fuel to a known volume within the storage/transport cask. Multi-purpose canisters (MPC) or
dual-purpose canisters (DPC) are commonly used for transportation, storing and disposal of
damaged fuel (Figure 1-5 (B), (C)). The MPCs are ventilated and constructed using stainless
steel. Some countries consider using copper containers for storing and disposing SNF due to
their long-term corrosion resistance properties (Rondinella, 2011). Countries like India,
Russia, the UK, the USA, Serbia, and Sweden use canning to deal with their damaged fuel.
Hungary and Lithuania store damaged fuel in unsealed cans to allow for venting of radiolytic
gases whereas cans in Bulgaria and Poland are sealed. Slotted cans are common in the UK and
USA. In some countries, such as Germany, canning is a regulatory requirement (Management
of Damaged Spent Nuclear Fuel | IAEA).
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Figure 1-5. SNF storage cannisters from HOLTEC. (A) High density storage rack for cooling pond wet storage. (B) MultiPurpose Cannister (MPC) model (HI-STORM). (C) Inside of an MPC ready for SNF assemblies. Images adopted from
HOLTEC International’s webpage (HOLTEC, 2021).

Table 1-1 also gives the different methods adopted by the countries to deal with damaged fuel
with certain countries highlighted in red where there have already been reported incidents
involving fuel release into the spent fuel pond. French et al. have highlighted the issues
surrounding lack of studies looking at the long term implications of failed fuel-water
interactions and confidence in drying methodologies for failed fuel assemblies going into
interim storage facilities (French et al., 2016).
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Table 1-1. A summary of how various nuclear countries define failed/damaged fuels and how they deal with damaged SNF.
Table adopted from (French et al., 2016). Major mitigation steps adopted by a few countries have been highlighted where
fuel corrosion due to spent fuel pond water has been observed. This supports the case for the scope of this research.

Serial
No.
1.

Country
UK

Definition of failed and damaged
fuel
Failed: Fuel with a cladding

Methods for managing damaged spent
fuel
Canning: Done for failed fuel prior to wet

penetration.

storage.

Damaged: Fuel with structural
damage, but where the cladding is

Catalytic re-combiners: Storage of intact

still intact.

LWR fuel in multi-element bottles (MEBs)
due to the large quantities of water present
in the containers with a risk of significant
accumulation of hydrogen and oxygen.

2.

USA

Damaged: Containing defects greater

Canning: Damaged spent fuel and utilities

than hairline cracks or pinholes.

are allowed to load canned assemblies in
specified and limited slots in a cask and

Debris: Loose fuel rod segments,

contained by top and bottom end caps.

pellets, and particles.
Dryness demonstrated by maintaining a
pressure of 4 mbar for 30 minutes.
3.

4.

Russia

Damaged fuel subclassified as:

Canning: Fuel rod bundles are enclosed
within leak-tight ampoules for transport.

Hungary

• Leaky
• Leak-tight
• Severely damaged
Intact: Fuel assemblies with no
indications of failure from the online

venting of radiolytic gases.

Canning: Unsealed cannisters in pool for

monitoring system or in subsequent
sipping tests.

Drying procedure including drying; filling
with inert gas; sealing with metallic O-ring

5.

6.

France

Ukraine

Damaged: otherwise

hermetic seal (with catalytic re- combiners)

Damaged fuel: Fuel assembly

Canning: A gas-tight capsule was

susceptible to spread fissile material.

developed by Areva to contain gas leaking

There is no containment by the

fuel. Gas-tight capsules are loaded into a

cladding of radioactive material,

capsule canister and dried by flushing out

pellets, or fragments of pellets

water with inert gas.

Fuel debris: nuclear pellets,

Areva has also developed several transport

fragments of pellets or fuel powder

packages for intact and damaged spent fuel.

Damaged: Assemblies that cannot be

Replace / repair structural components:

handled by normal means.

A significant amount of mechanically
damaged assemblies require structural
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remediation for handling purposes.
Chernobyl fuel assemblies stored in wet
storage are being evaluated by HOLTEC for
drying and packaging in NUHOMS.
7.

Serbia

IAEA definitions

Canning: 8,030 spent fuel assemblies
stored in cooling pond since the 1950s,
where poor quality of cooling pond water
had caused corrosion of the fuel assemblies.

8.

Bulgaria

Failed: Fuel has a sipping indication.

Canning: Hermetically sealed containers
until processing of failed but mechanically

Structural failure: Grid spacer is

intact fuel.

relocated, or rods are no longer fixed
to the bottom end plate
9.

Germany

Intact: Fuel assemblies discharged

Canning: The canning of damaged spent

from the reactor without failure

fuel is currently a regulatory requirement.

indications from the online
monitoring system or in subsequent

Damaged spent fuel placed in open canister

sipping tests

in cooling pond. Use external heating of
container to dry fuel with low heating

Damaged: Any rod with a cladding

power.

breach; any assembly with rods
removed
10.

Sweden

Leaking: Change in Cs-137

Canning: special box for interim storage.

concentration during transport
exceeds a specified threshold.

Filtration: Leaking fuel assemblies are
unloaded and are treated as intact fuel

Damaged: Otherwise

assemblies at interim storage unless it
shows major damage, e.g., broken rods.
Any leaking radionuclides are dealt with by
the pond filtration system.

11.

Lithuania

Minor damage: no loss of integrity

Caning: Vented cans

of the cladding
Individual spent fuel assemblies are to be
Major damage: potential for rupture

separated into two fuel bundles, which will

of the cladding, or loss of fuel pellets

then be overpacked into a cartridge

from the cladding
12.
13.

Japan
Poland

Damaged fuel: Breach in cladding

Reprocessing and interest in direct disposal.

and fuel leak

Currently looking at options.

Failed fuel: If the fuel is leaky or

Canning: Hermetically sealed Stainless-

leaks radionuclides

Steel cans
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Thus, as seen in Table 1-1, there is no standard protocol used for the categorisation and
management of damaged or failed SNF, making it critical to fully understand the long-term
implications of it under water-logged conditions. There still exist some fundamental gaps to
fully understand this proposition and they have been summarized in the next section.

1.2 Research Questions and Objectives
Summarizing the information mentioned thus far, SNF is highly radioactive in the initial 100
– 150 years, with beta and gamma being the dominant source of radioactivity. It is thermally
hot and hence stored in cooling ponds for decades before being transferred to interim storage.
During this timeline, it is possible to have cladding failures, largely in the form of pin prick
holes and cracks, where the fuel can come into contact with water (Johnson, 1977b).
Different nuclear countries have different methods of dealing with failed fuel which has been
discussed in Table 1-1. Most often, leaking fuels are repackaged after high temperature drying
in inert gases and sent into interim storage alongside intact fuel assemblies or in separate special
cannisters based on the degree of damage. However, it was observed that the safety culture of
SNF cooling pond storage is not as robust in some countries as in others (Table 1-1), leading
to fuel water interactions. Further, it was identified that there are gaps in the understanding of
the effectiveness of failed fuel drying conditions leading to the first question that is addressed
through this research in Chapter 2: - How wet is ‘dried’ SNF?
In the event of a failed fuel exposed to water, the ionising radiation from the fuel splits the
water molecules in the vicinity, to form ions (H3O+), electrons, radicals (*OH), atoms (H*) and
combined molecular products (H2O2, H2) in a process called radiolysis (Khan, 1981; Owens,
1978). These radiolytic products are highly oxidizing and reducing in nature, meaning they
change the local redox conditions around the fuel causing it to corrode (Springell et al., 2015).
Now, assuming the failed fuel remains unnoticed and goes into storage and finally disposal,
the precise mechanisms and rates in which fuels corrode under radiolytic environments are not
fully understood (Springell et al., 2015). Chapter 3 focuses on understanding this using X-rays
as a source for radiolytic SNF corrosion mimicking gamma radiation induced fuel corrosion.
However, the changes in radioactivity (from initial gamma to alpha) over the duration of
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storage, as discussed in Section 1.1.2, will have important consequences in the radiolytic
product yields. This is covered in more detail in Chapter 3.
Moving on from fuel corrosion, the effect of corrosion on the fuel surface and the evolution of
this wetted surface as a function of time needs further experimental validation studies to
ascertain. Chapter 4: aims to address this part of the research problem by conducting static
leaching experiments on real high burnup SNF. The data reports the trends in fuel dissolution
and points towards possible surface modifications as a result of it.
Knowing the risks arising from the structural and chemical integrity of failed fuel after
thousands of years is of vital importance as it enables us to predict and control scenarios far
down in the timeline when the fuel can get exposed to the environment. However, this would
require a much tighter understanding about the basic science questions listed here.
Thus, in the event of a clad failure, there are pathways for water to come in contact with the
fuel and the fuel will undergo changes facilitating its dissolution through the liquid medium.
Currently, there is a dearth in experimental data looking at the adsorption behaviours of
hot SNF surfaces, evolution of the fuel surface as a function of leaching time and the longterm implications of it (Corkhill et al., 2016a; French et al., 2016). For example, the oxidative
environment can lead to fuel surface alterations such as opening up of grain boundaries which
will change the dissolution trends as a function of time. Also, the conditions limiting or
counteracting the dissolution phenomenon are less understood in the current dissolution
models. As already mentioned, these gaps in the fundamental science understanding will fit
into the puzzle of the discussed applied science problem of the long-term risks of a failed fuel
in a cooling pond.
Previous studies have been conducted on related topics looking at “dry” fuel - water
interactions in repository environments and mechanical fuel damage leading to loss of integrity
and the aftereffects of such events in the context of fuel contamination (Di Lemma et al., 2015;
Serrano-Purroy et al., 2012; Shoesmith, 2000). These topics clearly overlap with this research
and the data obtained from the experiments conducted here can be used for comparisons.
However, this thesis is only concerned with failed fuel in the cooling ponds, the issues of
fuel wetting from adsorbed water going into fuel storage and the changes in the fuel
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surface due to wetting. The thesis looks at continued fuel water interactions since the failed
fuel enters pond storage leading into disposal of wetted fuels as compared to the other studies
that consider cladding failure and fuel-water interactions at extended timescales after disposal.
Based on the discussions thus far and the gaps identified in the current understanding of the
research question, the main objectives of this research can be summarized as:
•

Experimentally study the adsorption behaviour of steam/water on SNF surfaces at
drying temperatures to review the effectiveness of SNF drying in the case of breached
fuels.

•

Elucidate the role of radiolysis and lattice doping in the corrosion of wet spent fuels in
order to understand the key fundamental parameters that drive fuel corrosion.

•

Determine the leaching behaviour and changes to the SNF surfaces under (radiolytic)
waterlogged conditions as a function of time, to better understand the scope of hazards
arising from fuel leaching.

•

Explore the role of exposed fuel surface area in the leaching of SNFs in order to probe
the influence of the extent of breach in the fuel to the rate of leaching of the fuel.

These research objectives will collectively set the stage to assess SNF-water interactions in the
event of a breach in the cladding which is vital in answering the proposed research question.
This thesis aims to study spent fuel - water interactions and interfaces using first principal
experiments and elucidate the possibility of potential hazards during and in the aftermath of
such scenarios. The next section discusses the methodologies adopted and highlights the gaps
that are planned to be addressed through this research.

1.3 Methodology
This research considers a scenario wherein failed SNF, is exposed to the environment in the
early stages of its retrieval, meaning still under wet storage conditions. The breach in the fuel
cladding can be minor cracks or even pin prick failures that can infuse steam into the fuel
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matrix. This results in one of two conditions – the failed fuel is identified early on, dried, and
repackaged, or the failed fuel is unattended and goes into interim storage as wet fuel. In both
these conditions, however, fuel can end up interacting with water and undergo significant
dissolution/leaching and/or surface alterations as seen in Section 1.1.3. This raises significant
questions regarding the fuel integrity and safety assumptions that strengthen geological
repositories.
The goal of this research is to answer the gaps that have been identified in the previous
subsection and elucidate the changes in failed fuel under moist/waterlogged conditions. The
overarching research question, can thus be consolidated as – What are the risks from a failed
fuel rod going into interim/long term storage and what are the safety implications of such
an event?
Figure 1-6 gives a simplistic flowchart summarizing the typical events that can be expected to
take place in the timeline of a failed fuel in the pond through to disposal, as highlighted in blue
flowchart boxes (Zen Flowchart, 2019). The flowchart boxes highlighted in green denote the
Chapters in this thesis and the individual contributions of these chapters in the overall picture.
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Figure 1-6. Flowchart of events expected in failed SNF in the pond with areas where this thesis will contribute with
experimental data (highlighted in green).(Key:

- denotes the contributions from the research covered in this thesis).

Elaborating on the information contained in Figure 1-6, the following events (in bullet points)
can be expected for a failed spent nuclear fuel awaiting disposal:
Ø A spent fuel rod going into the cooling pond can consist of cracks that lead to
detectable fuel leakage.
Ø This failed fuel is identified from cooling pond chemistries, isolated, dried and
repackaged. Improper fuel drying may lead to water adsorption and wet fuel, meaning,
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fuel drying only usually converts waterlogged fuel to wetted fuel and that the aptness
of the term dry fuel is still widely debated.
Each chapter is now introduced in detail:
Chapter 2 focuses on this by studying the amount of water that can adsorb at drying
temperatures on SNF surfaces. Adsorption isotherm experiments were chosen to study this
phenomenon as a fundamental surface science problem. The chapter presents a method
development in the form of an experimental rig that was designed for looking at the science of
this fuel-water interaction using first principles and investigating how and how much water
sticks on the fuel surfaces. The experimental rig that was designed and assembled for this
chapter is capable of conducting isothermal water vapour adsorption isotherm experiments at
high temperatures (~150 0C).
The chapter also reports validation experiments on the rig with CeO2, a non-radioactive
structural surrogate to UO2, in order to study the adsorption behaviours on SNF surfaces.
Future expansion of the rig’s capabilities is proposed to add value to the surface science
problem addressed here by probing the chemical and physical adsorption behaviours
separately. For example, chemisorption of water is expected to dominate the immediate surface
layers of pristine fuel, resulting in a dissociative adsorption mechanism of the water molecule.
This can be seen as a possible source of hydrogen release inside fuel packaging. Understanding
the trends in this release as a function of fuel surface temperatures is of vital importance to
provide an additional safety measure to the nuclear safety case.
Ø If the breach in the fuel cladding is microscopic (pin prick type) and does not result in
detection, the fuel is treated as normal in terms of disposal handling, meaning, it will
be loaded as is. However, the pin prick cracks attract water that seep into the fuel
matrix.
Ø Fuel exposure to water leads to radiolytic corrosion and dissolution of the fuel matrix.
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Prior work has looked at UO2 dissolution through electrochemistry, SIMFUEL leaching and
thin film-based synchrotron X-ray induced radiolytic dissolution experiments. However, there
still exists gaps in the precise dissolution mechanism.
Chapter 3 introduces radiochemistry to the fuel-water system introduced in Chapter 2. Here,
we are interested in elucidating the role of radiochemistry and lattice modifications affecting
SNF corrosion. For this, we expand on the thin film based radiolytic dissolution
experiments and utilize high intensity x-ray scattering techniques to source and probe the
corrosion on such surfaces. Thin film samples were grown/procured to study the surface
corrosion and dissolution of idealistic SNF surfaces under artificial radiolytic corrosion
environments. This study focuses on MOX systems, namely (U, Ce)O2 at various U – Ce %
mass compositions in order to probe the effects of lattice modifications from trivalent dopants
in the SNF matrix. The radiolytic environments around the thin film fuel samples were
maintained by either using continuous beams of intense x-rays on a droplet of water or by using
end radiolytic products such as H2O2 to mimic the fuel - (radiolytic) water local chemistry. It
was observed that the inclusion of Ce in the UO2 matrix resulted in an inhibition of the oxidative
corrosion and further leaching of uranium to the solution with a co-relation seen to the
percentage of Ce added.
Ø Fuel is stored under wetted/waterlogged conditions awaiting final disposal. Corrosion
and oxidative dissolution of the fuel matrix results in further leaching and also causes
changes to the fuel surface.
The main variables not covered in Chapter 3 are combined SNF radioactivities (alpha, beta and
gamma) and the influence of fuel surface properties such as porosity, surface area of exposure,
burnup (affecting fuel compositions and microstructures) etc., that can have a significant
contribution to the corrosion rates as seen from the trivalent dopants. Chapter 4 aims to
address these fundamental variables by conducting real SNF leaching experiments in
stagnant DI water and analyse the leaching by performing Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and gamma spectroscopy analysis on the leachate solutions.
Chapter 4 assumes a scenario where failed fuel is leaching continuously under waterlogged
conditions either from water carryover after drying or significant condensation of water from
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un-identified pinprick failed fuel cladding whilst in the cooling pond. The chapter focuses on
the trends expected in the release of various SNF isotopes and the evolution of the SNF surface
as a function of time.
The leaching experiment uses high burnup PWR fuel rod samples involving different surface
areas of fuel exposed to water under static leaching for a period of four months. Aliquots were
syringed from the samples at regular intervals and analysed using gamma spectroscopy and
Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) to quantify the concentrations of
radioisotopes leached and explore trends in the leaching as a function of exposure time.
Following the leach, samples were retrieved and mounted in epoxy for metallographic analysis
to determine the effects of leaching and also to understand the co-relations of surface texture
to the leaching behaviours. This chapter adds to the literature as a benchmark for high burnup
fuel leaching data.
Thus, the chapters elucidate the various gaps identified in Section 1.2 aligning to the research
objectives, starting with physical considerations of wetting and the effects of chemisorption to
radiolytic corrosion and finally looking at the issues of real fuel in water. The experiments
covered in each chapter can be seen to grow in ambition as well as sample complexities
covering a range of sample sizes from the microscale using thin films to mesoscales looking at
powders and finally into macroscales where entire fuel pellets from a rod have been taken as
samples.
To summarise, this thesis will present research conducted on SNF corrosion in the spent fuel
pool under clad failure scenarios in nuclear power plants. This chapter has discussed the
conditions where SNF can be exposed to the atmosphere whilst in storage and the possible
physicochemical changes that could occur in the fuel and the surroundings as a result of it. In
particular, the effects of these changes to the long-term safety of SNF is highlighted for the
nuclear energy community. The main areas, investigated within this thesis, are: How dry is
dry SNF?, How does SNF dissolve in water and does MOX fuel corrode differently than
UO2 fuel (i.e., do lattice modifications have an effect on SNF dissolution)?, and What are
the risks of failed fuel going unnoticed into wet storage and leaching of SNF as a function
of time.
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Further, Chapter 1 has also discussed the methodologies that will be adopted in order to study
these research objectives and answer the research question. Each chapter covers a different
strand of this thesis and have been written as individual bodies addressing the issue from
different angles as seen in Figure 1-6. The final chapter summarizes the observations from each
individual chapter and threads them together for answering the research questions listed in
Section 1.2. Chapter 5 also covers the areas for future work within the research conducted in
this thesis.
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Chapter 2:

Adsorption of Water on Spent Nuclear

Fuel Surfaces
2.1 Introduction

T

his chapter aims to understand the wetting phenomenon of SNF surfaces at high
temperatures in order to predict the amount of water that can be present after SNF drying

cycles of failed fuel. For this, an adsorption isotherm rig was designed and assembled at the
Open University, UK to conduct high temperature steam adsorption experiments on SNF
surfaces. The problem is simplified by considering a surrogate SNF powder, CeO2, to study
the adsorption characteristics on cubic fluorite structure that make up the majority (UO2) of
SNF composition.
Section 2.2 defines the different adsorption scenarios and consequences followed by a detailed
literature review.
Section 2.3 talks about the theories dealing with the fundamental physics of adsorption and the
experimental analysis techniques adopted in this study.
Sections 2.4 and 2.5 discuss the experimental rig that was built for this strand of research and
lists the operational procedures adopted in the experiments.
Section 2.6 lists the experiments conducted in the rig and discusses some key results obtained.
Section 2.7 summarizes the chapter with some discussions from the validation runs and
proposes future work to expand the capabilities of the experimental rig.
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2.2 Literature review
The well-known mechanism of water surface contamination on metal oxides when exposed to
ambient conditions makes it important to think about the unavoidable presence of water on
stored SNF (BOWDEN and THROSSELL, 1951). Also, adsorption of water/water vapour on
actinide dioxides has gained a lot of attention over the last decade looking at the possibilities
of long-term storage of SNF and due to the radiation release from the Fukushima Daiichi
nuclear accident. The actinide dioxides that make up SNF are largely hygroscopic, attracting
layers of water and forming higher oxidation states (Morss et al., 2010). Despite having a
similar structure, the adsorption behaviour of the various actinide dioxides could vary with
respect to their available oxidation states, surface energies and polarity (leading to surface
defects (Tan et al., 2005)). Further, the redox behaviour of certain actinide dioxides including
UO2 and the ability to exist non-stoichiometrically add to the challenges of understanding these
interfaces.
Adsorption is the adhesion of atoms or ions from a gas or liquid onto a surface. When the
phenomenon involves the electronic structures of the adsorbates and adsorbents forming
temporary bonds, the process is called chemisorption. Bonding by weak Van der Waals forces
and without perturbation of the electronic structures of the atoms or molecules involved is
termed physisorption. Two of the trends seen in water adsorption are molecular and
dissociative adsorption of the water molecule as shown in Figure 2-1. Molecular adsorption
features the oxygen ion atop the surface cation and a weak hydrogen bonding between the
hydrogen ions of the water molecule with the surface oxygen ions. Dissociative adsorption
involves the formation of two hydroxyl groups after the hydrogen ion (from H2O) dissociates
to form a hydroxyl group with the surface oxygen ion. The trends have been observed to be
preferential based on surface energies.
Studies looking at adsorption of water on metal surfaces proposes a mechanism where initial
monolayers are adsorbed by dissociative chemisorption based on surface defects, followed by
multilayers of molecular physisorption (Darnbrough et al., 2018). Dissociative chemisorption
can lead to safety concerns in the case of water adsorption on SNF surfaces due to the potential
for the build-up of hydrogen partial pressures in the canisters. Molecular adsorption, on the
other hand, can lead to wetting of the fuel and a potential dissolution of the fuel matrix. The
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later scenario is discussed in Chapters 3 and 4. Vitaly Alexandrov et al. have done density
functional theory (DFT) calculations stating that water molecules adsorb atop the surface
cations in ThO2 and CeO2 (111) surfaces and ThO2 favours dissociative adsorption over CeO2
based on adsorption energies of a single H2O molecule (Alexandrov et al., 2011). This
enhanced stability of dissociative adsorption was accounted to be a feature due to its larger
lattice parameter wherein the lateral electrostatic repulsion between the hydroxide ions is
lowered. F N Skomurski et al. explains this preferential adsorption using a DFT based quantum
mechanical code, CASTEP (Skomurski et al., 2008). It was noted that the (111) surface in UO2
has the lowest surface energy and is hence the more stable compared to (100) and (110)
surfaces. Their results suggest that the preference of dissociative adsorption of water increases
with surface defects in anhydrous sample adsorption but as the water coverage increases, both
dissociative and molecular adsorption become equally probable. Bengt E. Tegner et al. have
compared the adsorption of water on {111}, {110}, and {100} surfaces using DFT + U theory
approach. They have found a mix of molecular and dissociative adsorption to be stable in the
{111} where as both {110} and {100} showed full monolayers of hydroxylated water showing
a preferential dissociative adsorption in these surfaces (LaVerne and Tandon, 2003).

- Water molecule

H

H
O

- Fluorite structured
lattice of actinide
dioxides

Dissociative adsorption

Molecular adsorption

Figure 2-1: Schematic showing dissociative and molecular adsorption of water on UO2. Image made from VESTA software.

The importance of understanding the characteristic adsorption in the monolayers is to do with
the evolution of hydrogen in the presence of water. J Stultz et al. have found that the defects
which are commonly seen as oxygen vacancies in fluorite lattice structures (UO2) are healed
from the dissociative adsorption of water (Stultz et al., 2004). The study involves temperature
programmed desorption on pristine and defect-induced (sputtered) samples of (100) single
crystal UO2. It was seen that the defect induced UO2 samples produced hydrogen when exposed
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to water vapour at 100 K, on successive desorption. Recent studies involving a first principle
DFT approach by Xiao-feng Tian et al. of looking at water adsorption on (111) UO2 surface
also highlights the condition where molecular adsorption is preferred on a defect-free surface
and that an oxygen vacancy on the surface would lead to a higher probability of dissociative
adsorption (Tian et al., 2014).
Hydrogen evolution from actinide dioxides exposed to water/water vapour is an area of interest
with regard to long-term storage of SNF. Water interaction resulting in hydrogen production
can lead to over pressurisation of the SNF canisters which could lead to swelling and other
safety concerns (Stultz, Jeffrey, Mark Paffett, 2004). J L Stakebake’s mass spectrometric
thermal desorption study of water interactions with plutonium dioxide gives an insight into the
temperature zones and characteristics of adsorption (Stakebake, 1973). The results show a clear
distinction between physisorbed water which accounts for about 67% of the adsorbed water
and the remaining 33% of water was chemisorbed. Chemisorption took place in two phases
namely - H-bonded water molecules and hydroxyl groups adsorbed onto the surface
(dissociative adsorption). In the chemisorbed region, the H-bonded water molecules were
removed by vacuum heating at 500 0C and the hydroxyl groups at 1000 0C showing the strong
chemisorption exhibited by PuO2 and the range of temperatures, much higher than conventional
drying temperatures that are needed to completely remove adsorbed water. M T Paffet et al.
have critiqued on the existing thermal desorption data from literature and evaluated it using
improved thermodynamic values to negate errors and validate the studies. Further, they have
recorded the enthalpy of desorption of monolayers (water covering) on PuO2, to be in the range
of 44 – 51 kJ mol-1 (Paffett et al., 2003). Similar trends were seen by Vitaly Alexandrov et al.’s
study where calorimetric measurements of water on CeO2 and ThO2 with a known surface area,
gave an enthalpy of adsorption of -59.8 ± 0.7 kJ mol-1 and -65.0 ± 1.2 kJ mol-1 respectively
within the errors of the experiment. M T Paffet et al. conclude how the results suggest that the
thermodynamic values used to describe water on PuO2 are similar to those seen in UO2,
validating the comparison of results across different actinide dioxide – water systems. Finally,
gravimetric studies have also been carried out to study water-actinide dioxide interaction using
QCM (Quartz crystal microbalance) and an analytical balance (Murphy et al., 2013; Haschke
and Ricketts, 1997). The studies show consistent results with respect to adsorption
characteristics while looking at ceria and PuO2. Gravimetric measurements, although less
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reliable than TDS studies, provide intriguing quantitative observations that are inferred from
relative mass variation measurements pre-and post-adsorption.
The following conclusions have been drawn from the span of literature covered in this subchapter –
•

Water adsorbs readily onto hygroscopic actinide dioxide surfaces.

•

The adsorption phenomenon happens in two distinct mechanisms – molecular
adsorption and dissociative adsorption.

•

The mechanisms are preferred based on surface energies, surface defects, and surface
orientations.

•

There is a dearth of experimental studies looking at water vapor adsorption on SNF.

•

There is no literature looking at fuel – water adsorption under radiolytic environments
(i.e., adsorption of radiolytic products).

•

Cerium dioxide (ceria) is widely used as a surrogate to study water adsorption on PuO2.
Since, the process is purely a surface phenomenon, the adsorption values from CeO2,
UO2 and PuO2 are seen to be consistent for comparisons.

The literature on water adsorption has loose ends with regard to a concrete understanding in
how the water molecules orient atop these actinide dioxides. This can be attributed to the dearth
in experimental results to back the DFT calculations. There is also a dearth of experimental
results showing the preference of dissociative adsorption (hydroxylation) of water observed in
actinide dioxides surfaces with surface defects. Further, there is also a gap in the experimental
results complementing computational hypothesis of surface energies and subsequent
dissociative adsorption preferences for different principal orientations.
The objective and scope of this chapter aims to address some of the gaps identified above. This
led to the building of an experimental rig capable of conducting thermal desorption
spectroscopy experiments to study the precise adsorption mechanisms on SNF surfaces. The
chapter talks in detail about the design, assembling, and validation of this experiment rig. The
rig was planned to be built in three stages where the first stage was to assemble the rig and
maintain sample environments for mimicking fuel-water vapour interaction scenarios (high
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temperature, saturation steam pressure etc.), the second stage involved conducting adsorption
isotherm experiments on powder samples and come up with a protocol for conducting such
experiments and the final stage involves expanding the capability of the experimental rig by
adding an RGA/Mass spectrometer to do Thermal Desorption Spectroscopy (TDS). Currently
in the second stage of the build, the experimental rig has the capability to conduct adsorption
isotherm analysis on bulk powder samples. The adsorption isotherm experiments, extensively
conducted for validating the rig, have also been discussed in the chapter. Validation runs were
conducted using CeO2 as the rig was custom built for samples that exhibited low adsorption
enthalpies, meaning it was expected that the sample would attain monolayers at low doses and
high temperatures forming a mix of chemisorption and physisorption. The manometers, gas
line setup, and sample quantities were chosen based on these assumptions making CeO2 a good
first choice to replicate SNF surfaces.

2.3 Theory
This section begins by discussing the fundamental property being addressed in this chapter –
Adsorption. It talks briefly about the different adsorption isotherms and the equations that
define the phenomenon. The section also talks about the different sample characterisation
techniques used in this study.

2.3.1 Adsorption
Adsorption is a surface phenomenon where in atoms, ions, or molecules in one state, termed
as the adsorbates, cling on, or undergo adhesion on another surface termed as the adsorbent in
the system. Section 2.2 discussed the adsorption of water on SNF and the mechanisms of
dissociative and molecular adsorption. Physisorption takes place when the adhesion is
governed by weaker Van der Waal’s forces and chemisorption when the adhesion involves a
temporary sharing of electrons, forming chemical bonds. Figure 2-2 depicts the potential
energy diagram for physisorption and chemisorption in a simplistic 1D model of an isolated
adsorbate molecule, ignoring effects of angular orientation in the adsorbate molecule, the
position of the molecule, surface impurities on the adsorbent surface and changes in internal
bond lengths/angles of the molecule. There is a dip in the potential energy minima as molecules
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are attracted onto the surface but as they come closer, strong repulsive forces from the related
electron densities start to dominate causing a rapid increase in the total energy curve (Lenard
Jones potential (Blinder, 2021)). The depth of this well is basically the binding energy of
adsorption (DEads) and is often denoted as the enthalpy of adsorption (Qads) or the heat of
adsorption (DHads), with the point of maximum depth being the equilibrium distance of the
molecule. The binding energies greatly depend on the participating atoms, their polarizability,
and the surface energies of the adsorbents. Both physisorption and chemisorption are
instantaneous and exothermic (negative DEads) in nature with a heat of adsorption of about 0.2
– 0.4 eV and 0.4 – 4 eV respectively. Also, the typical binding energies of physisorption range
between a few milli-electron volts to several electron volts within a few 100 nanometres and
that of chemisorption is typically in electron volts in the range of a few angstroms from the
adsorbent surface. The graph would of course vary when there is a ‘dissociative
chemisorption’, the likes of which are expected in water interactions with actinide dioxides,
where the adsorbate molecule splits into radicals that then chemisorb. The dissociation would
need an activation energy that needs to be put into the system resulting in a slow monolayer

Typical several eVs
Typical 10 – 100 meV

Attraction

Repulsion

equilibrium process.

Figure 2-2: Potential energy diagram showing the curves for physisorption and chemisorption of an isolated molecule with a
clean surface using a 1D model (Source: Nix, 2021)

If the adsorbates are left long enough in contact with the adsorbents without a change in the
system, an equilibrium is achieved which can be studied through graphs known as adsorption
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isotherms. An adsorption isotherm graph for gases is plotted between the amount of adsorbate
that is adsorbed on a surface (adsorbent) and the pressure in the chamber at a constant
temperature. Early studies of adsorption by gases have resulted in five standard types of
adsorption isotherms that cover all the adsorption conditions in a gas adsorbate system (Lowell
and Shields, 1984). Thus, the five types listed by Brunauer et al. are –

Figure 2-3: The five types of isotherms listed by Brunauer et al. W – weight adsorbed, P – adsorbate equilibrium pressure, P0
– adsorbate saturated equilibrium vapour pressure, P/P0 – relative pressure. Condensation occurs at P/P0³1. (Source – figure
adapted from (Brunauer et al., 1940).

The first type of adsorption isotherm is seen in a monolayer adsorption and subsequent
saturation which is seen under chemisorption and in physisorption of fine powders having pore
sizes in the order of a few molecular diameters of the adsorbate. Type I adsorption isotherm is
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exhibited by microporous solids having relatively small external surfaces undergoing
physisorption. In this type, saturation is governed by the accessible microporous volume with
no further adsorption after the micropores on the surface are filled by the adsorbates. Figure
2-3 depicts a typical Type I adsorption isotherm. This is easily explained using the Langmuir
adsorption model and hence also called as the Langmuir adsorption isotherm.
Type II adsorption isotherms are observed in macroporous, mesoporous or non-porous
powders. The graph (Figure 2-3) shows a peculiar sigmoid or S shape with a knee and steady
increase until saturation, at which the weight of adsorbate increases to infinity. The knee
represents the point where an initial monolayer is adsorbed over all available sites (pores).
Further increase in relative pressure results in subsequent formation of multilayers leading to
saturation, at which the number of adsorbed layers become infinite.
In Type III adsorption isotherms, the curve represents multilayer adsorption without formation
of monolayers. It is formed as a result of strong interactions between the adsorbate and the
adsorbate layers on the adsorbent. These interactions are often stronger than the adsorbateadsorbent interactions and thus the graph depicts an unrestricted multilayer formation, when in
increases exponentially (Figure 2-3), as saturation is reached (P/P0 ® 1).
Type IV & Type V isotherms show the capillary condensation of gases in mesoporous and
macroporous powders and are very similar to Type II & Type III isotherms respectively. The
initial knee found in Type IV isotherm is attributed to a near monolayer completion (similar to
Type II) and the second knee depicts the filling up of pores due to capillary condensation
stopping further adsorption unlike unlimited multilayer formations in Type II (Figure 2-3). A
similar relation can be seen in Type III and Type V isotherms where in multilayer adsorption
occurs on the surface of the mesopores without monolayer formations. There is a strong
adsorbate-adsorbate interaction but capillary condensation occurring near saturation pressure
results in no further adsorption unlike the Type III graph (Lowell and Shields, 1984).
In the context of SNF, as discussed in the previous section, the type of adsorption is seen to
vary based on the available surface energy and nature of the fuel surface exposed to water/water
vapour. This chapter aims to make a corelation of this property to the temperature of the
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adsorbing environment by attempting to establish the type and nature of adsorption under
various steam and surface temperatures that can be expected in the timeline of SNF storage.
There have been several models attempting to describe the phenomenon of adsorption but three
of the models that have been universally agreed are – the Freundlich adsorption equation,
the Langmuir adsorption isotherm and the (BET) Brunauer, Emmett and Teller
adsorption isotherm theory (Rouquerol et al., 1999; Brunauer et al., 1940). Freundlich gave
an empirical relation to the isothermal variation of adsorption and pressure in 1909 with his
famous Freundlich adsorption isotherm equation. The Freundlich adsorption isotherm gives a
relation of the extent of adsorption to the pressure of the gas as !
𝑥
= 𝐾𝑃" ,
𝑚

𝑛≥1

where x is the mass of the gas adsorbed, m is the mass of the adsorbent at a pressure P and K,
n are constants at a given temperature. The Freundlich isotherm can be understood from the
basic adsorption isotherm between the extent of adsorption and the equilibrium pressure at
constant temperature, shown below -

Figure 2-4: a) Basic adsorption isotherm with the Freundlich equation in three different regions of pressures, b)
Intermediate pressure region and expression of Freundlich's equation as a line equation (Source:(Tien, 2019))

Figure 2-4 can be analysed under three conditions, at lower pressures, at intermediate pressures
and at higher pressures. At lower pressures, the graph is almost linear with a proportional
increase in adsorption with equilibrium pressure. At this point -

#

!

= 𝐾𝑃" & (𝑛 = 1). When
$

the pressure is neither too low nor too high, the graph was shown to obey an experimentally
#

!

determined relation - $ = 𝐾𝑃" where n is a natural number. The expression at this point can
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be made to represent a line equation - 𝑙𝑜𝑔

#
$

!

= 𝑙𝑜𝑔𝑃 + 𝑙𝑜𝑔𝐾 where a plot of log x/m and log
"

P would give a straight line with a slope 1/n and an intercept log K. The Freundlich’s adsorption
isotherm, however, fails at higher pressures, when the system reaches a certain saturation
pressure after which adsorption remains independent of pressure (n=0).
The Langmuir adsorption isotherm attempts to explain the phenomenon based on different
assumptions. The Langmuir equation considers the adsorbent as a plane with a fixed number
of vacant sites for adsorption and depicts the relationship between the number of active sites
undergoing adsorption and the pressure. It assumes that the vacant sites which are of equal size
and shape can hold one molecule of adsorbate each with a constant heat of adsorption. The
theory is based on monolayer adsorption with no adsorbate – adsorbate interactions. Langmuir
proposed that there exists a dynamic equilibrium between adsorbed gaseous molecules and free
gaseous molecules
%

𝐴(𝑔𝑎𝑠) + 𝐵(𝑠𝑖𝑡𝑒) ⇔ 𝐴𝐵
Where A(g) is the adsorbate molecule, B(site) is the vacant site on the adsorbent surface and
AB is the adsorbed molecule. This leads to the Langmuir equation which gives the number of
active sites as –
𝜃=

𝐾𝑃
1 + 𝐾𝑃

where K is the equilibrium constant, and P is the pressure.
There are a number of limitations to Langmuir’s adsorption isotherm. The assumptions that are
taken for the equations hold good only at low temperatures and fail at higher temperatures.
Also, it is hypothetical to assume that the sites have equal size, shape and affinity to adsorption
which is not true as surfaces are heterogeneous. Also, although there is a decrease in
randomness after adsorption, the entropy does not equal 0. Finally, the theory does not hold
good for multilayer adsorption at higher pressures.
The BET theory proposed by Brunauer, Emmett and Teller can be seen as an extension of the
Langmuir adsorption isotherm to multilayer physisorption leading to bulk condensation at
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saturation pressures. The dynamic equilibrium condition assumed in the Langmuir theory is
applied to individual layers that act as new sites for adsorption in the BET theory.
%!

𝐴(𝑔𝑎𝑠) + 𝐵(𝑠𝑖𝑡𝑒) ⇔ 𝐴𝐵

- Monolayer
%&

𝐴(𝑔𝑎𝑠) + 𝐴𝐵(𝑛𝑒𝑤 𝑠𝑖𝑡𝑒) ⇔ 𝐴& 𝐵

- Second layer

%'

𝐴(𝑔𝑎𝑠) + 𝐴& 𝐵(𝑛𝑒𝑤 𝑠𝑖𝑡𝑒) ⇔ 𝐴' 𝐵 - Third layer and so on.,
However, it is acknowledged that the van der Waals forces on the surface of the adsorbent will
be stronger than the van der Waals forces between molecules of the gas phase. This implies
that the heat of adsorption (DHadsorption) of the 1st layer is greater than that of the 2nd and higher
layers (DHvapourisation). This results in an equation to define the volume of gas adsorbed on a
surface –

𝑉=

𝑉$("( . 𝐶. 𝑋
(1 − 𝑋)[1 + (𝐶 − 1)𝑋]

where, Vmono is the volume of gas adsorbed when the entire surface is covered with a complete
monolayer, X is the equilibrium pressure over the saturation pressure of the adsorbate gas, 𝑋 =
)
)#

(saturation is when X=1) and C is an exponential that is the difference between the

desorption enthalpy and the enthalpy of vaporisation weighted by temperature and rate constant
(RT), 𝐶 = 𝑒

∆%&'( )∆%*+,
-.

. The BET theory can be verified to see that it follows the Langmuir

isotherm at lower pressures when

)
)#

≪ 1, 𝑉 = 𝑉$("( 𝐶𝑋 (𝑜𝑟 𝜃 = 𝐾𝑃) where the volume of

adsorbed gas is linear with the adsorbate pressure.

2.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDS/EDX)
Analysis
Samples used in this study have been characterised using the SEM and EDX in a Zeiss Supra
55VP Field Emission Gun Scanning Electron Microscope (FEGSEM) at the Open University.
The Zeiss Smartsem software was used for controlling the microscope, capturing images, and
adding image annotations. The microscope uses a field emission gun with a filament, typically
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made of tungsten, to produce a beam of high energy electrons (1 – 30 keV) and creates images
by rastering across the specimen surface.
Energy Dispersive X-ray (EDX) provides an elemental composition of the sample surface by
measuring the characteristic x-rays that are emitted as a result of the inelastic scattering of the
electron beam with the sample atoms. This is used to verify the composition of the samples
and look for any contamination. The EDX characterisation done for this study was conducted
on an Oxford Instruments X-Max50 detector which was part of the Zeiss Supra 55VP Field
Emission Gun Scanning Electron Microscope (FEGSEM) at the Open University. The data
was captured using the Oxford Instruments AZtec Synergy – combined acquisition software
package for EDS & EBSD.
The reader is referred to Goldstein et al., 2018 for a detailed description about the working
principle and applications of an SEM.

2.3.3 Surface area analyser
A surface area analyser was used to measure the surface area of the sample used in this study.
The instrument works on the BET theory where pressure differences from an inert gas adsorbed
onto a sample surface is used to calculate the surface area of the sample. During a run, the predetermined volume and inert gas pressure for a monolayer adsorption is used to calculate the
surface area of the sample. The instrument can also be used to calculate the pore size
distribution of samples. A Quanta chrome NOVA 1200 Surface Area Analyser was used to
conduct the sample surface area characterisation in this study (Figure 2-5). This was done at
the Interface Analysis Centre at the University of Bristol. The analysis procedure is explained
in more detail in Section 2.6.1.
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Figure 2-5. Surface Area Analyser (Quanta chrome NOVA 1200)

2.4 Adsorption isotherm chamber
This section gives a synopsis of the temperature controlled UHV rig that was designed,
assembled, and built-in order to study the adsorption behaviours of SNF as discussed in Section
2. The idea was to be able to have a powder sample held inside an ultra-high vacuum
environment at isothermal conditions. The conditions around the sample are necessary to
measure slight pressure variations in the isotherm as a result of water/water vapour adsorption.
The rig would also require a provision to dose in fixed amounts of water vapour, at a known
constant temperature, into the sample chamber.
A refurbished 6-way cross was identified in the lab along with a turbomolecular pump which
formed the centre of the rig’s design. Since the experiment requires to measure pressure
variations as a function of dosing, it was necessary to isolate the turbo pump during the course
of the experiment. This required a gate valve to be installed between the chamber extension
and the turbo pump. It was decided to have an L-extension to attach the turbo pump
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perpendicular to the chamber. This was an additional measure to avoid any powder sample
from entering the turbo pump during the pumping down of the chamber.
The sample holder was to hold the powder sample allowing for a good spread so as to have a
vastly larger surface area of powder exposed to the gas compared to inner surface area of the
chamber. The sample holder also required to be easily accessible for frequent sample changes
and needed a provision to be able to be maintained in a specific equilibrium temperature for
the course of the experiment.
Figure 2-6 shows the sample holder flange along with the copper crucible. To keep the sample
at high (equilibrium) temperatures, it was decided to place the sample on a heating stage that
would be controlled using a proportional – integral – derivative (PID) controller through the
power leads in the feed through.

Type K
thermocouple
Cu
bucket
Feedthrough
DNCF63 to
DNCF40 reducer

Screws to attach plate to the
pillars (vacuum compatible)

120 mm
Power lead
connectors
120 mm
Figure 2-6. Sample holder flange and setup with a 30 cm ruler to scale. (Dimensions of the crucible are 86 mm ID x 2.5 mm
height x 1.84 mm thickness)

Figure 2-7 and Figure 2-8 show the design and assembly of the heater setup along with the Nb
– Al2O3 heater coil design. The coil was secured by precision boring the heater coil design into
the MACOR sheet and creating a recess in the sheet for the heater to sit in. shows the final
sample heater assembly setup.
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Figure 2-7. CAD design of the heater stage assembly. A) The heater coil design B) The heater setup with the MACOR sheet
and the Cu crucible.

Figure 2-8. Clockwise from top: 1) MACOR sheet secured onto the aluminium plate. 2) Nb wire with the alumina cladding
placed as seen in the heater coil design from Figure 16. 3) Heater coil on the MACOR sheet secured using the copper crucible.
4) Heater coil out of shape after the first trial.
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Figure 2-10 shows the gas line built for this experiment. The leak valve is connected to a
Swagelok tube connection that extends into the chamber from the top. For dosing water vapour,
the glass vial with water is opened to vacuum in the gas line. This drop in vacuum will initially
boil the water to form water vapour. This phase, however, results in a decrease in the
temperature of the system which leads to another phase change forming ice as the remaining
water starts freezing. The ice formed will undergo sublimation as temperature slowly increases
to end up with water vapour in the gas line.

Figure 2-9. Heater stage assembly connected and ready to go into the chamber for a bakeout

Figure 2-10. The different bits on the gas line for the experiment. This is the first setup which was later updated)
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A Pirani gauge, a Hot Cathode Ion gauge and a Capacitive Manometer are used for pressure
measurements in this experiment. During the start of an experiment, the first sensor that is
checked is the Pirani gauge at the turbo pump backing line, then the combi gauge is used to
measure the base vacuum in the system and finally, the capacitance manometer is used for
precise pressure measurements required for the adsorption isotherm during dosing and
equilibrium with the sample.
Figure 2-11 shows the rig after completion of the sample holder, gas line and various other bits
and equipment mentioned here. The individual bits were leak tested during the course of
assembling the rig and the main vacuum parts (chamber and gas line) were baked at 100 –
150oC under vacuum to remove any adsorbed molecules. Appendix I gives a much-detailed
account of the rig building process starting from the initial blueprints to the final rig that was
used to carry out the experiments, and discusses the various considerations and cul-de-sacs
encountered in the process.

Figure 2-11. Adsorption isotherm rig.
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2.5 Operational procedures and calibrations
This chapter summarizes the different operating procedures that were carried out on the rig
before, during and after the experiment.

2.5.1 Pump Down
Figure 2-12 is a schematic of the main chamber pumping unit. The chamber pump down in
the absence of sample is carried out in the following order:
•

The gate valve and leak valve are closed.

•

The backing pump is allowed to run with the manual on/off valve closed until the Pirani
gauge reads a base vacuum of ~10-2 mbar.

•

At this backing line pressure, the gate valve is opened using the gate valve controller
and the manual valve is gradually opened. The Pirani starts reading high pressures and
slowly falls back to the 10-2 limit. The Ioni Vac Combi gauge also reads fine vacuum
(10-3 mbar) inside the chamber.

•

The turbo pump is switched on at this stage. The base vacuum falls to 10-8 – 10-9 mbar.

Figure 2-12. Schematic of the main chamber pumping unit with the gate valve, the turbo pump, and the backing pump.

The pump down in the presence of sample is done in the following order (referring to Figure
2-13):
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Figure 2-13. Schematic of the experiment pumping units for the main chamber and the gas line.

•

The backing pump is allowed to run with the manual valve closed until the Pirani reads
a base vacuum of ~10-2 mbar.

•

The manual valve is opened, and the backing pump is allowed to vent up until the closed
gate valve.

•

The gas line is pumped down similarly until the fully closed leak valve.

•

The leak valve is gradually opened to allow air out from the main chamber and the
sample. This is done very slowly (by having a constant leak rate of 80 mbar in the
beginning and bringing it down in increments of 10 mbar as the chamber pressure falls
to rough vacuum. This is done to avoid any powder spurts as a result of trapped air.

•

Once the gas line reads ~1 - 5 mbar, close the leak valve and open the gate valve.

•

Wait for the Pirani gauge to reach equilibrium before turning on the turbo pump.

2.5.2 Venting of the chamber
Venting is the process of raising the pressure in the system for loading a sample or between
experimental runs when there are changes made to the rig. The procedure for venting is carried
out in the following order:
•

The leak valve is closed, and the gas line is isolated from the chamber.
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•

The base pressures in the backing line and the chamber are checked. If the pressure
inside the chamber is UHV, the gate valve is closed, and the turbo is turned off.

•

Nitrogen is gradually leaked into the chamber until atmospheric pressures (≥1 bar)
using the leak valve. This is done to prevent any contamination when the chamber is
opened to the atmosphere.

•

Undo the chamber bolts and allow the pressures to equilibrate.

•

As the turbo pump is spinning down, close the manual valve and switch off the
backing pump.

•

Break the KF connection from the backing line to the backing pump and open it to
atmospheric pressures. This is done to prevent any oil vapours from the backing pump
to be sucked up into the rough vacuum in the backing line.

•

Once the turbo is completely spun down, open the gate valve to let Nitrogen into the
headspace between the gate valve and the turbo pump. The gate valve is closed back
into the default (closed) mode.

•
•

Conduct the sample change and limit the time for which the chamber is open to
atmosphere.
Close the leak valve and pump down the gas line when the chamber is closed.

Venting with sample is usually done for sample change after an experiment. At the end of the
experiment, the gate valve remains closed and the pressure in the chamber is usually close to
the bulk saturation pressure of water at 30oC, 0.04 bar. The final experiment pressure was
chosen to avoid condensation in the system at cold spots that might have been present. Before
venting, the variacs are switched off and the system is allowed to cool down. To avoid any
condensation, the rig is pumped down to a rough vacuum during this period. The steps adopted
are as follows:
•

The variacs are reduced to 0% and switched off.

•

The gas line is pumped down with the leak valve closed.

•

As the chamber cools down, the leak valve is gradually opened to read 5-10 mbar in
the pressure transducer and the chamber is pumped down through the gas line until
<1mbar. At this pressure the leak valve is closed.

•

Once the chamber has cooled down, connect the sample holder frame as shown in the
(Figure 2-14).
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•

Stop gas line pumping and fill the gas line with nitrogen.

•

Gradually dose in nitrogen into the chamber (5 – 10 mbar/sec).

•

Unscrew the chamber and allow the pressures to equilibrate.

•

Conduct the sample change and limit the time for which the chamber is open to
atmosphere.

•

Close the leak valve and pump down the gas line when the chamber is closed.

Figure 2-14. UHV chamber venting and sample holder frame.

2.5.3 Volume Estimation
This is a calibration step which was carried out in order to measure the volume of the gas line
and the chamber. A reference volume as seen in Figure 2-15 was used to calculate the required
volume. There are four manual valves that are controlled for the calibration (and gas dosing)
procedure as listed in Table 2-1. The chamber, sample holder and gas line are all at room
temperature.
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Figure 2-15. Schematic of the different volumes associated in the experimental test rig.

Table 2-1. Valves and connections in the gas line

Valve

Connection to

V1 (On/off valve)

Backing pump

V2 (Nupro valve)

Reference volume

V3 (On/off valve)

Nitrogen line

V4 (Leak valve)

Chamber

Figure 2-15 identifies the different volumes involved in the experiment where – blue is used
for the gas line, green for the reference volume connected to the gas line and yellow for the
chamber volume, extending from the leak valve to the gate valve. The gas line volume is
calculated first with a reference volume (sample cylinder used for water vapour dosing). The
chamber volume is then calculated by keeping the gas line volume as the reference. Nitrogen
was used to measure the volume due to its inert gas properties. The measurements were
repeated for consistency.
Gas line calibration procedure (referring to Figure 2-15):
1. The gas line is pumped down to base vacuum with the following valve positions:
V1 – Open
67

V2 – Open
V3 – Closed
V4 – Closed
2. Isolate the gas line by closing valve V1. Gradually open V3 to a known pressure P1,
wait a few seconds for equilibrium settling of P1 and close V3.
3. The pressure in the gas line now is P1. Close V2 so that the pressure in the known
reference volume VR is P1.
4.

Pump down the gas line volume (VL) back to base vacuum and close V1.

5. Measure the gas line pressure as P2. Gradually open V2 to allow reference volume VR
to join gas line volume VL.
6. Allow for equilibrium and note down the equilibrium pressure PEq for calibration
pressure P1.
7. Repeat steps 1 - 6 multiple times and tabulate the values obtained.
The volume of the gas line is obtained from the ideal gas law and assuming constant
temperature:
𝑃!
𝑉* = 𝑉+ E
− 1F
𝑃,Equation 1
Table 2-2. Gas line volume calibration table
Trial 1
Pressure
(mbar)

Trial 2
Pressure
(mbar)

Trial 3
Pressure
(mbar)

Trial 4
Pressure
(mbar)

Trial 5
Pressure
(mbar)

Trial 6
Pressure
(mbar)

Trial 7
Pressure
(mbar)

Trial 8
Pressure
(mbar)

Average
Pressure
(mbar)

7

89.03

78.41

69.05

60.79

53.52

47.12

41.48

67.56

Equilibrium

89.03

78.41

69.05

60.79

53.52

47.12

41.48

36.52

59.49

Volume of

150.2

150.2

150.2

150.2

150.2

150.2

150.2

150.2

0

0

0

0

0

0

0

0

150.20

20.32

20.35

20.37

20.42

20.42

20.42

20.44

20.42

20.40

Calibration

bottle -

101.0

Volume of
gas line -
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The gas line volume was thus measured to be 20.40 cm3 or 2.03E-05 m3.
Chamber calibration procedure (referring to Figure 2-15):
1. Pump down the chamber as mentioned in Section 5.1.
2. Pump down the gas line to base vacuum with the following valve positions:
V1 – Open
V2 – Closed
V3 – Closed
V4 – Closed
3. Isolate the gas line by closing valve V1. Gradually open V3 to a known pressure P1,
wait a few seconds for equilibrium settling of P1 and close V3. The pressure in the gas
line now is P1.
4. Isolate the turbo pump by closing the gate valve. Note the initial chamber pressure.
5. Open V4 to allow VL to join VC so that P1 now occupies the chamber and equilibrates
to a pressure PEq. Allow sufficient time for equilibrium and measure the note down PEq
for the corresponding gas line pressure P1.
6. Close the leak valve V4 and repeat steps 2, 3 and 5 in order.
7. Repeat step 6 multiple times and tabulate the values obtained.
The volume of the chamber is obtained from the ideal gas law and the Dalton’s law of partial
pressures, assuming constant temperature of the system:
𝑃! 𝑉* + 𝑃./0$123 𝑉4 = 𝑛𝑅𝑇
Equation 2

𝑃,- (𝑉* + 𝑉4 ) = 𝑛𝑅𝑇
Equation 3

𝑃! 𝑉* + 𝑃./0$123 𝑉4 = 𝑃,- (𝑉* + 𝑉./0$123 )
Equation 4
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𝑉* E

𝑃! − 𝑃,F = 𝑉4
𝑃,- − 𝑃./0$123

Equation 5

Table 2-3. Chamber volume calibration table

Gas line

Trial 1
Pressure
(mbar)
89.44

Trial 2
Pressure
(mbar)
89.34

Trial 3
Pressure
(mbar)
86.47

Trial 4
Pressure
(mbar)
89.44

Trial 5
Pressure
(mbar)
89.74

Trial 6
Pressure
(mbar)
89.6

Trial 7
Pressure
(mbar)
89.56

Trial 8
Pressure
(mbar)
89.43

Chamber

5.00E-06

0.15

0.24

0.34

0.44

0.54

0.64

0.74

Equilibrium

0.15

0.24

0.34

0.44

0.54

0.64

0.74

0.84

Volume of

20.40

20.40

20.40

20.40

20.40

20.40

20.40

20.40

1.2E+04

2.0E+04

1.7E+04

1.8E+04

1.8E+04

1.8E+04

1.8E+04

1.81E+04

gas line Volume of
chamber -

Trial

9

Trial

10

Trial

11

Trial

12

Trial

13

Trial

14

Trial

15

Average

pressure

pressure

pressure

pressure

pressure

pressure

pressure

(mbar)

(mbar)

(mbar)

(mbar)

(mbar)

(mbar)

(mbar)

89.86

89.32

89.62

89.58

89.58

89.6

89.6

89.34533

0.84

0.95

1.05

1.15

1.26

1.36

1.46

0.744

0.95

1.05

1.15

1.26

1.36

1.46

1.56

0.848

20.40

20.40

20.40

20.40

20.40

20.40

20.40

20.40

1.65E+04

1.80E+04

1.80E+04

1.64E+04

1.80E+04

1.80E+04

1.80E+04

1.79E+04

Table 2-3 gives the values from the trial runs that were conducted in order to calculate the
chamber volume. It can be observed that the first volume observed is lower than all other runs.
This is because the starting pressure for this run was much lower than the other runs compared
to the amount of gas dosed in. The values can be seen to stabilise after subsequent runs to give
a final chamber volume of 17948.06 cm3 or 0.017 m3. The volume estimations were carried out
with the sample holder flange but without the sample in it. The volume occupied by the powder
sample is negligible as compared to the volume of the chamber.
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2.5.4 Adsorption Isotherm
This section talks about the different operating procedures that were carried out in the
experimental rig for the final experiments. It involves subsections focusing on the sample
preparation, equipment preparation and finally dosing procedures.
2.5.4.1 Sample preparation
Cerium (IV) oxide powder used in the experiments as a non-radioactive surrogate for SNF. It
was procured from Sigma Aldrich and measured for surface area using a Surface Area
Analyser. The surface area analysis is explained in detail in the next section. The sample is in
the form of a fine powder with a particle size distribution of <5 micron. The following steps
were adopted to prepare the sample before an experiment:
1. The surface area of the sample was measured under a surface area analyser.

2. The mass of CeO2 used was measured using an OHAUS PA114 - mass balance. The
powder was weighed using a pre-measured aluminium container.
3. The sample was heated to 200oC and held for 4 hours before being cooled in air.
4. The powder sample was re-measured for mass after Step 3.
5. The powder was loaded into the copper crucible and spread evenly ensuring a good
coverage.
6. The sample holder flange was then moved into the chamber using the frame support
extension (Figure 2-14).

2.5.4.2 Equipment preparation
Equipment preparation before an experiment mainly included switching on the pressure
transducers, variacs and gas connections. Then the rig was pumped down, baked, and
maintained at the required thermal equilibrium using thermocouples. This has been discussed
already. Other preparation included checking the backing pump oil levels and refilling the
water vapour dosing cylinder. This was done by closing the on/off valve to the water dosing
cylinder in the gas line and using a manual pipette to refill a known amount of DI water (6 –
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10 mL). Freeze, pump, thaw cycles were done to remove any dissolved volatiles as explained
in Section I.2.1. The bolts were also checked in the sample holder flange to ensure no leaks
were present. Equipment preparation also involves heating back the sample and maintaining it
in the required temperature for the experiment.
2.5.4.3 Gas dosing
Gas dosing is the process of dosing measured quantities of gases into the chamber and is one
of the most crucial part of the experiment. The procedure involves the following steps
(referring to Figure 2-13):
1. Check the gas line temperatures at multiple points and backing line pressure to be set
to the desired conditions.
2. Close valve V1 to the backing line and isolate the gas line.
3. Increase the pressure in the gas line by opening valves V2 or V3 based on the required
gas.
4. Gradually close the valve when the manometer is approaching the desired pressure
range and close it when the set pressure is achieved.
5. Wait for the pressure to stabilize and record this as the gas line initial pressure.
6. Open the leak valve and let the pressure equilibrate. Note the pressure reading as the
final pressure.
7. Close the gate valve and pump down the gas line for a new dose by opening valve V1
to the backing pump.
8. Repeat steps 2 – 7 for successive doses until a final set equilibrium pressure is achieved
(close to bulk saturation for water vapour dosing experiments at 100oC).
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2.6 Experiments and results
The previous sections have described about the experimental rig setup and the various
operation protocols that were adopted to do calibrations and experiments. This section focuses
on the different experiments conducted in the rig and the data thus obtained. This is done in
three stages – the first stage discusses the sample characterization and dose step calculations.
The second stage looks at the results obtained from the pilot tests with nitrogen and water
vapour on CeO2. It discusses the inferences thus obtained and modifications that were made as
a result. The last stage of the section talks about the series of validation experiments conducted
on the rig and focuses on some selected data to draw conclusions.

2.6.1 Sample characterization
The sample used for the adsorption isotherm experiment was powder Cerium (IV) oxide. The
sample considerations involved choosing the powder particle size which was then used to
determine other parameters like the total amount of powder that was used, the amount of dosing
water required to achieve a good sample coverage, the total number of dose steps and dose
sizes. A powder with size distribution of <5 micron was ordered from Sigma Aldrich. It is vital
to know the state of the Ceria surface before any experimental run and hence the powder was
characterized using scanning electron microscopy (SEM), Energy Dispersive Spectroscopy
(EDS) at the Open University and Surface Area Analyser at the University of Bristol. A
description of the working of these techniques is provided in Section 2.3. The stoichiometry of
the sample was not verified, as cerium oxidises in air to form CeO2 in the 4+ stable oxidation
state of Ce. The bulk surfaces, however, is known to have large oxygen defects in the bulk and
there is a possibility to have Ce(III) atoms (Mullins, 2015).
Figure 2-16 shows the SEM image obtained from the powder sample. The image shows that
the cerium oxide is agglomerated with particles smaller than 1µm in size. It is clearly seen that
there is some charging present and thus the sample was coated with gold nanoparticles and reimaged (Figure 2-18).
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Figure 2-16. SEM image of the CeO2 powder.

Figure 2-17. Clockwise from top: SEM image of the powder with locations where the EDS spot analyses were taken from,
EDS spectrums at location 15, location 16 and location 17 of the powder.
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Figure 2-17 shows the EDS spectra at three spots on the powder surface from the SEM image.
It is observed that the powder has no significant contamination and is purely CeO2 under the
limits of the analysis. The carbon spectra picked up is from the carbon tape used to hold the
powder on the SEM stub.

Figure 2-18. Gold coated ceria particles imaged in the SEM.

Figure 2-18 shows the SEM image of the ceria particles after gold coating. This was done to
have an electrically conductive layer over the ceria so as to interact with the electron beam,
making the image clearer. It is observed that the particle sizes vary between 300 – 600 nm and
the agglomerations can range in several micrometres. It is also observed that the particles are
not perfect spheres. For all the above reasons, it was decided to use a surface area analyser to
measure the exact surface area of the powder sample.
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Figure 2-19. The Quanta chrome NOVA 1200 surface area analyser used for calculating the surface area of the CeO2
powder used in this study. This analysis was conducted at the Interface Analysis Centre at the University of Bristol.

Figure 2-19 shows the Surface Area Analyser that was used to measure the surface area of the
powder sample used in this experiment. It is explained in this section as it is technically a BET
experiment using nitrogen adsorption isotherm. The technique uses BET surface area
calculations from monolayer adsorption of an inert gas on a liq. nitrogen cooled sample. The
pressure of nitrogen dosed in is controlled and the pressure difference as a result of adsorption
is measured in order to plot an adsorption isotherm curve. Monolayer adsorption gives a period
of flattened region in the isotherm which is used to calculate the effective surface area of the
sample. The procedure of measurement is as follows:
1. Measure the mass of the sample prior to the experiment and note it.
2. Load the sample into the BET tube.
3. Load the BET tube to the sample evacuation side (left hand side in Figure 2-19) of the
equipment where the sample is degassed at high temperatures (~ 400 C). This is done
overnight for a thorough de-contamination.
4. Measure the mass again after degassing to get the true mass and note it down. Mass of
sample used for this analysis was 1.7342 g.
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5. The sample is reloaded into the BET tube and moved to the surface area analyser (this
time to the right-hand side of the equipment shown in Figure 2-19). The tube is
connected to the right channel for analysis.
6. Liq. N2 is introduced in the Dewar flask and the flask is placed under the sample tube
as shown in Figure 2-19. Since nitrogen is used for the surface area analysis, the
samples for BET surface area/pore analysis are cooled down using liq. Nitrogen for it
to condense.

7. The platform with the Dewar flask raises up when the system starts analysis. This
function is started after setting the parameters such as thermal delay (how long the
sample is immersed in the liq. N2), dry sample weight, equilibration time, channel that
has the sample (in case multiple channels are selected) and the data output locations on
the Surface Area Analyser software package. The different settings used in the CeO2
analysis are as follows:
•

Sample Volume: 0.243226 cc

•

Sample Density: 7.13 g/cc (Sigma Aldrich SDS Sheet for sample)

•

Outgas Time: 0.0 hrs

•

Outgas Temperature: 0.0 C

•

Analysis gas: Nitrogen

•

Bath Temp: 77.3 K

•

Pressure Tolerance: 0.100/0.100 (ads/des)

•

Equilibrium time: 60/60 sec (ads/des)

•

Equilibrium timeout: 240/240 sec (ads/des)

•

Analysis Time: 57.5 min

8. Once the Dewar flask has moved up, check to see if it completely immerses the BET
tube sample side.
9. Let the system run and wait for the adsorption isotherm graph to populate for analysis.
10. Repeat steps 6 – 9 for at least three times and compare the results. The CeO2 sample
was run for three times in the same sample tube.
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Details of the adsorbate (nitrogen) used in the analyser are as follows:
•

Adsorbate: Nitrogen

•

Temperature: 77.350K

•

Molecular Weight: 28.013 g

•

Cross Section: 16.200 Å2

•

Liquid Density: 0.808 g/cc

To work out the volume of the N2(g) adsorbed onto the sample surface, the difference between
the N2 (g) introduced into the system and that contributing from the volume of gas not adsorbed
is taken.
𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑢𝑚𝑒 − 𝑑𝑒𝑎𝑑 𝑠𝑝𝑎𝑐𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑜 𝑎𝑡𝑚. 𝑝𝑟. )
The BET equation is then expressed as:
𝑃
𝑃5

𝑃
𝑉(1 − 𝑃 )

=

1
(𝑐 − 1) 𝑃
+
×
𝑉$ 𝑐
𝑉$ 𝑐
𝑃5

5

Equation 6

𝑃
1
(𝑐 − 1) 𝑃
=
+
×
𝑉(𝑃5 − 𝑃) 𝑉$ 𝑐
𝑉$ 𝑐
𝑃5
Equation 7

Where:
P = System pressure
P0 = Atmospheric pressure
V = Volume adsorbed
Vm = Volume adsorbed to give a monolayer
C = Constant
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1.20E+02

1 / [ V((Po/P) - 1) ]
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Figure 2-20. BET adsorption isotherm of N2 on the CeO2 powder sample shown as adsorbed amount at STP vs relative
pressure. The graph is obtained from the surface area analyser.

Figure 2-20 gives the BET adsorption isotherm obtained in the final run (3rd) of the analysis. It
)

is a graph plotted between the amount adsorbed at STP (6()

# 8))

)

) and the relative pressure () ).
#

This is of the form 𝑦 = 𝑚𝑥 + 𝑐, where the intercept in the y-axis will be 1/𝑉$ 𝑐 and the slope
is

(.8!)
6/ .

.

Values obtained from the analysis are as follows:
Slope = 157.090
Intercept = 3.099E+01
Correlation coefficient, r = 0.997201
C constant = 6.070
Once the volume of a monolayer of N2 over the CeO2 is determined, the surface area is derived
from the number of N2 atoms that are present in this volume multiplied to the area occupied by
one N2 molecule. The experimentally determined surface area is thus approximately equal to
18.516 m2/g with a relative error of 10%.
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2.6.2 Pilot experiment
It was decided to use 10 g of the sample powder for the adsorption isotherm analysis. This
allowed to calculate the amount of dosing steps and the pressure per step required to get a
monolayer coverage:
•

Dosing volume: 20.39621 cc (or) 2.03962E-05 m3

•

Surface area of the powder: 18.516 ± 1.8 m2/g

•

Amount of powder used: 10 g

J.L. Stakebake and L.M. Steward give the amount of mg/g of H2O required for a monolayer
coverage on PuO2(Stakebake, 1973). Assuming similar lattice parameters (Cooper et al., 2014),
we require 40.7352 mg of H2O for a monolayer on 10 g of CeO2.
•

From the molecular weight of water (18.015 g/mol), the total number of moles in 40.73
mg can be calculated as 0.002260555moles.

•

The experiment is planned to be conducted at a temperature of 369 ± 5 K

•

Pressure in the gas line required to dose 1 mono layer is calculated from Ideal gas
equation: 3400.180543 mbar

•

Assuming a pressure per step: 61 mbar, Number of isotherm steps: 56

The first series of pilot experiments involved the following runs:
Table 2-4. Experiment Series 1.

Experiment
number

Sample

Adsorbate

Final
pressure
(mbar)
5.14

Comments

N2

Initial
pressure
(mbar)
4.00E-05

Linear graph

Sample
temperature
(0C)
-

Run 1

No sample

Run 2

No sample

H2O

1.00E-04

9.74

Fail

-

Run 3

No sample

H2O

1.00E-04

19.55

-

Run 4

No sample

H2O

3.00E-05

20.72

-

Run 5

No sample

H2O

1.00E-05

30.92

-

Run 6

No sample

H2O

4.00E-06

21.21

-
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Run 7

No sample

H2O

4.00E-06

16.47

-

Run 8

No sample

H2O

4.00E-05

10.77

-

Run 2 – N2

Ceria – 10 g

N2

6.80E-07

1.64

Ceria Run 1

Ceria – 10 g

H2O

6.00E-05

38.60

100 ± 5 0C

Ceria Run 2

Ceria – 10 g

H2O

2.00E-06

46.60

100 ± 5 0C

Ceria Run 3

Ceria – 10 g

H2O

2.00E-06

51.20

100 ± 5 0C

Ceria Run 4

Ceria – 10 g

H2O

1.70E-06

48.51

100 ± 5 0C

Ceria Run 5

Ceria – 10 g

H2O

2.00E-06

49.10

100 ± 5 0C

Ceria Run 6

Ceria – 10 g

H2O

2.00E-06

43.89

100 ± 5 0C

Ceria Run 7

Ceria – 10 g

H2O

5.00E-07

42.75

150 ± 5 0C

Ceria Run 8

Ceria – 10 g

H2O

7.00E-07

28.50

100 ± 5 0C

Linear

120 ± 5 0C

Fail

Between each run, the equipment (and sample where applicable) is pumped down and baked
overnight to obtain the new initial pressure conditions. Figure 2-21 shows a graph plotted for
the cumulative dosed amount (mol) against the equilibrium pressure attained for each dose for

Equilibrium pressure (mbar)

selected runs from the series.

60
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0
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0.001
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0.004
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Ru n 7
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Figure 2-21. Cumulative amount of water vapour dosed vs Equilibrium pressure for selected runs from Series 1.

It is observed from the graph that all Ceria-Runs after Ceria-Run 3 do not adsorb water vapour
compared to Ceria-Run 2 and Ceria-Run 3. This is further understood by comparing the CeriaRuns to Run 7 (Empty chamber); where Run 7 has no sample, hence less adsorption. Ceria81

Ceria-Run 2 and Ceria-Run 3 show a significant number of doses and a higher cumulative
dosed amount of water vapour before achieving high equilibrium pressures. This points
towards an adsorptive environment in the chamber that changed for the subsequent runs. The
change can be explained as a consequence of a burst of the powder inside the chamber, which
was observed when the chamber was opened after Ceria Run 8 (Figure 2-22). The powder had
spurted, and the inside walls of the chamber were covered with ceria dust. This resulted in a
loss of vacant sites available for adsorption as ceria was adsorbed onto the steel surface almost
completely plating it. Also, the chamber walls were maintained at a higher temperature
compared to the copper crucible. It is unsure as to when the incident had exactly happened,
however, based on the graph seen in Figure 2-21, it can be assumed that the spurt took place
after Ceria-Run 3. The data obtained from this series is not probed further due to the errors that
could have resulted in the results seen here.

Figure 2-22. Images from inside the chamber showing the extent of powder spurted inside (Image A showing the side walls,
image B showing the top and the Swagelok extension and image C showing the bottom flange extension to the gate valve.

This was considered as a major issue in the experiment design as the rig was not supposed to
spurt the powder around during the runs. It was observed that the powder had spurted and
formed a layer on the chamber walls all the way to the gate valve. The powder had also travelled
up into the gas line as the nitrogen Nupro valve had some ceria powder in the threading.
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The first steps involved cleaning of the rig from the inside. This was done by removing every
connection, cleaning the flanges and equipment using isopropanol, acetone and for the
Swagelok bits, ultrasonic baths. The gate valve and the L-extension served in stopping any
powder from reaching the turbopump, thus saving the pump from impaction and failure. The
next step involved finding out the reason for the powder spurt. Several conditions were
examined, including pumping rates, sample baking and pumping and dose rates. Finally, it was
understood that the Swagelok extension acted as a jet, directing the dosed gas onto the sample.
This was confirmed from observing the crucible and the large hole made in the sample powder
as seen in Figure 2-23.

Figure 2-23. Copper crucible showing the hole in the powder sample after spurting.

The Swagelok extension was bent away from the copper crucible so as to direct the water
vapour away from the powder. This is shown in Figure 2-24 which looks at the Swagelok from
the crucible looking upwards.
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Figure 2-24. Image of the Swagelok extension bent away from the copper crucible to avoid powder spurting.

A DN 40 CF view port was connected to one of the flanges and three test runs were conducted
in order to verify the working of this modification. The tests had the following parameters,
mentioned in Table 2-5.
Table 2-5. Experiment test series with view port.

Experiment
number

Sample

Adsorbate

Final
pressure
(mbar)
1.64

Comments

Temperatures

N2

Initial
pressure
(mbar)
6.80E-07

Run 1

CeO2

Linear graph

Room Temp.

Run 2

CeO2

H2O

7.00E-07

28.14

Fail (Cold spot)

Sample at
room temp.,
chamber at 50
± 50C

Run 3

CeO2

H2O

7.00E-07

36.4

-

Once the results were satisfactory, the view port was changed to a blank flange and the rig was
setup for a bakeout. This was followed by a change to a fresh sample and a new set of runs for
Series 2. The sample for Series 2 weighed 10gm after baking for 200 0C for 4 hours. The second
series of experiments involved the following runs:

84

Table 2-6. Experiment Series 2.

Experiment
number

Sample

Adsorbate

Ceria Run 10

Ceria – 10 g

H2O

Initial
pressure
(mbar)
1.30E-06

Final
pressure
(mbar)
38.74

Comments

Sample
temperature
(0C)
Ceria – 100 ± 5
0

C

Chamber

–
0

116.5 ± 5 C
Ceria Run 11

Ceria – 10 g

H2O

1.30E-06

Ceria – 110 0C

46.60

Chamber

–
0

119.5 ± 5 C
Ceria Run 12

Ceria – 10 g

H2O

1.00E-06

38.82

Ceria – 100 ± 5
0

C

Chamber

–

116.5 ± 5 0C
Ceria Run 13

Ceria – 10 g

H2O

2.00E-06

19.64

Water dosing

100 ± 5 0C

cylinder found to be
empty - Fail
Ceria Run 14

Ceria – 10 g

H2O

2.00E-06

47.45

Ceria – 100 ± 5
0

C

Chamber

–
0

116.5 ± 5 C
Run 10

-

H2O

2.00E-05

34.18

100 ± 5 0C

Run 11

-

H2O

3.70E-05

42.32

150 ± 5 0C

Between each run, the equipment (and sample where applicable) is pumped down and baked
overnight to obtain the new initial pressure conditions. Figure 2-25 shows a graph plotted for
the cumulative dosed pressure (mbar) against the equilibrium pressure (mbar) attained for each
dose for selected runs from the series. This graph is plotted in order to highlight the equilibrium
pressure variations as a function of the dosed amount of water vapour into the system. A higher
dose to achieve the same equilibrium pressure points to a higher adsorption on the sample
surface.
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Figure 2-25. Amount of water vapour dosed vs Equilibrium pressure for selected runs from Series 2.

The dosed amount is simply an addition of the amount of gas in the gas line that was opened
into the chamber. Here, we assume that the entire amount of water vapour is directed into the
chamber. It can be observed in Figure 2-25 that the x-axis is thus monotonically increasing.
The trends seen in the equilibrium pressure variations as a function of this dosed amount can
give an insight into the system. For example, it is observed that in the two empty chamber runs,
low dosing results in a high equilibrium pressure, meaning there is minimal sticking. In this
order, the highest adsorption is seen in pristine ceria (Ceria Run 10) for Series 2. Ceria Run 11
and Ceria Run 12 are almost identical. Ceria Run 14 seems to have started adsorbing more
water. A possible explanation lies in the timeline of the experiments. Ceria Run 14 was
conducted after Ceria Run 13 which was a failed experiment, meaning there was a higher pump
down timing and possibly higher time for any chemisorbed water to evaporate. This pushes the
graph towards that of pristine ceria. The results look promising but were, however, not
reproducible in Series 2 experiment. It was decided to conduct another Series of experimental
runs aiming for reproducibility. The sample measured after the experiment had increased to
10.0228 g after pumping down to 1.00E-08 mbar base vacuum after Ceria Run 14.
Also, the base vacuum of the rig was improving after each experiment run. There was initially
a concern of a low vacuum (1.00E-04) leak in the chamber side as the chamber pressure would
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rapidly increase when the gate valve is closed. This was tested by isolating the turbo keeping
the UHV chamber at atmospheric pressure and vice versa. There were no leaks observed
through the gate valve. The rapid increase is also seen to reduce overtime, as more experiments
were conducted. This also points towards a slow degassing from one of the in-cell equipment.
The final, Series 3 experiments involved the following runs:

Table 2-7. Experiment series 3.

Experiment
number

Sample

Adsorbate

AIW01

-

H2O

Initial
pressure
(mbar)
1.00E-06

Final
pressure
(mbar)
40.27

Comments

Temperatures
Crucible – 100
± 5 0C
Chamber – 110
± 5 0C

AIW02

-

H2O

1.00E-06

36.07

Crucible – 100
0

C

Chamber

–
0

112.5 ± 5 C
AIW03

-

H2O

2.00E-06

(5.6)

There was

100 ± 5 0C

condensation as the
Equilibrium pressure
remained constant at
5.6 mbar - Fail
AIW04

-

H2O

2.50E-06

43.16

The results are

Crucible

–

different compared

120.80 ± 5 0C

to other runs.

Chamber

–
0

114.5 ± 5 C
Water seems to
adsorb at low
pressures.
Test needs to be
repeated for
reproducibility.
AIW05

-

H2O

7.00E-07

45.14

Crucible – 100
± 5 0C
Chamber

–

116.5 ± 5 0C
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AIW06

-

H2O

7.00E-07

46.40

Opened the chamber

Crucible – 100

to inspect as AIW06

± 5 0C

showed adsorption.

Chamber

–

116.5 ± 5 0C
Chamber looks
clean.
AIW07

-

H2O

1.00E-06

37.95

Shows adsorption

Crucible – 100

compared to other

± 5 0C

AIW runs before.

Chamber

–
0

116.5 ± 5 C
AIN01

-

N2

7.00E-07

5.88

AIW08

-

H2O

1.00E-06

6.26

AIW09

-

H2O

5.00E-07

49.4

Leak valve opened

Crucible – 100

by mistake while

± 5 0C

adding water vapor

Chamber

–
0

to the gas line - Fail

116.5 ± 5 C

Shows adsorption

Crucible – 100
± 5 0C
Chamber

–

116.5 ± 5 0C
AIW10

-

H2O

8.00E-07

36.64

Higher temperature

Crucible – 110

shows lesser

± 5 0C

adsorption compared

Chamber

to AIW09
AIW11

Ceria – 10 g

H2O

7.00E-07

21.05

–
0

116.5 ± 5 C
Crucible – 100
± 5 0C
Chamber

–
0

116.5 ± 5 C
AIW12

AIW13

Ceria – 10 g

Ceria – 10 g

H2O

H2O

5.00E-07

2.15E-06

25.63

32.58

Single dose of 86

Crucible – 100

mbar resulted in an

± 5 0C

equilibrium pressure

Chamber

jump to 25.63 mbar.

116.5 ± 5 0C

There is not much

Crucible – 100

adsorption observed.

± 5 0C

–

Chamber
Opened chamber to

–
0

116.5 ± 5 C

inspect for a possible
powder spurt – No
powder spurt
observed.
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Possible chemical
phenomenon such as
water splitting or
vacant side removal
AIW14

Ceria – 10 g

H2O

7.00E-07

33

Single dose of 82

Crucible – 100

mbar resulted in an

0

equilibrium pressure

Chamber

jump to 33 mbar

C
–
0

116.5 ± 5 C

similar to AIW12.
AIW15

Ceria – 10 g

H2O

7.00E-07

89.72

Crucible – 100
± 5 0C
Chamber

–
0

116.5 ± 5 C
AIW16

Ceria – 10 g

H2O

1.60E-08

31.17

Pressure increased to

Crucible – 100

31.17 mbar in four

± 5 0C

doses - Fail

Chamber

–

116.5 ± 5 0C
AIW17

Ceria – 10 g

H2O

7.00E-07

33.00

Similar result to

Crucible – 100

AIW16.

± 5 0C
Chamber

Discontinued run

–
0

116.5 ± 5 C

AIW17

Between each run, the equipment (and sample where applicable) is pumped down and baked
overnight to obtain the new initial pressure conditions. Figure 2-26 shows a graph plotted for
the cumulative dosed pressure (mbar) against the equilibrium pressure (mbar) attained for each
dose for selected runs from the series.
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Figure 2-26. Amount of water vapour dosed vs Equilibrium pressure for selected runs from Series 3.

As seen in Figure 2-26, the graph can be divided into three separate series of results. The empty
chamber runs show the least adsorption as the equilibrium pressure shoots up for smaller doses
of water vapour. Pristine ceria shows the highest adsorption among all runs in Series 3 which
was the same trend seen in Series 2. However, contrary to previous Series of experiments, the
pristine Ceria (AIW11) in Series 3 shows an unusually high cumulative dose pressure to
achieve similar equilibrium pressures in the successive runs. This opens up a suspicion of a
possible cold spot in the chamber. Hence, AIW11 is ignored in this discussion. AIW13 and
AIW15 show a similar trend as seen in Series 2 with reproducible cumulative dose values for
the same equilibrium pressures. The Ceria runs have all shown to require higher water vapour
dosage to achieve the same equilibrium pressures. Pristine ceria runs are done after days of
baking and pumping in UHV as compared to subsequent runs which all see an overnight pump
down at high temperatures. It has been observed that the base vacuum is also lower under such
conditions. However, the reader is warned that the other runs mentioned in Table 8 have not
been reproducible as accurately as the ones depicted in Figure 2-26 (ignoring run AIW11). The
trends seen thus far look promising and calls for further experiments to probe for
reproducibility and more understanding.
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The amount of ceria used in each series of experiments was 10 ± 0.1 g. This allows us to
combine and compare the results based on certain assumptions such as: the conditions for each
series of experiments were exactly similar and there is no chemical change taking place during
or after each experiment. Figure 2-27 compares the pristine runs from Series 2 and Series 3
based on the cumulative dose responsible for the specific equilibrium pressure. The
experiments were started at similar base vacuums and taken up to similar final equilibrium
pressures at equal sample and chamber temperatures. The graphs seem to overlap at low
equilibrium pressures up to 11.50 mbar. The variation observed at ≈11.50 mbar, equilibrium
pressure, could be a chemical effect and requires further analysis.
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Figure 2-27. Pristine scans from series 2 (Ceria Run 10) and 3 (AIW13).

The two runs mentioned in Figure 2-27, Ceria Run 10 from Series 2 and Run AIW13 from
Series 3, have been analysed further to plot the respective adsorption isotherms shown in Figure
2-28. The following values were calculated for plotting the graph:
𝑥 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 × 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐻& 𝑂 × 1000 𝑚𝑔
=
( )
𝑚
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (10𝑔)
𝑔
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𝐴𝑑𝑠𝑟𝑜𝑏𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡
= 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑒𝑎𝑚 𝑑𝑜𝑠𝑒𝑑 (𝑚𝑜𝑙)
− 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 𝑖𝑛 𝑔𝑎𝑠 𝑝ℎ𝑎𝑠𝑒 (𝑚𝑜𝑙)
Where the amount of steam in gas phase is simply the equilibrium pressure at that step.
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Figure 2-28. Adsorption isotherms of selected runs from Series 2 and Series 3.

Figure 2-29. Isotherms for the adsorption of water on plutonium dioxide at 85oC. Graph taken from (Stakebake and Steward,
1973).
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The adsorption isotherms in Figure 2-28 show a rapid increase in the amount of water
condensed (adsorbed) on the sample until about 1mg/g of adsorption, which then stabilises to
an equilibrium at higher equilibrium pressures, showing a classic adsorption isotherm curve of
Type II. Stakebake and Steward have conducted adsorption isotherm measurements on PuO2
at temperatures up to 85oC (as seen in Figure 2-29) which shows a similar trend to what has
been observed in Figure 2-28 (Stakebake and Steward, 1973). The amount of water adsorbed
in PuO2 for the same partial pressure seems to be lower than what is adsorbed on CeO2 at 85oC.
The amount adsorbed by CeO2 at 100(± 5)oC seems closer to what is seen at lower temperatures
(27oC and 50oC) as reported by Stakebake and Dringman in other studies looking at PuO2 –
water adsorption (Stakebake and Dringman, 1968). The trends observed in PuO2 postulated
that the first adsorbed layer actually forms a hydroxylated layer while the second layer consists
of hydrogen bonded water molecules. Thus, a dissociative chemisorption in the initial layers is
followed by H-bonded physisorption. This theory has been consistent with CeO2 – water
adsorption as stated by Prin et al., 1991.
Following further validation and reproducibility of the adsorption isotherm experiments, the
planned future work includes conducting desorption runs and further analysis through
desorption spectroscopy to elucidate the chemisorption observed at lower partial pressures.
This has been discussed further in Section 5.1.
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2.7 Summary and Conclusions
This chapter focused the adsorption strand of this research which aims to understand the
physical interactions of water with fluorite structured lattices that are predominant in the SNF
matrix. The major focus of this chapter was to report on the apparatus construction and method
development that would support further research into this field. Preliminary results from the
experiments conducted on the rig have been discussed and validated to prior literature looking
at PuO2 adsorption at similar temperatures and relative pressures. There is evidence to believe
that a change in the local sample chemistry as a function of temperature and saturation pressure
has an effect on the rate of adsorption. This change in the rate of adsorption can also be assumed
to have an influence on the evolution of gases from surface energy induced hydrolysis (such as
H2).
As water is adsorbed and the oxygen defects in the lattice are saturated, there is a natural
inclination towards molecular adsorption as the surface energies decrease. This hypothesis is
drawn due to the pristine powder showing a higher adsorption of water vapour as compared to
the powder during successive runs. This is also validated from the literature which suggests
that CeO2 under vacuum starts reducing to Ce (III) with oxygen defects in the bulk. A possible
follow-on experiment to validate this hypothesis would be to conduct an X-ray Photoelectron
Spectroscopy (XPS) analysis on the CeO2 powder under vacuum, oxygen, and high
temperature atmospheres. This can give valuable insights regarding the availability and
evolution of defect clusters that can be expected to play a role in the adsorption isotherm
experiments.
Future work should be directed towards reducing the uncertainties from human error, for
example by automating the gas dosing procedures with a programmable controller. This would
ensure equal pressure doses for each step. Another consideration will be to add a second high
temperature capacitance manometer in the main chamber to measure the partial pressures in
the main chamber with a higher accuracy. There is a dearth of experimental studies of water
vapour on actinide oxides in the temperature ranges considered in this chapter. Future work
should hence look to expand on using more realistic SNF surfaces like powder UO2, if allowed
under the safety protocols of the laboratory. The main concern of using any radioactive
powders is the risk of spurts as seen in Section 2.6.2.
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Chapter 3:

Radiolytic Corrosion of Spent Nuclear Fuel

Surfaces
3.1 Introduction

T

his chapter considers the radiochemistry aspect of SNF - water interaction in the near
term, under a cladding failure scenario. This has been studied using thin film samples

that act as idealised SNF surfaces. These surfaces are put in the presence of a radiolytic
environment to study the corrosion phenomenon and isolate individual rate determining
variables through x-ray scattering techniques. This approach of using thin film samples to study
SNF surfaces has been conceptualised and validated elsewhere using depleted UO2(Springell
et al., 2015). This work adds to the previous studies by incorporating lattice modifications in
the UO2 films, thus inching closer to actual SNF conditions. The modifications include adding
cerium into the UO2 matrix, as a solid solution. Cerium is widely used as a non-radioactive
surrogate for SNF lattices due to similar lattice parameters (Stennett et al., 2013).
The chapter begins by discussing relevant literature on SNF corrosion and identifies the major
gaps that exist. The literature survey also touches on the different SNF corrosion studies using
surrogate materials and focuses on the thin film approach used in this study.
Sections 3.3 and 3.4 aim to explain the main concepts in this study including brief explanations
of the techniques, materials, instruments, and analysis methods used in the study.
Section 3.5 lists and discusses the results from the respective experiments and Section 3.6
summarizes the main outcomes of this work.
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3.2 Literature Review
As discussed in Chapter 1, SNF is predominantly UO2 composing about 96% of it. The
solubility of uranium dioxide in its U(IV) oxidation state is very low. However, in the presence
of strong oxidising species from radiolysis, U(IV) oxidises to U(VI) by the formation of UO22+
(uranyl) ions that exhibits a high solubility in water (Shoesmith, 2000). This oxidative
dissolution could lead to further release of radionuclides as the fuel surface corrodes. This
oxidative dissolution phenomenon is dependent on the local redox conditions, fuel composition
and water compositions among other factors.

Figure 3-1: Schematic showing the various reactions that can potentially take place when there is a breach in the cladding
and water gets in contact with the SNF in a geo repository (Source: (Ewing, 2015))

Rodney C. Ewing discusses Grambow et al.’s schematic from the Euratom 2000 report (Figure
3-1) giving a detailed picture of the different competing reactions that occur when SNF is
exposed to groundwater in an oxidising environment (Ewing, 2015; Grambow et al., 2000).
The major dissolution steps involve (b) beta, (g) gamma and (a) alpha driven radiolysis that
produce both oxidising and reducing agents. The oxidising agents go on to corrode the surface
UO2 in a two-step electron transfer process, summarized as follows:
𝑈𝑂& → 𝑈𝑂&:# → 𝑈𝑂&&: → 𝑈𝑂' ∙ 𝑦𝐻& 𝑂
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The uranyl U(VI) ion readily forms alteration products, uranyl oxide hydrates, and eventually
uranyl silicates, carbonates and phosphates with ligands present in the water (Wronkiewicz et
al., 1996). This complex phenomenon is discussed more in Chapter 4. The figure also shows
plutonium and minor actinides precipitating along with UO2. The oxidative dissolution process
summarized above was for UO2. While this mechanism has been widely studied, there still
exists discrepancies in the precise reaction mechanisms and rate dependence on transuranic
inclusions and grain boundary density. Further, the solubility of different SNF constituents is
understood to be a function of their respective redox potentials and will be different to that of
UO2. PuO2, for example exhibits four different oxidation states with literature claiming
dissolution observed in both oxidising and reducing environments (Maher et al., 2013; Madic
et al., 1992). SNF also consists of other trans uranium elements, fission and activation products
as a result of fission reactions and radioactive decay (Kleykamp, 1985).
Uranium dioxide is stable in its U(IV) state as UO2 and has a cubic fluorite structure that is
unique to other actinide dioxides like ThO2, PuO2, NpO2. Ceria (CeO2) has widely been used
as a non-radioactive analogue for characterisation and post irradiation analysis of actinide
dioxides due to its similarity in the cubic fluorite structure and lattice constant. This was already
discussed in the previous chapter. CeO2 also has its resemblance to UO2 in terms of its crystal
structure, irradiation tolerance, melting point, lattice parameter and thermal diffusivity (Ye et
al., 2013; Aidhy et al., 2011). Ceria is stable as cerium(IV)oxide (CeO2) and
cerium(III)oxide(Ce2O3) in the two oxidation states of cerium, which form a redox couple
(TROVARELLI, 1996). The use of ceria in nuclear fuel research has found other potential
avenues of late, with studies on dissolution and adsorption looking at the 4+ oxidation states
similar to uranium and the 3+ and 4+ oxidation states similar to plutonium oxides of interest
(Aidhy et al., 2016; Corkhill et al., 2016b; Alexandrov et al., 2011). The enhanced solubility
rates of U(VI), UO22+ (uranyl) ions compared to UO2 in its U(IV) state is well established. This
has led to dissolution experiments focussing on corrosion of SNF for long-term storage, being
conducted at the 4+ oxidation state of the oxide fuels under reducing environments, through
the exclusion of oxygen, mimicking geo repository conditions. Thus, ceria is gaining popularity
for dissolution tests as a surrogate in its cerium(IV)oxide(CeO2) form which is also not redoxsensitive for post characterisation as in the case of UO2 (Stennett et al., 2013).
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The evolution of radioactivity in SNF over its lifetime (from cooling ponds to geological
repositories) shows that gamma radiolysis driven dissolution will be of initial concern which
will then be followed by the longer duration alpha radiolysis. Moreover, Christensen and
Sunder have listed and compared corrosion rates from various alpha, beta and gamma
radiolysis-driven dissolution experiments and shown how corrosion rates from alpha sources
in water are lower than similar dose rates of beta and gamma driven dissolution experiments
(Christensen and Sunder, 2000).
The dissolution process has thus been identified as a consequence of radiolysis causing changes
in the local redox and pH chemistries in the vicinity of SNF (Obodovskiy, 2015). Major studies
looking at dissolution of SNF have adopted different approaches to mimic radiolysis in order
to drive the dissolution process - by exposing external alpha sources , by using a-doped UO2
samples (RADFUEL) (Ollila K., 2011; Muzeau et al., 2009; Sunder et al., 1990; Bailey et al.,
1985), by having UO2 electrodes and electrochemically causing and maintaining radiolytic
environments by specific ion scavengers (Seibert et al., 2011; Miserque et al., 2001; Sunder et
al., 1988, 1989, 1992), and by adding H2O2 and other molecular radiolysis end products to the
water-UO2 system (Sunder et al., 2004; Shoesmith and Sunder, 1991).
Under the scope of this research, gamma induced radiolytic dissolution is of major concern.
Electrochemical corrosion studies looking at gamma-induced-radiolysis-driven dissolution
have been carried out by Sunder et al. and Christensen(Sunder et al., 1988, 1989, 1992;
Christensen, 1990). The studies use Ar, N2O and O2 purged solutions to maintain radicals in
deaerated and oxygenated conditions. The results looking at the dissolution of UO2 in irradiated
H2O2 solutions have shown that the decomposition of H2O2 led to a quicker oxidation of UO2
to UO2.33 compared to solutions containing equal concentrations of O2 (Shoesmith et al., 1985),
thus signifying the role of hydrogen peroxide in SNF dissolution. The study also showed that
there is a dependence of pH in the oxidation process. Recent approaches to study beta and
gamma radiolysis have moved on from electrochemistry and are looking at fundamental
surface physics using more realistic irradiation sources that can also help in analysis. Asghar
et al. have used a ‘liquid-cell’ TEM to irradiate cerium dioxide nanoparticles with electrons in
the presence of a layer of water driving beta radiolysis (Asghar et al., 2017). The results have
recorded significant dissolution rates which are attributed to the radiolysis products that cause
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a reduction in Ce(IV) to Ce(III). Ross Springell et al. have introduced a novel approach using
synchrotron X-rays to drive radiolysis in water and induce radiolytic corrosion on thin film
samples (Springell et al., 2015). This is done by exposing thin film samples of UO2 to an intense
beam of monochromatic X-rays over a droplet of water. The results show that the dissolution
of UO2 was restricted to the beam path of the X-rays, thus showing the requirement of a
radiolytic environment for inducing corrosion, but more importantly, how the phenomenon is
localised and driven by interactions at the surface. The study, however, does not give the
precise mechanism of corrosion. Further, the dependence of corrosion in the presence of factors
such as varying pH and sample lattice modifications remain unanswered.
Among the various experimental techniques discussed thus far, Ross Springell and group have
devised a method to cause and probe radiolytic dissolution with sub-micron accuracies using
thin films. This approach has been adopted in this study wherein the thin film samples act as
idealised spent fuel surfaces. The thin film work on UO2 seen earlier (Springell et al., 2015)
has been expanded by S Rennie et al., 2018; Rennie, 2017, Bright, 2019 and Bright et al., 2018
by adding complexities to the thin film surfaces. Rennie et al. takes advantage of the thin film
epitaxy by looking at the role of crystal orientation on dissolution kinetics and Bright et al.
have expanded the study on accident tolerant fuel surfaces such as uranium nitrides. This study
primarily builds on the work using thin film surfaces and considers actinide fission product
inclusions as lattice modifications to look at (U, Pu)O2 systems. This is achieved by
incorporating cerium, a non-radioactive surrogate, into the UO2 matrix. CeO2 also has safety
and cost benefits over other possible substrate proxies.
Chapter 3 adopts two methods to induce radiolytic corrosion on the samples – the first method
uses the x-ray induced thin-film dissolution technique coined by Springell et al., 2015 where
synchrotron x-ray sources have been used to produce radiolysis on a droplet of water. G-values
have been calculated by Springell et al. for radiolysis induced by the synchrotron x-rays and
the corresponding H2O2 concentration has been seen to increase by 7 x 105 moles per second
under 17.116 keV in the X-MaS beamline setup at the ESRF(Rennie, 2017; Springell et al.,
2015). A similar setup has been adopted in all the experiments and the same value is expected
in all of the synchrotron-based experiments discussed in this thesis.
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Figure 3-2. Graph showing the radiolytic yields of H2O2 as a function of distance from the solid-fuel interface for failed fuel.
The G-values used for the calculations are 0.10, 0.078 and 0.07 (µmol/J) for 𝛼, 𝛽 𝑎𝑛𝑑 𝛾 radiation respectively. Graph taken
from (Dzaugis et al., 2015).

Taking a (G-value) yield of H2O2 from 𝛾-radiation as 0.073 µmol J-1, Dzaugis et al. have
calculated the H2O2 production from failed fuel as a function of distance from the solid-water
boundary for a 20-year old UO2 spent fuel with 55 GWd/MTU burnup (Figure 3-2) (Dzaugis
et al., 2015). The calculations show a maximum yield of 0.55 µM of H2O2/sec at 1µm from the
fuel-water interface. This is significantly lesser as compared to the concentrations calculated
for synchrotron x-ray induced production rate of H2O2 as discussed above. This is seen as a
consequence of the attenuation of radiation due to the wide solid angle geometry used by
Dzaugis et al. for their calculations. The approach adopted in this study can thus be justified as
being conservative and representative of more recent fuel when the radioactivity values are
much higher and so is the average radiolytic product yield. The second method, used in Chapter
3, involved exposing the samples to 0.1 M H2O2 solutions, which is an end radiolytic product.
Studies on SIMFUELs have shown the corrosion phenomenon is influenced by fission product
inclusions (Shoesmith et al., 1996). Talip et al. have recently looked at oxygen diffusion in (U,
La)O2+x mixed oxides at various concentrations of La doping (Talip et al., 2015). It was shown
that the air oxidation process is different for La-doped uranium, suggesting that dissolved
fission products can modify the oxygen kinetics of spent fuel. This is supported by Corkhill et
al. using CeO2 to show the influence of lattice modifications on spent fuel dissolution kinetics
(Corkhill et al., 2016b). The authors also highlight the dearth of experimental results. Eloirdi
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et al. have shown the presence of Ce to inhibit uranium oxidation and U to inhibit Ce reduction
in a solid solution (Eloirdi et al., 2018). The observed influence of the reduction and
oxidation properties of uranium and cerium in the mixed oxide films (U, Ce)O2 shown by
Eloirdi et. al., may have important consequences while considering the dissolution models of
complex spent fuel surfaces. We aim to explore this influence and its effect on dissolution and
further elucidate dissolution mechanisms in realistic fuel surface compositions.

3.3 Theory
This section covers the main concepts that will serve as a pre-requisite to understand the
purpose, design and conceptualisation of experiments discussed in this chapter. It begins with
a brief introduction on the specific SNF components considered in this study and compares
their atomic lattices based on similarities and differences; thereby justifying the approach. The
later part of the chapter discusses the thin film approach and how the films act as idealised
spent fuel samples in this study. This is followed by some fundamentals of thin film growth
and a brief overview of the techniques used to grow and characterise the samples used in this
study.

3.3.1 Oxides in SNF
As discussed in Chapter 1, SNF comprises of actinides and lanthanides that co-exist as oxide
phases and solid solutions in the UO2 lattice. The focus of this chapter is the corrosion
behaviour of such oxide phases and solid solutions. This is achieved by studying UO2 and
CeO2, a non-radioactive surrogate of higher actinide oxides such as PuO2. In addition, CeO2
can also be present as independent oxides in the fuel matrix, making the approach relevant in
advancing the studies looking at SNF dissolution of ‘idealised’ scenarios. This section talks
about the chemical composition, structure, redox properties and arrangement seen in UO2 and
CeO2 leading on to (U, Ce)O2 mixed oxides.
Uranium exhibits 4+, 5+ and 6+ oxidation states and can form stable oxides as UO2, U4O9,
U3O8 and UO3. UO2 is stable at room temperature and is the most prevalent phase in SNF under
normal conditions. The uranium atom has a 4+ oxidation state in UO2 and is bonded to eight
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oxygen atoms in a cubic fluorite lattice structure (unit cell shown in Figure 3-3). The face
! ! !

centred cubic lattice of uranium atoms with oxygens occupying the (; , ; , ;) positions is defined
by the space group Fm3m with a lattice parameter of 5.47 Å (Jollet et al., 1997). It has an
average molar mass of 270.027 g/mol and a density of density of 10.97 g/cm3 (Belle, 1961).

Figure 3-3. A schematic representation of the cubic fluorite structure seen in uranium dioxide. Uranium atoms are shown in
grey, and the oxygen atoms are shown in red. Image made on VESTA software.

Under oxidising conditions, uranium forms a host of metastable and stable phases in the
uranium-oxygen system. The phase changes also result in changes in the physical properties of
the oxides, one of which is the solubility limit of uranium in the phase. For example, uranium
is essentially insoluble in UO2, however, UO2 oxidises into a uranyl ion UO22+ under oxidising
conditions changing the uranium ground oxidation state to 6+. In this state, uranium is readily
soluble in water as the uranyl ion corrodes. The different stages of UO2 oxidation are explained
by Shoesmith as a function of the corrosion potential (ECORR) (Figure 3-4). Here, the corrosion
potential, ECORR, is the potential at which the anodic and cathodic currents are equal (and
opposite in magnitude), and equal to the corrosion current, ICORR, according to the mixed
potential theory (Shoesmith, 2000). A detailed review of the different uranium oxide systems
and their reactions is given by Idriss and the reader is referred to this for further detailed
information (Idriss, 2010).
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Figure 3-4. The oxidative corrosion phase - timeline seen in UO2. Figure from (Shoesmith, 2000).

The applicability of CeO2 as a surrogate for actinide dioxides, especially PuO2, has already
been discussed in the previous sections where it was introduced primarily as a physical
surrogate. The focus now moves into the chemical issues of SNF dissolution as introduced in
Section 1.3. Cerium, like most lanthanides, exhibits 3+ and 4+ oxidation states forming stable
oxides - CeO2 and Ce2O3. Cerium oxides also form fluorite structures with Ce atoms in a cubic
closed pack array and the oxygen atoms occupying the tetrahedral holes. The lattice parameter
of CeO2 is 5.41Å. Figure 3-5 shows the unit cell of CeO2 which has a similar structure to UO2
(Figure 3-3) exhibiting the Fm3^m space group structure with the cerium atoms in face centred
cubic positions and oxygen atoms in tetrahedral positions. CeO2 forms non-stoichiometric
CeO2-x under reducing conditions at elevated temperatures. Ce3+ has been studied as being
more soluble as compared to CeO2. However, the system is seen to quickly react with oxygen
in air or water to go back to the 4+ state as CeO2. The lattice is prone to having lots of oxygen
vacancies albeit retaining its fluorite crystal structure (TROVARELLI, 1996).
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Figure 3-5. A schematic representation of the cubic fluorite structure seen in cerium dioxide. Cerium atoms are shown in
green, and the oxygen atoms are shown in red. Image made on VESTA software.

(U, Pu)O2, mixed oxide fuels have been developed and used in commercial reactors or research
reactors for the last several decades. In spent fuel, actinides often exist as solid solutions in
uranium oxides substituting the uranium atoms due to isostructurality. Mixed uraniumplutonium oxide accumulates in SNF as plutonium atoms are transmutated from U238-neutron
reactions (NRC Library, 2020). The corrosion behaviour of uranium-cerium mixed oxide
systems has been studied in this chapter to understand the corrosion behaviour complex SNF
surface compositions. (U, Ce)O2 mixed oxides have been studied in the past as surrogates for
(U-Pu)O2 systems due to Ce sharing the oxidation states of plutonium (Venkata Krishnan et
al., 2011; Kumar et al., 2004; Martin et al., 2003). In addition, cerium is also formed as fission
product inclusions in SNF, forming solid solutions with UO2 (Ewing, 2015). The solid solution
of uranium and cerium oxides form by having a charge transfer between U4+ and Ce4+ leading
to the stable formation of U5+ and Ce3+ in the matrix (Eloirdi et al., 2018; Hanken et al., 2011;
Bera et al., 2009). This phenomenon poses important consequences to the oxidative dissolution
model observed in uranium oxides and forms the major problem addressed in this chapter.
Figure 3-6 shows a schematic representation of the uranium-cerium mixed oxide lattice unit
cell with the cerium atoms shown in green, the uranium atoms in grey and the oxygen atoms
in red. The uranium and cerium atoms are shown as halves to represent the probability of either
of them occupying the particular site. Rüdorff and Valet have done some early work on (U,
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Ce)O2 systems in the 50s (Rüdorff and Valet, 1953). They compared the lattices of pure UO2
and CeO2 to that of (U, Ce)O2 showing that the mixed oxide follows the Vegard’s law and
exhibits a lattice constant that lies between that of UO2 and CeO2. However, deviations from
the Vegard’s law were observed by Rüdorff and Valet and Markin et al. (Markin et al., 1970)
at various Ce mol%. Yamada et al. compare the physicochemical properties of (U, Ce)O2 with
(U, Pu)O2 showing that there exists a homogenous region of the cerium – uranium – oxygen
solid solution system with a fluorite matrix that is similar to the uranium-plutonium-oxygen
system (Yamada et al., 1998). A charge transfer between U(IV) and Ce(IV) is seen in the solid
solution resulting in the stabilisation of U(V) and Ce(III). This has been reported
computationally and experimentally in the past (Eloirdi et al., 2018; Hanken et al., 2011). The
3+ and 4+ oxidation states exhibited by Ce and the ability to form homogenous solid solutions
with uranium and oxygen lets (U, Ce)O2 makes it comparable to (U-Pu) mixed oxides as shown
by Eloirdi et al.

Figure 3-6. A schematic representation of the cubic fluorite structure seen in uranium – cerium mixed oxide (MOX). Cerium
atoms are shown in green, the uranium atoms in grey and the oxygen atoms are shown in red. Here, the uranium and cerium
atoms are shown as halves so as to represent the probability of either of them occupying that particular site. In a substitutional
solid solution of (U, Ce)O2 the U:Ce atoms coexist in a specific %mass composition. Image made on VESTA software.
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3.3.2 Thin films
Thin films are layers of atoms that have a thickness ranging from a few angstroms to several
nanometres supported on substrates. They have a wide range of industrial applications from
batteries to protective coatings. In material science research, thin films are often used to
understand certain characteristics of bulk materials. The advantage of using thin films to
understand material properties is the flexibility to alter film properties such as thickness, lattice
conditions, microstructure, stoichiometry, roughness and crystal properties among some, by
altering the conditions in which they are grown. The present study uses thin film samples as an
idealised surface of SNF to understand the fundamental characteristics of SNF dissolution and
address the gaps that have been discussed in Section 2. The advantages of using thin films to
study SNF surfaces have been discussed by Sophie Rennie (Rennie, 2017). This includes the
fact that in addition to providing ideal surfaces, the use of thin films also cuts down the
radioactivity to below background limits. This is a significant advantage when conducting
spent fuel experiments as it allows samples to handled, characterised, and transported between
universities and scientific facilities.
Thin films are grown or deposited on a substrate material through different techniques that can
be categorized as either physical vapour deposition (PVD) or chemical vapour deposition
(CVD) techniques. The deposited atoms sit atop substrate atoms by directly mimicking the
substrate crystallographic structure. When the substrate is a single crystal, the film grown is
usually also a single crystal. However, the growth can range from being a perfect overlapping
or perfect epitaxy to textured epitaxial films with in-plane mismatches and lattice
imperfections. Depending on the type of substrate used, there are two types of epitaxies –
homoepitaxy and heteroepitaxy. Homoepitaxy is when the film and substrate are of the same
material. This often results in perfect epitaxial growth of the thin film over the substrate.
Heteroepitaxy is when the film is grown on a different material but having a similar structure
to aid the film growth. In this case, depending on the lattice mismatch, the film can have a near
perfect lattice match or strained-layer epitaxy where the film can exhibit certain properties due
to the strained lattice. Lastly, when the lattice mismatch is large, there is relaxed epitaxial
growth where the film can have a different crystal structure due to defect formations to
accommodate for the strain relaxation (Martin et al., 2010).
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Figure 3-7. Schematic showing the different types of epitaxial film growth: (a) nearly perfect lattice match, (b) strained, and
(c) relaxed heteroepitaxial film growth. Figure taken from Martin et al.(Martin et al., 2010)

3.3.2.1 Thin Film Deposition Techniques
As mentioned above, there are two main vacuum based thin film deposition techniques –
Chemical vapour deposition (CVD) and physical vapour deposition (PVD).
CVD is adopted to grow high quality, uniform films in arbitrary geometries with a good
reproducibility over large growth surface area coverage. The technique involves having a fluid
precursor carry a complex organic molecule containing the film material. The precursor carries
the molecules into the reaction chamber where they break down due to the hot substrate, thus
forming films (Martin et al., 2010). CVD techniques can often involve complex chemical
reactions that take place during the growth and nucleation stages of the thin film formation and
are sensitive to temperature, pressure, carrier gas chemistries and surfaces for growing
homogenous films.
PVD techniques, on the other hand, involve vaporizing a specific material to form atoms that
maybe ionised or neutral depositing onto substrates to form films. This is done in vacuum
atmospheres with a specific inert gas (Ar+) environment that produces plasma. Ions from the
plasma are directed towards targets materials for the film causing individual atoms to sputter
out. These atoms are deposited onto the substrate placed opposite to the target (usually facing
down to avoid any contamination). PVD techniques rely on the mechanisms to provide the
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plasma or order to work and are also dependent on the substrate uniformity in order to frow
unfirm layers.
In this study, PVD of DC Magnetron Sputtering has been used to grow the sample films. The
films are grown in this manner have been observed to have a textured epitaxial growth with
some lattice mismatch.
3.3.2.2 Reactive DC Magnetron Sputtering

Figure 3-8. Schematic showing the basic working principle of a DC Magnetron Sputtering kit. Image taken from (Bright,
2019)

Figure 3-8 shows the schematic of the working principle of a DC Magnetron sputtering kit. In
this technique, the film is grown by having atoms condense onto a substrate held over a target
material of which the film is composed. The chamber is held at ultra-high vacuum with a low
pressure Ar gas atmosphere. The target material is held at a negative potential (cathode) and a
large voltage is applied to ionize the Ar gas into a plasma using a DC volt supply. The ions
are accelerated towards the cathode thus initiating a complex scattering process creating a
cascade of primary knock-on target atoms, liberating a part of the surface atoms and also
causing secondary electrons. These secondary electrons lead to further ionisation of the Ar gas
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close to the surface of the target, thus increasing the plasma density and sustaining the
sputtering cycle. The secondary electrons are trapped near the target material with the help of
an annular magnet below the material as seen in the figure.
The target atoms thus liberated gain sufficient momentum and travel across the Ar plasma to
condense onto the substrate material held at a specific temperature. The substrate is heated so
as to provide energy to the condensing atoms to move around and diffuse. This has shown to
improve the crystallinity of the film (S Rennie et al., 2018; Springell et al., 2015; Mirica et al.,
2004; Sürgers et al., 1994). The condensation process progresses in one of three modes - Frankvan der Merwe (layer by layer growth), Volmer-Weber (island growth) and Stranski Krastonov
(layer + island growth) explained in detail by Oura et al. (Oura et al., 2003). The rate of target
atoms deposited on the substrate can be controlled by changing the power supplied to the
cathode and by increasing the Ar gas pressure in the chamber. The later, however, results in
higher Ar atomic density, thus reducing the mean free path of the target atoms and thereby
affecting the total deposition rate due to increased backscatter (van Dijk et al., 1995). Higher
deposition rates will result in a lesser settling a diffusion time, resulting in bad crystallinity.
Although this is avoided by increasing the substrate temperatures, there is a considerable effort
to get an optimal temperature to deposition rate, for growing good crystalline films in a quick
and efficient manner. Optimum growth conditions are hence calibrated from system to system
and are often revised based on the aging and type of target.
The process of making oxide or films is done by either having oxide targets or adopting a
technique called reactive sputtering. This is simply the process of magnetron sputtering
mentioned above but in the presence of a reactive gas such as O2 while growing oxides or N2
while growing nitride films. The presence of oxygen allows the target atoms drifting towards
the substrate to form the oxide of that material and deposit as a compound. Higher partial
pressures of the reactive gases allow a higher probability of reactions to occur, and will thus
result in films with higher stoichiometry molecules (Bright, 2019).
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3.3.3 Characterisation techniques used in the study
This chapter discusses the various x-ray analysis techniques that were adopted to characterise
the thin film samples used throughout the study. Further, the section also highlights the
application of the techniques to this work by briefly summarizing the principles behind it.
3.3.3.1 X-rays
The electromagnetic spectrum that shows the entire range of frequencies (and wavelengths)
exhibited by a photon gives a small window to visible light but leaves a wide range of
frequencies that have over time been used to elucidate things far beyond the visible scale.
Today, high energy X-rays and gamma ray science is applied in a wide range of fields - from
understanding atomic bonds to curing cancer and studying neutron stars and black holes that
are light years away.

Figure 3-9. Schematic showing the main X-ray interactions with matter.

As seen in Figure 3-9, X-rays falling on a material can undergo scattering, adsorption, and
transmission; and the ratio between this phenomenon is dependent on the incident energy, the
type of x-ray and the nature and orientation of the sample. This study takes advantage of x-ray
scattering from thin films to probe the structure and lattice modifications as a result of
corrosion. X-rays scatter off a surface in two possible mechanisms as listed in Figure 3-9 –
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Elastic scattering, also known as Thomson scattering and inelastic scattering, also known as
Compton scattering.

Figure 3-10. Schematic showing the different x-ray scattering mechanisms by an atom. The red circle in the centre represents
the nucleus and the blue circles represent the electrons. a) Coherent scattering where the incident x-ray energy is conserved.
b) Incoherent scattering where the incident and emitted photon differ in energy and/or phase. Image adopted from (Wasik,
2020).

Coherent scattering occurs when the incident and emitted photon have the same energy and
phase. On the contrary, when the energy and/or phase of the emitted photon is different to that
of the incident photon, there is in-elastic scattering. These interactions can give vital
information regarding the structure, composition and chemistry of materials and hence are
probed using various techniques.
This work looks at elastic scattering of x-rays from thin film surfaces using analysis techniques
including X-ray Diffraction (XRD) and X-ray Reflectivity (XRR). X-ray analysis techniques
are carried out using x-rays produced in a standard laboratory x-ray tube. However, such
sources limit the capabilities of the analysis due to limited flux and wavelength. This led to the
development of synchrotrons sources which are capable of producing intense highly collimated
beams with tuneable wavelengths and at high fluxes. Both laboratory and synchrotron x-ray
sources have been used throughout this study.
The ESRF XMaS laboratory tube source used for the laboratory based experiments in this
chapter uses a copper micro-focus tube with a beam energy of 40 keV and collimated using an
ASTIX-c 2-dimension parallel beam multilayer mirror (XMaS X-ray Source, 2020). The
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synchrotron experiments were conducted at the XMaS beamline (BM28) at the ESRF and 33BM-C at the Advanced Photon Source at the Argonne National Laboratory. The reader is
referred to (APS, 2019) and (XMaS, 2021) for beamline source and diffractometer details.

3.3.4 Structural characterisation
As mentioned in Section 3.3.2, this study utilises thin films and the analysis techniques include
x-ray scattering. The previous section briefly touched on the different sources of x-rays and the
ones used in this study. This section will further look at the analysis techniques and explore
their capabilities.
Thin film characterization has developed as a branch of material science to study surface,
geometric and crystallographic characteristics of bulk samples. It has been gaining popularity
of late due to its potential in probing SNF– water interactions (Bright et al., 2018; S Rennie et
al., 2018; S. Rennie et al., 2018; Springell et al., 2015). Radiolysis driven corrosion or
dissolution over experimental timescales is restricted to a few microns into the surface of SNF
or any sample that is exposed to irradiated water. This limits the techniques that can be used to
study this phenomenon.
X-ray reflectivity is the main experimental technique used in this study. It stands out as an ideal
technique to look at thin films and evaluate corrosion damage as it is widely used to study
thickness, roughness and electron density, the properties, all of which will show a significant
change under corrosion damage. The extent of this damage can also be assessed by comparing
the reflectivity scans of pre-and post-radiolysed water exposed samples and fitting accurate
models of the reflectivity curves. High resolution X-ray diffraction is also used in the study to
provide complementary information relating to the structural composition of thin films.
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3.3.4.1 X-ray diffraction
The interaction of X-rays coming at an angle from planes of atoms perpendicular to the
scattering vector depend on the wavelength of the incident X-ray and the distance between
subsequent atoms. The intensity of the scattered X-rays also depends on the angle at which
they are observed (the specular angle at which they are bound to be in phase). This relationship
was discovered in 1912 by Lawrence Bragg who stated that the X-rays reflecting off
subsequent planes of atoms is an integral multiple of its wavelength.
𝑛𝜆 = dsinθ + dsinθ = 2𝑑𝑠𝑖𝑛θ
Where, 𝑛𝜆 is an integer multiple of wavelengths, d is the distance between successive planes,
and θ is the angle of incidence. The resulting interference pattern has since then been
extensively used to characterize and address issues related to crystallography of crystals and
powders alike.
The key to using X-ray diffraction to characterize thin films is in making the film appear to be
thicker. The intensities of the diffracted beam are infinitesimally small due to the fewer atoms
available to scatter X-rays unless the beam comes in a near glancing angle to the thin film
making it appear to look thicker. This is done by adjusting incidence angles and geometries
depending on the lattice plane orientations of the sample. Symmetrical reflection measurement,
in-plane diffraction measurement and asymmetrical reflection measurement are three
geometries of diffraction measurements used to characterize a wide variety of thin films. The
typical scans involve q-2q, q-q and the j scan which are used to probe the lattice in reciprocal
space. The samples used in this study have been characterised in specular reflection geometries
using longitudinal, 𝜔 − 2𝜃 scans.
A specular 𝜔 − 2𝜃 high angle scan has the incident angle fixed at half the value of 2𝜃, the
angle between the incident beam and the detector (Figure 3-11). This scan is conducted in steps
where the beam (or the sample) and the detector are rotated around the sample. The scattering
vector, ‘q’, which is the difference between the scattered wave vector Kf and incident wave
vector Ki, is perpendicular to the sample in this geometry and therefore the planes
perpendicular to the scattering vector are observed (expressed as shown in Equation 21). Here,
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the q is fixed in direction while the length of the vector in increased to scan the crystallites
aligned perpendicular to the surface.

Figure 3-11. Schematic representation of a specular scattering geometry shown in a) Real space and b)reciprocal space. ki
and kf are the incident and exit wave vectors, 𝜔 is the angle of incidence with respect to the sample surface and 2𝜃 is the angle
between the incident beam (extended into the sample) and the detector. 𝜑 is the angle of rotation in the plane of the sample
and 𝜒 is the angle of tilt perpendicular to the beam. The reciprocal space map (shown in b)) shows the directions scanned
through conducting a 𝜔 − 2𝜃 scan. Image taken from Rennie, 2017.

In addition to the specular 𝜔 − 2𝜃 scan discussed above, off-specular and rocking curve scans
give other vital information like the true in-plane crystallinity and mosaic spread of samples
respectively.
Developments in this area have made it possible to extend the capabilities of a diffractometer
to do a lot more than simple diffraction analysis. Thin film analysis often requires the ability
to reorient the sample with respect to the scattering vector by adjusting the three axes - w
(sample rotation axis), c (tilting axis) and j (in-plane rotation axis). Contrary to conventional
powder diffraction measurements where the q (or w) axis is controlled in conjugation to the 2q
(detector) axis, in thin film analysis, the sample rotation axis (w) is/can be controlled
independently. The rule of thumb here being more the degrees of freedom, better is the ability
to probe a wider, deeper lattice orientation while characterizing the sample (Diffraction and
Beyond: Thin Film Analysis by X-Ray Scattering - YouTube, 2015).
The data obtained from the XRD scans was analysed using the Line Profile Analysis Software
(LIPRAS) by Esteves et al., 2017. The software enables peak fitting through least squares
method and an error analysis on the fitting parameters using a Bayesian interface analysis on
least-squares results using Markov Chain Monte Carlo algorithm. Peak fitting is done in order
to extract vital information such as the position, full width at half maximum (FWHM), area,
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and intensity of individual peaks from the XRD data. Data is fit by initially defining the
background intensities using polynomial or spline functions and then defining peak shapes that
can be either of the following:
1. Gaussian:
!

𝐺(𝑥) =

𝐶< &
√𝜋𝐻

exp(−𝐶< 𝑥 & )

Where, H = FWHM
𝑥 = 2𝜃= − 2𝜃> /𝐻>
2𝜃= and 2𝜃> are the Bragg angle of the ith point and the calculated Bragg angle of the kth
Bragg reflection, Hk is the FWHM of the kth peak, and CG = 4ln(2).
2. Lorentzian:
!

C* &
𝐿(𝑥) =
(1 + 𝐶* 𝑥 & )8!
𝜋𝐻
Where, C* = 2.
3. Pseudo-Voigt:
𝑃𝑉(𝑥) = 𝜂𝐺(𝑥) + (1 − 𝜂)𝐿(𝑥)
This is a linear combination of 1. and 2. Functions above, where η is the pseudo-Voigt
function mixing parameter that defines the weighting between the two functions.
4. Pearson VII:
𝑃𝑉𝐼𝐼(𝑥) =

Γ(𝛽)

!

𝐶? &

1
Γ(𝛽 ) − 2 √𝜋𝐻

(1 + 𝐶?# & )8@

where Γ is the gamma function, and β exponent describes the tails of the function: β= 1 is a
Lorentz function and with increasing β the function resembles a Gauss function.
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Figure 3-12. Example of a high angle data fit showing the contribution from broad Gaussian components (green and

blue) and a narrow Pseudo-Voigt (purple) component. Overall fit is represented by the blue line. This data is
from sample SN1564 ((001) CeO2).

Figure 3-12 shows the LIPRAS fitting for an XRD profile, highlighting the different
contributions from the various functions used to fit the data. The functions presented here are
symmetrical and are used by trying out the best fit based on the shape of the peak. Gaussian
distribution of the diffraction intensity, seen here for the (001) CeO2 film peak, is best fitted
with the Gaussian function. Meanwhile, the sharper substrate intensities of (001) YSZ are
usually fitted using the Lorentz function. The Pearson-VII function allows to adjust the tails by
varying the β parameter. After optimising the fit parameters in LIPRAS, the outcome was
exported into Microsoft Excel to produce graphs and calculate the respective lattice constants.
3.3.4.2 X-ray Reflectivity
X-ray reflectivity (XRR) is an analytical technique used to characterize surfaces. The technique
works on the principle of constructive interference between reflected X-rays from the interfaces
in a sample making it an excellent technique to probe buried surfaces. Specular XRR is used
in this instance, to study film thickness, the mean surface and interface roughness and the mass
(electron) density of the film, to a resolution in the order of a few angstroms (Å). This subsection introduces the technique with a brief explanation of the theory. However, the reader is
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referred to ‘Elements of Modern X-ray Physics’ by Als-Nielsen and McMorrow(Als-Nielsen
and McMorrow, 2011) for a more thorough explanation.

Figure 3-13. Schematic showing the reflection and transmission of x-rays incident on a surface.

Figure 3-13 shows the schematic of a material with a refractive index ñ. X-rays are incident on
the material with a certain incident angle 𝜃i, reflected angle 𝜃r and transmission angle 𝜃t.
The refractive index is given by the equation:
ñ = 𝟏 − 𝜹 − 𝒊𝜷
Equation 8

Where,
1.

𝛿=

A0 B' 3'
&C

, is the component responsible for the scattering mechanism where 𝜆 is the

wavelength of the x-ray beam, 𝜌2 is the electron density of the material and 𝑟2 is the
classical electron radius.
E B
2. 𝜌2 = 𝑍. F1 , is the total number of electrons in the material which is the number of
electrons Z multiplied by the number of atoms per unit volume.
A

3. 𝛽 = ;C 𝜇 , denotes the imaginary absorption part with 𝜇 being the coefficient of
absorption of the material.

For specular reflection, 𝜃i = 𝜃r.
Applying Snell’s Law:
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𝒏𝒂𝒊𝒓 𝒄𝒐𝒔𝜽𝒊 = ñ𝒄𝒐𝒔𝜽𝒕
Equation 9

Assuming no absorption to start with, the refractive index becomes:
ñ = 𝟏 − 𝜹.
Equation 10

Also, nair = 1. Hence,
𝑐𝑜𝑠𝜃𝑖 = (1 − 𝛿)𝑐𝑜𝑠𝜃𝑡
Equation 11

Figure 3-14: Conditions for total external reflection (𝜃! ≤ 𝜃" ) where 𝜃" is the critical angle.

Figure 3-14 represents conditions of total external reflection when the angle of incidence is
very small. When the grazing incidence angle is lower than the critical angle, x-rays are
completely reflected off the surface (total external reflection). Under total external reflection,
there is no transmission and the (critical) incident angle can be written as:
𝑐𝑜𝑠𝜃. = (1 − 𝛿)
Equation 12

Expanding 𝑐𝑜𝑠𝜃. for very small 𝜃. ,
𝜃. &
1−
=1−𝛿
2
Equation 13

or,
𝜽𝒄 = 𝟐𝜹
Equation 14
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Hence, critical angle in a reflectivity profile is proportional to the electron density of the
material.
The Fresnel reflection coefficient r for specular reflection is given as:

𝑟=

𝑛0=3 𝑠𝑖𝑛𝜃= − ñ𝑠𝑖𝑛𝜃L
𝑛0=3 𝑠𝑖𝑛𝜃= + ñ𝑠𝑖𝑛𝜃L

Equation 15

Rewriting Equation 15 by substituting the transmission angle from Equation 9,

𝑟=

𝑠𝑖𝑛𝜃= − ‚ñ& − 𝑐𝑜𝑠 & 𝜃=
𝑠𝑖𝑛𝜃= + ‚ñ& − 𝑐𝑜𝑠 & 𝜃=

Equation 16

Squaring Equation 10 and rewriting it based on Equation 14, we get:
ñ& = 1 − 𝜃. &
Equation 17

We do not consider the 𝛿 & term in the above expression as 𝛿 and 𝛽 are extremely small
values.
Rewriting the Fresnel reflection coefficient in Equation 15 in terms of Equation 17, we get:

𝑟=

𝜃= − ƒ𝜃= & − 𝜃. &
𝜃= + ƒ𝜃= & − 𝜃. &

Equation 18

Reflected intensity, R(𝜃) is given by:
&
&

&

𝜃= − ƒ𝜃= − 𝜃.
„
„„
𝑅(𝜃= ) = 𝑟𝑟 = „
𝜃= + ƒ𝜃= & − 𝜃. &
∗

Equation 19

119

Bringing back the absorption coefficient, 𝛽, the Fresnel reflection (R) can be written as:
&
&

𝑅(𝜃= ) = 𝑟𝑟 = „„
∗

&

𝜃= − ƒ𝜃= − 𝜃. − 2𝑖𝛽

„„

𝜃= + ƒ𝜃= & − 𝜃. & − 2𝑖𝛽

Equation 20

The scattering vector, q, is given as:
𝑞=
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Equation 21

Rewriting
Equation 20 in terms of q, we get:
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Equation 22

𝑎𝑠 sin 𝜃 ≈ 𝜃 𝑓𝑜𝑟 𝑔𝑟𝑎𝑧𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒𝑠
Thus, Equation 20 and Equation 22 give the expression of the behaviour of the XRR profile.
Applying bounds to the Fresnel reflection for different conditions, we have:
2. When 𝑞 > 𝑞. , R=1
3. When 𝑞 = 𝑞. , R falls down sharply meaning, the detected intensity reduces
- 0

2
4. When 𝑞 > 3𝑞. , 𝑅 = !N3

This gives a rate of decay of intensity as a function of q or 𝜃:

𝑅∝

1
1
∝ ;
;
𝑞
𝜃

Equation 23
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In Figure 3-15, the x-rays start penetrating the film when the angle of incidence (q) goes beyond
the critical angle (qc). Since we get a reflection at every interface that has a different refractive
index, the beam of x-rays goes on to get reflected by the film substrate interface. In other words,
we get reflections from each interface that has a different electron density.

Figure 3-15: Schematic depicting X-ray reflectivity when 𝜃! > 𝜃"

The path difference from the reflected x-rays at each interface will constructively of
destructively interfere to produce the characteristic Kiessig fringes seen in a reflectivity profile
in Figure 3-16. The thickness of each layer that produces these Kiessig fringes can be calculated
from the reflectivity profile by comparing the fringe separation (Δ2𝜃) to the Bragg’s condition.
Hence, film thickness, d, can be deduced as:

𝑑=

𝜆
2(Δ𝜃)

Equation 24

The reflectivity described so far is for but an ideal system with no interfacial roughness. This
is, however, not the case as the film growth characteristics shows high roughness values as
discussed in Section 3.3.2. To account for those imperfections, the reflectivity multilayer with
interface is considered as the product of the intensity from infinitesimally small ideal
multilayers, RI (Q) and a factor associated with an electron density gradient across the
interfaces. This gives the reflectivity intensity for a graded interface as:
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Equation 25

The derivation discussed in this section is for a single layer system. A multi-layer system as
shown in Figure 3-16 gets complicated to derive and requires a computer-based Parratt
formalisation to deduce individual layer characteristics.

Figure 3-16: Information provided by an X-ray reflectivity profile (Miho Yasaka, 2010).

The data from XRR can be analysed by direct measurement, a Fourier transform and
subsequent peak analysis or by data simulation and modelling to fit the XRR curves obtained
from an experiment. The reflectivity data obtained in this study is analysed using GenX, a
program developed by M. Björck and G.Anderson that utilises the Parratt recursion method to
simulate reflectivity and a differential evolution algorithm for fitting the data (Björck and
Andersson, 2007). The software also considers instrument resolution, beam footprint and
sample lengths as parameters during the fit.
In order to fit the data, a model of the sample is created as a layered structure with each layer
described by the composition, scattering length density, thickness and the root mean squared
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interfacial roughness. GenX calculations are based on scattering length density (SLD) of a
material, which is essentially the scattering length multiplied with the density of the material.
The reader is referred to the GenX user manual for a fuller description of the SLD and ways to
calculate it (Björck and Andersson, 2007). The sample density used in Gen X is recalculated
from g/cm3 to units per Å3 as:
𝑘𝑔
)
𝑚'
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
1.66054 × 10' × 𝑢R.0LL
𝜌(

Equation 26

Where 𝑢R.0LL is the total atomic mass of the elements in a layer. The substrate layer is modelled
with infinite thickness and subsequent layers are added based on the film sample. Further, the
instrument resolution and beam footprint are set to calculate a modelled reflectivity intensity
based on the layered sample. The experimental data is then loaded into the software and all
sample parameters except for the densities (per Å3) and substrate parameters are allowed to
vary until a good fit is observed between the experiment and the model. A figure of merit
(FOM) is calculated from the fit, giving a difference between the calculated model and the raw
data. The error is also calculated on each parameter, by finding the range within 5% increase
of the figure of merit (FOM).

3.4 Experiment
As mentioned in the last section, the main focus of this chapter is to expand on the thin film
approach (Springell et al., 2015) to define SNF dissolution and probe the effect of fission
product inclusions such as CeO2 in the SNF dissolution phenomenon. Additionally, a thin film
dissolution cell has also been designed, customized and a working protocol developed; to
conduct dissolution experiments at synchrotron facilities using more advanced samples having
higher uranium concentrations in the thin films and needing containment.
Three separate corrosion experiments were conducted using thin film samples as part of this
study – the first experiment looked at CeO2 dissolution in a radiolytic (combined redox)
environment and in the presence of high oxidising agents such as perchloric acid (HClO4). This
served as the basis of sample development as the performance of CeO2 under radiolytic
conditions were better understood. The second set of experiments involved understanding the
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influence of Ce in a UO2 matrix. This was achieved by growing U-Ce mixed oxide (MOX)
samples and using an artificial end radiolytic product (H2O2) to corrode the samples. Lastly,
the H2O2 dissolution experiments were repeated in an actual radiolytic environment where
synchrotron x-rays were used to induce radiolysis on a droplet of water (as explained in Section
3.5.3) placed over the film. The final radiolytic dissolution experiments were conducted in a
radioactive containment cell that was designed by the author, and custom made at the Materials
Workshop at the Open University, UK.
This section begins by describing the sample preparation starting with the DC Magnetron
Sputtering kit used in this study. It also consists of the thin film deposition protocols followed
and information of the various samples that were grown for the study. This is followed by a
detailed description of the dissolution experiments involving experimental protocols, apparatus
design, some issues encountered during the setup of the experiment and the design
modifications adopted to solve them.

3.4.1 Sample preparation
The samples used in this study, unless specified otherwise, were grown using the DC
Magnetron Sputtering (See Section 3.3.2.2) kit at the University of Bristol seen in Figure 3-18.
Single crystal thin films of cerium dioxide were also procured from MTI Corporation for the
experiments mentioned in Section 3.5.1.
The kit consists of two parts - the main chamber and the loading chamber which are connected
using a manual gate valve. The two chambers are maintained in UHV with the main chamber
always maintained at 10-10 mbar and the loading chamber operated at 10-8 mbar after loading
the substrates. The UHV pressures are required to protect the film samples from contamination
and to maintain high quality and reproducibility. The chambers are pumped down using
turbomolecular pumps which are backed by oil free scroll pumps.
Substrates are loaded into the cradle holder in the main chamber using a manipulator arm that
extends from the loading chamber to the main chamber. The loading arm consists of a custommade molybdenum plate with a recess of 12 x 12 mm and secured using molybdenum clips.
This allows heating the substrate to high temperatures (~700oC) before sample growth. The
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substrate heater was custom made with NiCr wires and aluminium oxide tubing, similar to the
adsorption rig crucible heater discussed in Chapter 2. The feedback loop is through Type K
thermocouples that are fed into a PID setup. Higher temperatures assist in ensuring good
epitaxy and nucleation and is hence an important step in the growth of thin films, as shown in
Figure 3-17. It is ensured that oxide films are grown at temperatures below 1000 oC in order to
prevent oxidation of the heater wires. The loading arm extends into the main chamber for
transferring the substrate and retrieving the film after it is sputtered. The procedure involves
isolating the loading chamber from the main chamber by closing the gate valve, venting the
loading chamber in a nitrogen back pressure of ~0.2 mbar and opening the quick release flange.

Figure 3-17. Evolution of texture as a function of deposition temperature for CeO2 films on (001) YSZ substrates seen from an
𝜔scan of the (001) peak. Figure taken from Savvides et al., 2001.

The main chamber houses four DC magnetron sputter guns directed towards a sample substrate
holder on the top. The sputter guns always remain closed by shutters, except when it is
sputtered for the particular film growth. The shutters are controlled using LabVIEW software
providing effective control for co-deposition or multilayers. The substrate holder is also
covered with a manual shutter (Figure 3-18) in order to avoid any contamination when it is
annealed before film growth. The substrate plate is placed into a cradle in the main chamber
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which can be adjusted in the z-axis (Figure 3-19). This allows to increase or decrease the
distance between the substrate and the target. Typically, the distance is fixed to a maximum
sputter distance achievable by the target material and power and is usually about 30 cm for the
uranium and cerium targets.

Figure 3-18. The DC Magnetron Sputtering kit used for growing the thin film samples. Figure taken from (Bright, 2019)

The films are grown by reactive DC magnetron sputtering, meaning the sputtered atoms are
made to react with a certain gas before being deposited onto the substrate, as mentioned in
Section 3.3.2.2. A gas manifold with compressed gas bottles is attached to the main chamber
through manual leak valves for controlled dosing (Figure 3-19) of the ionising and reactive
gases. Gas pressures are measured using ion gauges in the main and loading chambers. Oxide
films were grown for this study under an oxygen pressure of 2.0E-05 mbar. The reactive gas
pressure is set to stabilize first before the sputtering gas (Ar) is introduced as this is less
sensitive to the film chemistry, provided the desired deposition rate is achieved. Argon gas is
fed in through another leak valve at 7.0E-03 mbar pressure before switching on the magnetron
and target shutters.
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Figure 3-19. Main chamber of the DC Magnetron Sputtering kit at the University of Bristol.

Uranium and cerium targets were co-sputtered for growing the mixed oxide films. Initially,
individual CeO2 and UO2 thin films were grown at different power settings to achieve
deposition rate curves as seen in Figure 3-20. The sputtering rates seen here are specific to the
equipment and is subject to variations over the lifetime of the target and other variables in the
kit. However, it is inferred from the working principle that the rate increases with the power
given to the DC circuit and this is seen to be in a linear relation in Figure 3-20. This is used to
obtain deposition curves for fixed time periods to obtain a standard deposition rate for each
target. Uranium - cerium mixed oxides were then grown at various uranium-to-cerium ratios
by co-sputtering at the respective powers as obtained from the deposition curves (Figure 3-20).
Hence, three mixed oxide films of an average thickness of 100Å were grown at U:Ce sputtering
ratios of 1:1, 0.25:0.75 and 0.75:0.25 by varying the individual powers supplied to the two
targets and opening the target shutters for co-deposition. The films were all grown at 700oC
and were annealed in the main chamber after they were grown. There are discrepancies
involved in the assumption that the sputtering ratios are in fact the solid solution ratios as there
are systematic and random errors arising from the equipment, rate calculations and deposition
characteristics of uranium and cerium.
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Figure 3-20. Deposition rate vs power for UO2 and CeO2 targets in the DC Magnetron Sputtering kit at the University of
Bristol

The epitaxy of the grown films was checked in-situ using a Reflection High Energy Diffraction
System (RHEED). This consists of an electron source that is positioned at a grazing angle to
the sample, facing a phosphorescent screen. The electron beam reflects off the thin film surface
to produce a pattern on the phosphorescent screen. A single crystal films will result in bright
spots due to interference effects and the symmetry of this can be investigated by rotating the
sample and observing the pattern.
Figure 3-19 shows the window through which the RHEED signal is measured in the sputtering
kit. RHEED signals were checked before and after growing the mixed oxide samples to confirm
a homogeneous epitaxy of uranium and cerium. The RHEED system consists of an electron
gun and a fluorescent screen in line with the gun and the sample. The electrons interfere with
the atoms in the sample surface and produce a pattern only for crystalline surfaces. In the case
of single crystals, the patterns will change their position while the sample is rotated. This
allowed to check if the substrate and the film are single crystals. The system was used only as
a means to verify the sample’s single crystallinity and was not used for a qualitative assessment.
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Figure 3-21. A typical RHEED signal obtained from the sputtering kit for a UO2 film grown on [001] - oriented YSZ substrate.
The three RHEED signals have been taken at arbitrary sample rotations, displaying changes in the in-plane structure of the
film. Image taken from (Rennie, 2017).

Yttria stabilised zirconia (YSZ) with a chemical formula of (Y2O3)0.08(ZrO2)0.92 was chosen as
the substrate for all the samples. All substrates used for growing the films were procured from
MTI Corp. The substrates come polished with a surface roughness of <5 Å (rms). YSZ has a
cubic fluorite lattice structure similar to UO2 and CeO2 with a lattice parameter of 5.125 Å.
UO2 and CeO2 films have previously been grown on YSZ substrates with a mismatch of 6.29%
and 5% respectively (Rennie, 2017; Savvides et al., 2001). Mixed oxides of uranium and
cerium have been observed to have lattice parameters lying between Ce and U lattice values,
under Vegard’s law, varying with the U-Ce percentage compositions and oxide-to-metal ratios
as shown by the samples characterized by Venkata Krishnan et al., 2011 and Norris and Kay,
1983. However, thin films of (U,Ce)O2 have only been grown previously on Si wafers (Eloirdi
et al., 2018) and this was the first time where such films were grown on YSZ substrates.

3.4.2 Deposition protocol and sample information
The following protocol was adopted for growing the films using the DC Magnetron
Sputtering kit that was explained in the last section.
1. High purity targets of Ce and (depleted) U were acquired from Goodfellow
Cambridge Ltd. and AWE plc. respectively.
2. The cerium target instantly oxidises in air. Hence, it is loaded into the chamber as
soon as it is retrieved from the vacuum package.
3. The gate valve to the main chamber is closed and the loading chamber is vented with
a back pressure of N2.
4. Substrates are mounted on custom made Mo holders and loaded into the loading
chamber through the quick release flange.
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5. The loading chamber is equipped with a stage that can house a total of 4 Mo holders
in one loadout. This stage can be manually lowered or elevated for the loading arm to
pass through.
6. The loading chamber is pumped back to a base pressure of 10-8 mbar.
7. The main chamber is baked out and the substrate heater is increased to 800oC
(~100oC higher than sample growth temperature). The pressure in the chamber is
allowed to stabilize at 10-10 mbar.
8. Both targets are sputtered for ~45 min with the substrate shutter on so as to clean the
targets of any contamination from the exposure to atmosphere.
9. The manual valve between the loading chamber and the main chamber is opened.
10. The magnetic transfer arm is moved into the loading chamber and is lined under the
particular substrate holder that now has the substrate attached to it.
11. The stage is then manually lowered so that the substrate holder falls into the arm’s
substrate holder extensions.
12. Once the substrate holder is secure, move the transfer arm into the main chamber.
13. The substrate holder is lined with the cradle inside the main chamber and the cradle
is elevated to pick the substrate holder (+ substrate) out of the transfer arm.
14. A RHEED measurement is taken to ensure the crystallinity of the substrate.
15. The substrates are pre-heated at set temperatures (700oC) and allowed to stabilize for
45 min to stabilize.
16. O2 is introduced into the chamber at a partial pressure of 2.0E-05 mbar.
17. Ar is introduced to the chamber at a partial pressure of 7.3E-03 mbar for sputtering.
18. The target guns are set at the appropriate power settings and the target shutters are
opened individually or simultaneously based on the type of film that is grown.
19. The O2 and Ar leak valve connections are closed, and the film samples are let to
anneal and cool down.
20. RHEED signals are taken after the films have reached room temperatures.
21. The samples were cut down to half using a diamond cutter to have twice the number
of samples for the experiments discussed in Sections 3.4.3.2 & 3.4.3.3.
Table 3-1 lists the different films that were grown for this study using the protocol mentioned
above. The films were grown on a 10 x 10 mm (L x B) substrate and cut into halves along the
middle using a diamond wire cutter to make two sets of samples.
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Table 3-1. Thin film samples grown in this study

Sample
No.

Sample
(film)

Substrate

Dimension L
X B (mm)

SN1563

UO2

YSZ (001)

SN1568

(Ux, Ce1-x) O2
(MOX)
Where x = 0.25
(Ux, Ce1-x) O2
(MOX)
Where x = 0.5
(Ux, Ce1-x) O2
(MOX)
Where x = 0.75
CeO2

SN1567
SN1570
SN1564

Substrate
thickness
(mm)

Total mass
(g)

10 X 5

Nominal
film
thickness
(Å)
100

0.5

0.145

YSZ (001)

10 X 5

100

0.5

0.145

YSZ (001)

10 X 5

100

0.5

0.145

YSZ (001)

10 X 5

100

0.5

0.145

YSZ (001)

10 X 5

100

0.5

0.145

As mentioned earlier, a depleted uranium target was used to grow the uranium oxide and mixed
oxide thin films. Depleted uranium is the by-product of natural uranium after enrichment in the
front end while producing commercial nuclear fuel pellets. Hence, depleted uranium has lesser
concentration of U235 and U234 isotopes making it less fissile and radioactive as compared to
natural uranium. Depleted uranium has a U235 concentration of 0.2% as compared to 0.72%
in natural uranium amounting to a specific activity of 14.8 Bq per mg. Table 3-2 lists the
activities expected from each sample grown in this experiment assuming an average film
thickness of 100 Å. This is however a conservative approximation as the thicknesses obtained
from the films are observed to be in the range of 80 – 85 Å (Table 3-4).
Table 3-2. Sample mass and activities

Sample
No.
SN1563

Mass of Depleted Uranium
present in the films (g)
4.83502E-06

Radioactivity of the film
(Bq)
0.072

Specific activity of the sample
(Bq/g)
0.49

SN1568

1.20875E-06

0.018

0.12

SN1567

2.41751E-06

0.04

0.25

SN1570

3.62626E-06

0.06

0.37

SN1564

0

0

0

It can be observed from Table 3-2 that the activities in the uranium containing films are below
background and would not pose a contamination risk. However, the synchrotron radiolytic
dissolution experiments were conducted in a custom designed sample containment cell. This
is explained in detail in Section 3.4.3.3.1.
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3.4.3 Dissolution experiments
Radiolytic experiments conducted as part of this chapter adopts two methods to induce
radiolytic corrosion on the samples. In the first method, synchrotron x-ray sources have been
used to produce radiolysis on a droplet of water which was exposed to the samples. The second
method involved exposing the samples to 0.1 M H2O2 solutions, which is an end radiolytic
product.
The synchrotron based radiolytic dissolution experiments expands on the work conducted by
Sophie Rennie looking at UO2 dissolution under synchrotron x-ray induced radiolytic corrosion
(Rennie, 2017; Springell et al., 2015). The original experiment was conducted using a Kapton
surface tension cell, where a layer of Kapton film was used to hold the droplet of water over
the thin film sample. X-rays penetrate the Kapton film and interact with the droplet of water to
produce radiolytic products that induce corrosion in the thin films. The experiments conducted
as part of this study uses the Kapton surface tension cell for the initial series of experiments at
the European Synchrotron and Radiation Facility (ESRF) in Grenoble (conducted in September
2017). The second series of synchrotron experiments at the Advanced Photon Source (APS) at
Argonne National Laboratory (conducted in November 2019) was conducted using a
containment cell that was designed and assembled at the Open University. This is discussed in
the next sections.
3.4.3.1 Corrosion of CeO2
The first series of dissolution experiments were conducted on CeO2 to study the dissolution
properties under radiolytic and oxidative environments. This was done by conducting
synchrotron radiolytic dissolution as mentioned in the introduction and also by conducting an
acid dissolution experiment where dil. perchloric acid (HClO4) was used in order to study the
dissolution kinetics under highly oxidising species and at low pH conditions. Figure 3-22
shows the experimental setup that was used at the ESRF. This study was then expanded to UCe mixed oxide films mentioned in Sections 3.4.3.2 and 3.4.3.3.
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Figure 3-22. The experimental set up at the UKXMaS synchrotron facility. Insert shows the Kapton film water tension cell
used for the CeO2 dissolution experiment.

Single crystal thin films of cerium dioxide were procured from MTI Corporation. Films in each
of the principal orientations (100), (110) and (111) were procured from which, the dissolution
experiments and analysis were carried out on the (100) and the (111) surfaces covering the
extremes in terms of surface stability (of fluorite structures), for the current pilot experiment.
The (001) sample was initially mounted onto the six-circle diffractometer and pristine high
angle and reflectivity scans were run to have as received scan data for comparison. After the
pristine scans, a Kapton (polyimide) film was stuck above the sample holder and pure water
was pipetted into the film which stays in the boundary created by the sample and the Kapton
film under surface tension. The surface tension film of water and the CeO2 film were then
exposed to an intense beam of synchrotron X-rays (11-15 keV) for different time steps shown
in Table 3-3, to study the time-based evolution of radiolytic products and their contribution to
the reductive dissolution of ceria. The film and water are subsequently removed to perform
reflectivity scans at the corroded positions with a nitrogen sparge to avoid carbon deposition
from the air. High angle and rocking curve scans were done on the 600 seconds’ radiolysis
water exposed (001) sample (at (004)) for comparisons with the pristine scans. The same time
steps for exposure and XRR scans were repeated in a (111) surface. The experimental method
had previously been established and tested for radiolysis driven dissolution experiments in UO2
by Ross Springell et al. (Springell et al., 2015).
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The final experiments in this series involved exposing the (111) sample to perchloric acid and
analysing them using the XRR technique. An attempt was made to measure the real time pH
evolution during the Milli-Q water thin film surface tension cell exposure experiments by
inserting a micro pH electrode probe, but this did not give the required accuracies as a function
of time and ended in recording near neutral pH values. It is however, established in other
studies that the final pH of the solution stays slightly acidic due to the end molecular radiolysis
products such as H2O2 (Kanike et al., 2015). The final experiment was aimed to elucidate the
effect of lower pH and the radiolytically produced oxidising agents on the corrosion of cerium
oxide. The acid used for the study was dil. perchloric acid (HClO4) a powerful oxidizing agent,
at high concentrations, which was diluted down to obtain pH 2 and pH 3 solutions. The pH
range was chosen to mimic the acid spike events under radiolysis discussed in Section 1.2.
The prepared dil. acid solutions were pipetted respectively on the surface of the thin film till
they entirely covered the sample. Initially the surface was exposed to the pH 3 solution for 300
seconds and the XRR scans were conducted after removing the acid solution and cleaning the
surface with Milli-Q ultra-pure water and nitrogen sparge. Next, the sample was exposed to
the pH 2 solution for 300 seconds and the similar procedure was carried out. Reflectivity scans
were then carried out to assess the corrosion behaviour in the film.
Table 3-3: Time steps and pH values used in the pilot study at the UKXMaS beamline, ESRF.

Exposure times in seconds for
S. No.

Sample orientation (cerium dioxide)
X-ray irradiated pure

Acid

water

pH 2

pH 3

1.

(0 0 1) aligned at (0 0 4)

60, 120, 300, 600

-

-

2.

(1 1 1)

60, 120, 300, 600

300

300

3.4.3.2 Dissolution in H2O2
The hydrogen peroxide (H2O2) dissolution experiment was aimed to replicate the effect of end
radiolytic products on SNF. The experiment involved exposing the (U, Ce) mixed oxide
samples with various U-to-Ce mass percentages and two control samples of UO2 and CeO2; to
0.1 M H2O2 solutions in separate runs. The concentration of H2O2 used is significantly higher
than what can be expected on SNF surfaces in water. It was however selected in order to
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replicate the high corrosion rates seen under synchrotron radiation environments (Springell et
al., 2015) or in extreme scenarios such as during an accident. Further, the higher concentration
allows the experiment to be performed under shorter time scales. The samples were then
analysed for structural changes qualitatively and quantitatively using a combination of X-Ray
Reflectivity (XRR), X-ray Diffraction (XRD) and Inductively Coupled Plasma – Mass
Spectrometry (ICP-MS) analyses.
XRR and XRD were conducted at the x-ray tube source facility in the UK-XMaS beamline at
the ESRF. The characterisation was conducted on a Huber 4-circle diffractometer on a
horizontal geometry as seen in Figure 3-23. The source for the diffractometer is a copper
microfocus tube with an electron beam spot size of 50 µm and beam energy of 40 keV. ASTIXc 2-dimension parallel beam multilayer mirror optics is used to eliminate copper K𝛽 radiation,
allowing only K𝛼1 and K𝛼2 lines. A germanium <220> channel cut monochromator was used
to further separate the K𝛼1 spectra to have a monochromatic beam. Further information
regarding the tube source geometry can be found in the XMaS webpage (Norris and Kay,
1983). The ICP-MS analysis was done in an 8800 Triple Quad ICP-MS machine at The Open
University, UK. The solutions were evaporated down to a gel and brought back up to 2-3 ml
using 2% HNO3 solutions for the analysis.

Figure 3-23. The x-ray tube source diffractometer used to characterise thin films in the H2O2 dissolution experiments. The
tube source diffractometer has a nearly identical Eulerian cradle as the main instrument on the synchrotron beamline. More
information can be found at XMaS X-ray Source, 2020.
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The experiment involved initial pristine characterisation scans where the films were lined up
and measured for thickness, roughness, and density profile. This data was then compared with
successive scans after exposing the thin films to hydrogen peroxide solutions. Each sample was
submerged in 60 ml of 0.1M H2O2 for 50 seconds, 150 seconds and 450 seconds at room
temperature in three intervals. After several considerations, each sample was fixed to the
diffractometer stub, as mounted for the diffractometer, and a manual bench drill press was used
to lower the stub into the H2O2 solution so as to ensure equal coverage for the entire duration
of corrosion. Figure 3-24 shows the setup used for the corrosion steps. The volume of solution
was large enough such that the saturation limit of the solution would not be reached even after
complete corrosion (Bright et al., 2018; Pierce et al., 2005). This was important as the corrosion
steps were repeated in the same solution and hence would have all of the leached concentration
of uranium/cerium atoms. The solutions were stored and transported to the Open University
under low temperatures so as to prevent the hydrogen peroxide from breaking down; in order
to conduct ICP-MS analysis.

Figure 3-24. Experiment setup used to conduct the corrosion time steps. Insert shows a zoomed in view of the bench drill
press that was used to lower the sample stub into the leachate.

XRR and high angle θ-2θ spectra in a specular geometry at the film peak was taken after each
individual exposure to measure the changes in the film surface and crystallinity as a function
of exposure time. ICP-MS analysis was done on aliquots from the 60 ml solutions used for
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each sample corrosion to measure the total uranium & cerium concentrations dissolved from
each film sample. The analysis was done in an 8800 Triple Quad ICP-MS machine at The Open
University, UK. The solutions were evaporated down to a gel and brought back up using 2%
HNO3 solutions prior to the analysis. A dilution factor was calculated for each solution to scale
up the values obtained from the analysis.
3.4.3.3 Radiolytic dissolution of MOX films
The oxidative dissolution phenomenon in uranium-cerium mixed oxide films was studied using
hydrogen peroxide as discussed in Section 3.4.3.2. However, radiolysis also encompasses a
host of other products exhibiting oxidising and reducing properties; the effects of which must
be considered while studying radiolytic corrosion of SNF. Hence, the next step of the series of
experiments involved conducting synchrotron radiolytic experiments, similar to the one
mentioned in Section 3.4.3.1. This however required further considerations as compared to the
CeO2 dissolution experiments as the leachate would now have estranged uranium atoms which
had to be contained as per Advanced Photon Source - Radioactive Sample Safety Review
Committee (RSSRC) report at Argonne National Laboratory. It was hence proposed to design
and develop a sample containment cell which would be used for the x-ray radiolysis induced
corrosion experiments. Although the radioactivity from the thin film samples used in this
chapter are below the background radioactivity limit of 2 Bq/g (Table 3-2), the containment
cell was used for all experiments consisting of uranium in the matrix as per APS RSSRC
guidelines. It is assumed that the development of such a cell will pave way for future dissolution
experiments on multilayers and thicker UO2 film surfaces requiring containment. This section
describes the design, development, assembly and operating protocols for the containment cell
and thereby the synchrotron experiments.
3.4.3.3.1 X-ray radiolytic corrosion containment cell
The cell had to be designed to have a thin film sample contained in an x-ray transparent window
with provisions to have water over the sample surface during timed intervals when the sample
was to be corroded. The cell also had to have the capability to dispose of any water from the
sample surface after the corrosion step in order to have a reflecting surface free of disperse
scattering from the electrons in the water molecules.
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Figure 3-25. Schematic of the sample containment cell design used at APS by Schmidt et al.(Schmidt et al., 2011).

Figure 3-25 shows the schematic of the containment cell design that was used by Schmidt et
al. to perform synchrotron experiments on uranium thin films samples at APS. The cell was
designed to be automatic with solenoid pinch valves controlled remotely using an interactive
data language, pumps and waste collection bags. The cell had two containments with a
provision for continuously or static purging of the innermost and the intermediate containments
with an inter gas such as helium. A customisable sample puck housed the samples which stayed
at a height above the cell, thus accessible to x-rays through two hemispherical containment
windows made of polyimide Kapton which is transparent to x-rays. The cell, however, seemed
highly sophisticated for the samples and experiment design adopted in this study.
The containment used in this study requires a similar setup to what has been discussed above.
However, it was decided to make the cell manually operating and less sophisticated by having
the leachate (de-ionised water) transfer outside of the cell, i.e., without having a collection bag
or tubing attached to the main cell body during experiments. The main features that were
considered for the cell design included the sample placement, water connections,
(diffractometer) goniometer attachment (Huber 1003) and ease of sample exchange to
accommodate for the frequent sample changes.
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Figure 3-26. Schematic showing the initial design of the containment cell in whole and cross section (enlarged) showing the
inside of the cell.

Figure 3-26 shows the design of the containment cell made in this study. The cell was to have
a stub for securing the thin film sample and to have it elevated as compared to the wall of the
cell. This is critical to “half cut” the beam at theta = 0 and for the XRR scans as they are
typically conducted in grazing incidence angles (Section 3.3.4.2). The design included an inlet
and outlet port at different heights to have a natural flow of water in the cell. While dosing
water into the containment cell, there is always higher pressure at the inlet (syringe) and water
flows into the cell. After dosing, both on/off valves at the inlet and outlet remain closed (when
the cell is taken to the beamline) and therefore the cell stays isolated. While retrieving the
water, the flow is towards the outlet valve due to gravity as the outlet port is at a lower height
compared to the inlet port. Thus, in all three cases, the water only flows one way or stays
isolated in the cell. The water injection and retrieval protocols are discussed in detail towards
the end of this sub-section.
The stub was designed to extend to the base of the cell and the cell was designed to have a
connection that could be mounted onto the goniometer. The distance from the top of the gonio
to the centre of rotation was preserved to ensure the sample alignment was accurate.
Polypropylene/Kapton was chosen as the cell window due to their low attenuation. A dome
shaped window was chosen to reduce the beam path length through the containment layer and
thereby maximising transmission. The top hatch including the dome was designed to be
screwed onto the containment cell after the sample was secured. This allowed easy sample
exchanges between the experiments.
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Figure 3-27. Engineering drawing of the containment cell.

Figure 3-27 shows the engineering drawing with the dimensions of the containment cell. The
cell was manufactured using solid aluminium in two separate parts – the top hatch consisting
of the Kapton window as seen above and the bottom cell which had the sample stub and the
water connections, at The Open University, UK. Three plugs seen in the drawing are custom
bought threaded push fit pipe connections (Figure 3-28). The third plug, in addition to the two
inlet and outlet water connections (Figure 3-26), is an extension from the sample stub. This
was made in order to hold samples under vacuum if necessary (Figure 3-27). However, this
provision is sealed at all times using an LDPE threaded plug for the experiment as the samples
were secured using a double sticky tape cut to the stub dimension (Figure 3-30).
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Figure 3-28. Containment cell as manufactured according to the engineering drawing shown in Figure 25.

Figure 3-28 shows the finished containment cell as obtained from the workshop. The top hatch
was separately made to have the Kapton window made into a dome shape and secured using
the rubber O-ring. Figure 3-29 shows the process of securing the Kapton window onto the top
hatch.

Figure 3-29. Kapton window being mounted for the containment cell.

Kapton film was chosen as the x-ray window of the containment cell as it was easier to form
into a dome as compared to polypropylene. Ball bearing mounts were used to form the Kapton
films into a dome at high temperatures over long periods of strain. The films were then secured
into a cell using top and bottom hatches that were screwed into place with an O-ring. This top
hatch cell was then attached onto the containment cell body using longer screws that went into
alternate bore holes.
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Figure 3-30. Mounting a CeO2 thin film sample in the containment cell.

Figure 3-30 shows the loading of a thin film sample on the manufactured cell. The top hatch is
removed as seen in the first insert to secure the sample on the sticky tape. The hatch is then
screwed over the sample to contain it completely. The yellow base seen in Figure 3-30 was 3D printed at The Open University to seat the containment cell whilst not being used at the
synchrotron. The base has a bore similar in dimension to the goniometer in the synchrotron
diffractometer. Two 6mm Polypropylene push fit on/off valves were added to the water lines
for ease of disconnecting and isolating the containment cell before and after water injection.
After dosing water into the containment cell, the cell is sealed between the two valves at inlet
and outlet for the corrosion exposures.
The cell was designed as the first layer of containment. However, liquid radioactive samples
require double containment under Argonne National Laboratory radioactive sample
protocols. The liquid is essentially the water used for corrosion as it becomes the part of the
sample on contact with it. The second containment is to ensure minimal/null contamination
even in the event of the first layer being compromised. The second layer was provided by a
plastic box at the synchrotron facility. This box had holes cut into the sides and capped off with
Kapton so as to allow for a path for the x-rays to reach the sample in the first containment cell.
Sample changes were done inside a glovebox in Building 200 of Argonne National Laboratory,
USA.
Figure 3-31 shows the complete containment cell before the start of an experiment where the
containment cell that houses the sample acts as the first layer of containment and the plastic
box acts as the second layer. The setup is sitting on a Huber 1003 goniometer attachment that
slots into the diffractometer.
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Figure 3-31. Double containment of the sample at the Advanced Photon Source facility.

It was previously noticed that the setup time for each sample including aligning and X-ray
exposure takes about 6 hours. Hence, there were two containment cells made for the
experiments to optimize the beamtime usage and conduct multiple scans between sample
exchanges or water transfer activities. Further, two corrosion paths of different time scales (60
and 240 seconds) were made by the beam on each sample. This was done in order to optimize
the time available and probe the corrosion as a function of time (Section 3.5.3).

Figure 3-32. Schematic explaining the corrosion exposures in each sample.
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Figure 3-32 shows the corrosion runs that were done for each sample. The sample was aligned
in the y-direction (width) to (0,0) and the beam was exposed to the sample + water at two
different positions along a grazing incidence angle of 0.5 degrees for different exposure times
of 60 and 240 seconds respectively. The low incident beam angle ensures that the beam
footprint extended to 11.5 mm, which covers the entire length of the film.

Figure 3-33. Intensity across the width of the UO2 sample pre and post corrosion at a grazing incidence angle in specular
geometry.

Figure 3-33 shows the variation in intensity, normalised to 1, as the sample is moved along the
y-axis, i.e., along the width of the sample. The loss in intensity observed in the post corrosion
sample correlates with the beam paths, indicating to a change in the surface roughness and
thickness as a result of corrosion. There is an unexpected increase in intensity seen in areas
surrounding the corroded region which is possibly due to the dissolved uranium (debris) sorbed
onto the sample surface, and which wasn’t removed during the draining procedure in the glove
box. However, the loss of intensity in the beam paths points towards the enhanced corrosion
caused by the short lived oxidising agents, that was reported earlier by Springell et al. (Springell
et al., 2015).
Samples were loaded into the containment cell for pristine scans. After the pristine scans, the
containment box is removed for water injection and corrosion exposures. The cells are retrieved
after the corrosion exposures to drain the water before they are remounted onto the
diffractometer for post corrosion scans. Hence, each experiment required multiple steps where
the containment cell was removed and re-aligned on the diffractometer.
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The protocol adopted to ensure that the corrosion conditions remained the same between
measurements is as follows:
1. Load the first sample (Sample - 1) in Containment Cell – 1 and isolate it by closing
the inlet and outlet valves.
2. Load the second sample (Sample – 2) in Containment Cell – 2 and isolate it by
closing the inlet and outlet valves.
3. Conduct pristine scans on Samples -1 & 2.
4. Retrieve the containment boxes and do the water injection procedure as mentioned in
the water injection protocol (below).
5. After dosing water into the cells, irradiate the sample + water under the 2 layers of
containment by shining the beam at a grazing angle (theta – 0.5).
6. Move the sample in y-direction to a new position and repeat Step 5 with the higher
beam exposure time for the second position of each sample.
7. Remove Containment Cells – 1 & 2 (along with the samples and water). The cells will
be taken to the glove box to drain the water (into a waste bottle).
8. Clean the Kapton windows by opening the top hatch inside the glovebox.
9. The Containment Cells with the corroded samples are remounted onto the
diffractometer to conduct post corrosion scans.
10. The steps are repeated for each subsequent sample sets.
Water was injected into the cell using a syringe and the water connections were designed
to function as a one-way series.
Figure 3-34 shows a picture of the water connections used in this experiment along with
the primary containment cell during a trial run. The blank plug is an on/off valve in this
picture but is however replaced with a threaded blank plug that is tightened into the hole.
This plug remains shut at all times for this experiment. The water connections include 6mm
tubing, a syringe, a three-way push fit tube connection and 4 on/off valves. The volume of
the cell is approximately 35ml and approximately 60ml of water was filled in the syringe
before injecting in water. All risk of over-pressurizing the inner containment Kapton is
avoided by only injecting water between the tube sections and slowly allowing this water
to enter the cell as seen in the protocol listed below. The liquid passing through the cell
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was collected in a bottle in the glove bag. The bottle and tubing connections after the outlet
valve will remain in the glove bag as classified active waste.

Figure 3-34. Water connections for the containment cell. The blank plug is an on/off valve in this picture, but this was replaced
with a blank during the actual experiment (Figure 3-30).

The volume of water over the sample in the hemispherical Kapton window was ensured to be
equal during each corrosion run by adopting the following protocol:
1. Valves 1 & 4 are off and Valves 2 and 3 are open with an empty syringe connected to
Valve 2 as shown in
2. Figure 3-34.
3. Pump the air out from inside the cell using the syringe. The Kapton window will fall
down flat onto the sample. At this point, instantly close Valves 3 & 2. The cell is now
isolated at rough vacuum pressures (< atmospheric pressure).
4. Change the syringe with DI water and connect back as seen in the figure.
4. Valve 2 is opened for water from the syringe to start flowing into the water lines.
5. Valve 1 is opened briefly to let water flow out so as to ensure no air bubbles in the
rig. The vale is closed back.
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6. Valve 2 is closed, and Valve 3 is opened to flood the containment cell with water.
7. The containment cell is turned upside down to ensure that there are no air bubbles
between the sample and the Kapton dome. At the point, Valve 4 is opened for a split
second to let any air bubbles out. This step is only possible when there is enough
water in the tubing so as to fill the containment cell volume and have excess to push
out any air bubbles.
8. Valves 3 and 4 are closed and the containment cell is turned back upright.
9. Valves 3 and 4 are closed and the cell is isolated. The cell is now ready to be
transported to the beamline for irradiation.
The protocol mentioned above was for dosing water into the containment cell before being
irradiated under the synchrotron beam for the corrosion exposures. In order to measure the
extent of damage caused by this, it was necessary to get the water out and clean the Kapton
window of any stray water drops. The following protocol was adopted for this:
1. The cell is brought back to the glove bag after the corrosion exposures and connected
as shown in
2. Figure 3-34. Here, Valves 3 and 4 are originally in the closed position (water is sealed
inside the containment cell).
3. Connect a tube from Valve 4 to a collection bottle on the outside with a sponge ball to
avoid tipping. Open Valve 4 and then Valve 3 to let the water out into the collection
bottle by slowly raising the containment cell and allowing the water to drain out.
4. Valve 3 is closed, and the junction is broken. The water used for corrosion is now
contained in the collection bottle.
5. The cell is opened and Kapton window is cleaned using a dry wipe for the new
run/new sample.
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Figure 3-35. Ceria dissolution experimental setup at APS, Argonne National Laboratory.

Cerium oxide (CeO2) dissolution runs at the APS synchrotron facility were done as a control
sample along with UO2. The dissolution trends in the control samples were compared to that of
the (U, Ce)O2 mixed oxide (MOX) samples. The setup for CeO2 is similar to the setup adopted
by Springell et al. at the XMaS beamline in the ESRF (Springell et al., 2015) and can be seen
in Figure 3-35. Here, the thin film sample is mounted on an aluminium stub for the scans and
a Kapton surface tension cell is made manually to hold water while during the corrosion
exposures.
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3.5 Results and discussion
3.5.1 Synchrotron X-ray studies of the corrosion of CeO2
The first series of results are from the initial dissolution experiments on commercial CeO2 thin
films discussed in Section 3.4.3.1. This series of experiments using CeO2 were conducted at
the UK-XMaS synchrotron beamline at the ESRF. It was aimed at understanding the
dissolution properties of CeO2 under radiolytic and oxidising conditions, as a proof of concept
for the mixed oxide film corrosion experiments. Single crystal cerium dioxide epitaxial thin
film samples of (001) named snx1 and (111) named snx2 on a YSZ (yttria stabilized zirconia)
substrate were procured from MTI Corporation Ltd. for this study. In all the experiments
involving the thin layer surface tension cell (refer Section 3.4.3.1), the exposures were done at
a slit size of 200 x 200 micron. The surface was exposed at an incident angle of 0.5 so that the
beam footprint falls entirely on the sample. The water was subsequently pipetted out and the
slits were closed down to 100-micron square. A nitrogen sparge was made to fall on the sample
during the scans to avoid carbon depositions on the film from air.
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Figure 3-36: XRR profile recorded for sample snx1 (001) CeO2 represented by the blue circles and the fitted calculations by
the solid orange line. Insert shows the scattering length density (SLD) profile as a function of sample depth, where 0 Å
represents the substrate/CeO2 film interface. The substrate layer is marked in grey and the CeO2 film is marked by green in
the SLD profile. Data collected at the UKXMaS synchrotron at the ESRF.
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Figure 3-36 shows the fitted XRR data and the associated fitted calculations for the (001) CeO2
thin film control sample. The experimental data are shown as blue filled circles and the fitted
GenX profile is shown as the orange solid line. The insert shows the scattering length density
(SLD) profile as a function of depth. The SLD profiles demonstrate the change in the election
density profile as a function of corrosion time. The profile was modelled using two layers –
(YSZ) substrate, and a layer of CeO2 film. The density and roughness of the substrate was fixed
at 0.056 atoms per Å2 and 1.96 ± 0.32 Å respectively, and the density of CeO2 was set to 0.0428
atoms per Å2. The substrate parameters and the density of CeO2 was kept constant while the
roughness and thickness values of the film were allowed to vary so as to get a good fit of the
experimental data. From fitting the XRR spectra in Figure 3-36, sample snx1 was found to
comprise of a total thickness of 265.57 ± 4.78 Å and roughness of 17 ± 1.11 Å. The mismatch
observed in the head could be due to the beam width effect and the tail could possibly be due
to surface contamination or the presence of a rougher cerium (III) oxide. However, the
thickness values obtained are in the range of sample specifications specified by MTI
Corporation Ltd.
The general procedure to analyse corrosion is to develop a fitted model in the as received
sample and compare the XRR spectrum from the corroded samples with this model. The
changes made to fit the corroded models would accurately give the thickness and roughness
values that have altered while (after) corrosion. However, the calculated model for the pristine
scan was used on the corroded samples and an ideal fit was observed. The fact that the XRR
spectrums were perfectly superimposed marks the absence of corrosion in the (001) ceria
sample. This is further highlighted from Figure 3-37 & Figure 3-38. Figure 3-37 shows the
combined XRR raw data from the (001) ceria sample for 0seconds, 60 seconds, 120 seconds,
300 seconds, and 600 seconds exposure times to the synchrotron X-rays under the film of water.
The data has been normalized to 1 and offset to be compared with each other. The fitted
calculation is also shown by the green solid line superimposed over the pristine and corroded
scans as seen in Figure 3-37.
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Figure 3-37: Combined X-ray reflectivity data for the (001) CeO2 sample measured at exposure times of 0 s, 60 s, 120 s, 300
s and 600 sec. Data collected at the UKXMaS synchrotron at the ESRF. Data has been offset for ease of comparison.

Figure 3-38: Combined high resolution X-ray diffraction spectrum of snx1 (001) CeO2 across the (004) Bragg peak pre and
post corrosion. The profile overlaps each other. Data collected at the UKXMaS synchrotron at the ESRF.
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Figure 3-38 shows the high-resolution diffraction spectrums from the (001) ceria sample as
received and after 600 seconds of exposure to the synchrotron X-rays under the film of water.
There is no change observed in the XRD and XRR raw data after exposing the samples to the
radiolytic environment. The main aim of this series of experiments was to probe the major
reducing agents generated as a result of radiolysis and investigate a possible corrosion in the
film as a result of the formation and dissolution of Ce3+. A null result points towards an
immediate reoxidation of any Ce3+ to Ce4+ and subsequently inhibiting any corrosion as seen
in the figure.

Figure 3-39: Combined XRR spectrum of the (111) CeO2 thin film sample on dil. Perchloric acid exposure. Data collected at
the UKXMaS synchrotron at the ESRF.

The final experiments in this series involved exposing the (111) ceria sample to a droplet of
dil. perchloric acid and analysing any changes in the film using the XRR technique. Figure
3-39 shows the normalized raw data from the XRR scans on the (111) ceria sample as received,
after 300 seconds of pH3 HClO4 acid solution exposure and after 300 seconds of pH2 HClO4
acid solution exposure. The graphs overlap with the pristine snx2 reflectivity profile, meaning
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there is no corrosion visible as a result of the acid exposure. The acid corrosion experiments
were intended to understand the influence of pH and the presence of a highly oxidising species
on the dissolution of CeO2. It was intended that the perchloric acid would provide a low pH
and highly oxidising atmosphere to cause changes in the Ce3+ atoms that are expected in the
CeO2 matrix due to the presence of oxygen defects (TROVARELLI, 1996). The null result
shows that surface Ce4+ atoms act as a capping layer to the bulk and prevents any corrosion
from happening. It has also been observed that Ce dissolution has an extremely slow kinetics
(Um et al., 2011) and the results seen here could also be a result of low exposure time scales.

3.5.2 Corrosion in H2O2
This section discusses the experimental results obtained from the U, Ce mixed oxide corrosion
studies using hydrogen peroxide. It begins with the initial characterisation data obtained from
the pristine films before discussing about the dissolution experiment results. Finally, the results
are compared to some of the literature mentioned in Section 3.2.
Characterisation of the pristine mixed oxide samples was done using X-ray diffraction and Xray reflectivity prior to corroding the films. The crystallinity of the films was verified from insitu RHEED signals obtained while growing the films as discussed in Section 3.4.1. Hence, no
off specular 𝜔 − 2𝜃 scan was conducted in addition to it. XRD data was used to understand
the trends in the lattice parameters of the MOX, (U-Ce)O2, films by comparing to MOX lattice
constants in the literature. The films were also characterized using XRR prior to corrosion. The
XRR data was fitted using GenX, a computer program developed by Björck and Andersson
(Björck and Andersson, 2007). As discussed in Section 3.3.4.2, GenX uses the Parratt recursion
method to generate calculated reflectivity profiles based on sample and equipment details given
as input (Parratt, 1954). The substrate density and roughness do not vary with samples, even
during post corrosion fitting as the substrate is polished and is not exposed in the dissolution
experiments. The profiles are then fitted to the experimental data using a differential evolution
algorithm.
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3.5.2.1 Pre-corrosion characterisation
UO2 (SN1563) and CeO2 (SN1564) films were grown as control samples in this study. Figure
3-40 shows the fitted XRR data and the associated fitted calculations for the UO2 thin film
control sample. The experimental data are shown as blue filled circles and the fitted GenX
profile is shown as the orange solid line. The insert shows the scattering length density (SLD)
profile as a function of depth. The profile was modelled using three layers – (YSZ) substrate,
UO2 film and a higher oxide layer of UOx consisting of three series of UO2 monolayers, all
having separate material properties. The density and roughness of the substrate was iterated
and fixed at 0.029 atoms per Å2 and 1.77 Å respectively. The UO2 layer density was fixed at
0.0253 atoms per Å2 respectively. The higher oxide surface was modelled by a series of UO2.33
monolayer slices of varying density lower than that of stoichiometric UO2. This approach was
adopted to fit UO2/YSZ profiles using GenX in the method development studies mentioned in
Section 3.2. The density and roughness of the substrate and the density of UO2 were kept
constant and the roughness, thickness, and densities of the UOx layers were allowed to vary
along with the thickness of the UO2 film and a background function, so as to get a good fit of
the experimental data.

Figure 3-40. XRR profile recorded for sample SN1563 (UO2) represented by the blue circles and the fitted calculations by the
solid orange line. Insert shows the scattering length density (SLD) profile as a function of sample depth, where the substrate,
UO2 film and UOx layers are marked by grey, blue and green areas in the SLD profile respectively.
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From fitting the XRR spectra, sample SN1563 (UO2) was found to comprise of a total thickness
of 93.07 ± 16.34 Å. The individual thickness and roughness of the UO2 film was found to be
84.06 ± 4.70 Å and 5.44 ± 0.74 Å respectively. There were three layers of UO2+x over the UO2,
with lower electron densities than UO2, fitted by varying individual thickness and roughness
values. The average of these were taken to represent a UOx layer as shown in Figure 3-40 with
a thickness of 9.01 ± 3.47 Å and an RMS roughness of 11.46 ± 1.17 Å. The higher oxide layer
seen for the pristine sample is perhaps due to the high sample growth temperatures (>300oC)
which results in additional oxygen to enter the interstitials in the lattice (Rennie, 2017).

Figure 3-41. XRR profile recorded for sample SN1564 (CeO2) represented by the blue circles and the fitted calculations by
the solid orange line. Insert shows the scattering length density (SLD) profile as a function of sample depth, where 0 Å
represents the substrate/CeO2 film interface. The substrate layer is marked in grey and the CeO2 film is marked by green in
the SLD profile.

Figure 3-41 shows the fitted XRR data and the associated fitted calculations for the CeO2 thin
film control sample. The experimental data are shown as blue filled circles and the fitted GenX
profile is shown as the orange solid line. The insert shows the SLD profile as a function of
depth. The profile was modelled using two layers – (YSZ) substrate, and a layer of CeO2 film.
The density and roughness of the substrate was fixed at 0.029 atoms per Å2 and 1.77 Å
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respectively, and the density of CeO2 was set to 0.024 atoms per Å2. The substrate parameters
and the density of CeO2 was kept constant while the roughness and thickness values of the film
were allowed to vary so as to get a good fit of the experimental data. From fitting the XRR
spectra in Figure 3-41, sample SN1564 (CeO2) was found to comprise of a total thickness of
81.0 ± 0.5 Å and roughness of 7.07 ± 1.02 Å.

Figure 3-42. XRR profile recorded for sample SN1567 U0.5Ce0.5O2) represented by the blue circles and the fitted calculations
by the solid orange line. Insert shows the scattering length density (SLD) profile as a function of sample depth, where 0 Å
represents the substrate/MOX film interface. The substrate layer is marked in grey and the MOX film is marked by red in the
SLD profile respectively.
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Figure 3-43. XRR profile recorded for sample SN1568 U0.25Ce0.75O2) represented by the blue circles and the fitted calculations
by the solid orange line. Insert shows the scattering length density (SLD) profile as a function of sample depth, where 0 Å
represents the substrate/MOX film interface. The substrate layer is marked in grey and the MOX film is marked by red in the
SLD profile respectively.

Figure 3-44. XRR profile recorded for sample SN1570 (U0.75Ce0.25O2) represented by the blue circles and the fitted calculations
by the solid orange line. Insert shows the scattering length density (SLD) profile as a function of sample depth, where 0 Å

157

represents the substrate/MOX film interface. The substrate layer is marked in grey and the MOX film is marked by red in the
SLD profile respectively.

Figure 3-42, Figure 3-43 and Figure 3-44 show the fitted XRR data and the associated fitted
calculations for the three MOX samples spanning different uranium to cerium % mass ratios
of 50:50, 25:75 and 75:25 respectively. The experimental data are shown as blue filled circles
and the fitted GenX profile is shown as the orange solid line. The insert shows the scattering
length density (SLD) profile as a function of depth. The reader is warned that the percentage
ratios mentioned here are, but an approximation based on the parameters used during film
growth. There are systematic errors involved in the film growth and GenX fitting calculations
that can give misleading ratios from what is in the real system. The profiles, as seen from the
inserted SLD models, were modelled using two layers - a (YSZ) substrate, and a layer of (U,
Ce)O2 film at the calculated densities of each of the compositions. The electron densities of the
MOX films have been allowed to vary along with the fit to compensate for the uncertainty in
the U to Ce percentage compositions. The density and roughness of the substrate was fixed at
0.029 atoms per Å2 and 1.77 Å respectively. Further, the film’s roughness and thickness values
were allowed to vary so as to get a good fit of the experimental data. The values have been
listed in Table 3-4.
Table 3-4. Parameters used for fitting the MOX thin films to model the experimental data shown in Figure 3-42, Figure 3-43
and Figure 3-44. Here ‘t’ and ‘𝜎’ are the thickness and root mean squared roughness of the layer.

Sample number
SN1567

Assumed sample
composition
U0.5Ce0.5O2

111.22 ± 2.3

8.32 ± 1.16

Electron density
(atoms per Å2)
0.0251

SN1568

U0.25Ce0.75O2

84.32 ± 2.39

6.51 ± 1.11

0.0222

SN1570

U0.75Ce0.25O2

106.21 ± 0.07

6.45 ± 0.78

0.0256

𝑡(Å)

𝜎(Å)

From Table 3-4, the overall thickness of the MOX films is shown to be 84.32 ± 2.39 for SN1568
(U0.25Ce0.75O2), 111.22 ± 2.3 for SN1567 (U0.5Ce0.5O2) and 106.21 for SN1570 (U0.75Ce0.25O2).
The fitted density per Å2 is also in the order of increasing uranium concentration. The
roughness values indicate a similar range of RMS roughness on the film/air interface with
sample SN1567 being slightly rougher than the other two samples.
Pre-corrosion characterisation also involved theta-2theta scans where XRD profiles were
generated. This data was used to calculate the lattice constants of the thin films.
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Figure 3-45. Combined high angle data of the pristine thin film samples. MOX 25, MOX 50 and MOX 75 represent samples
SN1568, SN1567 and SN1570.

Figure 3-45 shows the combined raw XRD profile of the three (U-Ce) MOX thin film samples
at various U:Ce percentage mass concentrations along with the pristine uranium and cerium
thin films that are the control samples. The XRD profiles were combined by aligning at the
substrate peak to the pre-determined peak position of YSZ (002) as there were slight
misalignments in some of the samples. It can be seen that there is a peak shift observed in the
MOX films from the control samples, UO2 and CeO2. The peak positions of SN1568
(U0.25Ce0.75O2) and SN1567 (U0.5Ce0.5O2) are noticed to be higher than that of SN1564 (CeO2)
hinting at a lattice shrinkage in low uranium : high cerium films. The film peak positions were
then fitted to obtain the lattice parameters that have been tabulated in Table 3-5.
Table 3-5. Lattice parameter values obtained from the high angle scan.
"A

Sample

x in UxCe(1-x)O2

2-theta Angle (radian)

Lattice parameter (𝑑 = &R="S )

SN1564

0

33.155 0.578

5.397

SN1568

0.25

33.255 0.580

5.381

SN1567

0.5

33.228 0.579

5.386

5
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SN1570

0.75

33.142 0.578

5.399

SN1563

1

32.940 0.574

5.431

Substrate peak

-

34.842 0.60810761798 5.144

It was observed that the control samples, CeO2 and UO2, are smaller than CeO2 and UO2 bulk
lattices. This has also extended to the MOX samples as compared to the MOX lattice constants
for similar U:Ce% compositions obtained by Krishnan et al. who have synthesized and
characterised (U, Ce)O2 mixed oxide powders by combustion synthesis using citric acid
(Venkata Krishnan et al., 2011). This unique property of smaller lattice constants is congruent
to what has been observed in YSZ/UO2 samples. The mismatch in lattice constants of YSZ and
U/CeO2 has been discussed in Section 3.4.1. The mismatch is naturally expected in the MOX
films as the lattice constants range between that of UO2 and CeO2.
Vegard’s law is generally applied to calculate the lattice parameter of a solid solution consisting
of two constituents and is primarily utilized for materials synthesized from powders (Humberto
Miguel Foronda, 2017). The law is applied to solid solutions of the same crystal structure and
gives a relation for the lattice parameter of the alloy as the weighted mean of the two
constituents’ lattice parameters at the same temperature. i.e., 𝑎F(!)7) T7 = (1 − 𝑥)𝑎F + 𝑥𝑎T ,
where 𝑎F(!)7) T7 is the lattice parameter if the solid solution and 𝑎F and 𝑎T are the individual
lattice parameters of the constituents. 𝑥, is the molar fraction of B in the solid solution. The
lattice constants in Krishnan et al.’s samples were observed to decrease with increasing Ce
concentrations (as seen in Figure 3-46) and exhibited Vegard’s Law (Venkata Krishnan et al.,
2011). The decrease in the lattice parameter is associated to the lower ionic radius of Ce4+
(0.097 nm) as compared to that of U4+ (0.1001 nm). This decrease results in a net negative
change in the lattice volume with increasing cerium concentrations.
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Figure 3-46. Variation of Lattice parameter as a function of Ce content in (U,Ce)O2 MOX powders synthesized by Krishnan
et al. Image taken from Venkata Krishnan et al., 2011.

Axon et al. have reported deviations from Vegard’s Law linked to several factors including the
relative size of the constituents and the electrochemical differences between them (Axon and
Hume-Rothery, 1948). A deviation from Vegard’s law has been observed in the samples grown
in this study (as seen in Table 3-5) where the MOX samples have been observed to have
reduced in volume. The MOX sample lattice parameters obtained from the XRD plots show a
deviation from the Vegard’s law as the mixed oxides with lower cerium concentrations (≤
50%) show lower lattice parameters as compared to CeO2 (SN1564), pointing towards a lattice
shrinkage as a result of the formation of a solid solution. This shrinkage is however less
significant in MOX films of higher uranium concentration as observed in Table 3-5.
The reason behind the shrinkage can be attributed to the higher presence of U(V) in the higher
Ce films due to the charge transfer stabilisation discussed in Section 3.3.1. Also, a higher strain
in the lattice as a result of the choice in substrate and resulting mismatch could have contributed
to the observed shrinkage (Shi et al., 2016). However, this study has not done a complete
characterisation of the MOX films as the focus was more on the effect of lattice incorporations
to the dissolution phenomenon. The need to conduct in plane (𝜙 scans) XRD to further
characterize this deviation is proposed under future work. Further, theta offsets had to be added
to certain reflectivity fittings and despite this, it can be observed that the model is off in
roughness compared to the experimental data in some of the reflectivity profiles mentioned in
this section. This can be attributed to a line up error that was identified in the experiment
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protocol during data analysis, making it impossible to fit some graphs that have been presented
here. This was identified as a result of the samples being aligned to the substrate peak. XRR is
a surface specific technique and provides sub-micron level resolution, meaning slight
variations in the interface can show large fringes or fringe effects in the data. Aligning on a
substrate peak would result in the misalignment of the film surface as film growth is never fully
epitaxial and parallel to the substrate atomic layers leading it to fall off the specular ridge as
‘Q’ is moved in the reciprocal space. Although this results in erroneous roughness and critical
angle values, the trend seen in the thickness variations pre, and post corrosion is discussed and
compared for the arguments proposed in this chapter. This discussion is continued in the future
work chapter and methods to improve this data have been proposed.
3.5.2.2 Post corrosion characterization
Post corrosion characterisation was done after the samples were exposed to the H2O2 solutions.
Scans were conducted after each exposure of 50, 150 and 450 seconds and the films were each
exposed for a total of 650 seconds during the course of the entire experiment. Further, the
leachate solutions were analysed using ICP-MS to quantify the amount of dissolved uranium
in the leachates and this data is compared to the data obtained from XRR.

Figure 3-47. Combined X-ray reflectivity data for sample SN1563 (UO2) measured at exposure times of pristine 0 s, 50 s,
150 s and 450 seconds.
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Figure 3-47 shows the XRR data of UO2 for each corrosion time period. The data has been
normalized in order to be compared with each other. It can clearly be observed from the figure
that there is a change in the film’s thickness and roughness characteristics as a result of
corrosion. The number of Kiessig fringes and their separation seem to expand, meaning the
thickness of the film is reducing as a function of the exposure time. Similarly, the film intensity
drops steeper as a function of exposure time, meaning the interfacial roughness is also
increasing. The pristine (0 seconds exposure) and the 450 second exposed XRR data was fitted
using the GenX software in order to obtain the maximum corrosion that was observed.
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Figure 3-48. X-ray reflectivity data with fitted calculations for pristine and 450 s exposed SN1563 (UO2) sample. The
experimental data are represented by the solid blue dots and the fitted calculations are represented by the orange lines.
Inserts shows the scattering length density (SLD) profiles as a function of sample depth, where 0 Å represents the
substrate/UO2 film interface. The substrate layer is marked by grey, the UO2 layer is marked in blue and the UOx layer is
marked in green in the SLD profile.

The fits generated for the post corrosion scans have been carried out similar to the pre-corrosion
scans. The fit generated for the pristine scan had a model consisting of a bulk YSZ substrate
layer, a crystalline UO2 layer with the standard bulk density of UO2, and three surface layers
of reduced material density, averaged and labelled as UOX. Roughness for each of the
interfaces were also computed, with the substrate/UO2 interface having a roughness of
approximately 1.77 Å for each case. The same model was made to run on the corroded film
data until a good fit was obtained. Figure 3-48 also shows the scattering length density profiles
of the two films after the fits were done. The change in the electron density as a function of
corrosion is demonstrated by the SLD plots. The interface of the uranium oxide layers is shown
to roughen as a function of corrosion and the values for thickness, roughness obtained have
been listed in Table 3-6.
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Table 3-6. Table of parameters used in the fitted calculations to model sample SN1563 (UO2) shown in Figure 3-48 of postcorroded samples where 𝑡#$! and 𝜎#$! are the thickness and the root mean squared roughness of the UO2 layer, and 𝑡#$"
and 𝜎#$" are the thicknesses and roughness of the UOX layer respectively.

Layer
Pristine

𝑡9:! (Å)
84.06 ± 4.70

𝜎9:! (Å)
5.44 ± 0.74

𝑡9:" (Å)
9.01 ± 3.47

𝜎9:" (Å)
11.46 ± 1.17

450 seconds

35.60 ± 7.83

13 ± 8.27

35 ± 12.12

18 ± 9.3

Over the total 450 second corrosion time period, the thickness of the UO2 thin film is shown to
decrease significantly from the pre-corroded thickness of 84.06 ± 4.7 Å to 35.6 ± 7.83 Å, this
is accompanied by an increase in thickness of the UOX layer from 9.01 ± 3.47 Å to 35 ± 12.12
Å. Each of the oxide film interfaces is also shown to roughen, and an overall decrease in the
thickness of the film is calculated to be 22.47 ± 12 Å. The high error values in Table 3-6 are a
result of the alignment issue that was briefly discussed earlier. However, this does not change
the trend visible in the dissolution XRR profile and provides a case for comparison for the
MOX films.

Figure 3-49. Combined X-ray reflectivity data for sample SN1564 (CeO2) measured at exposure times of pristine (0 s), 50 s,
150 s and 450 s. The fitted calculation for the pristine scan has been included in the combined graph and is denoted in the
orange line.

Figure 3-49 shows the combined x-ray reflectivity data for CeO2 as a function of exposure time.
The GenX computer modelled fit of the pristine scan is also provided (orange line) for
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reference. The CeO2 film did not show any traces of corrosion even at 450 seconds of exposure
to hydrogen peroxide. The profile was modelled using two layers – (YSZ) substrate being the
first layer and then a layer of CeO2 film. The density and roughness of the substrate was fixed
at 0.029 atoms per Å2 and 1.77 Å respectively, and the density of CeO2 was set to 0.024 atoms
per Å2. The substrate parameters and the density of CeO2 was kept constant while the roughness
and thickness values of the CeO2 layer were allowed to vary so as to get a good fit for each of
the corroded scan. The fit was observed to remain the same for all the scans. This trend is
consistent with the previous synchrotron radiolytic dissolution experiments shown in Section
3.5.1.

Figure 3-50. Combined X-ray reflectivity data for sample SN1567 (U0.5Ce0.5O2) measured at exposure times of pristine (0 s),
50 s, 150 s and 450 s. The fitted calculation for the pristine scan has been included in the combined graph and is denoted in
the orange line.
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Figure 3-51. Combined X-ray reflectivity data for sample SN1568 (U0.25Ce0.75O2) measured at exposure times of pristine (0
s), 50 s, 150 s and 450 s. The fitted calculation for the pristine scan has been included in the combined graph and is denoted
in the orange line.

Figure 3-52. Combined X-ray reflectivity data for sample SN1570 (U0.75Ce0.25O2) measured at exposure times of pristine (0
s), 50 s, 150 s and 450 s. The fitted calculation for the pristine scan has been included in the combined graph and is denoted
in the orange line.
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Figure 3-50, Figure 3-51 and Figure 3-52 show the XRR data and the associated fitted
calculation for the corrosion runs conducted on the three MOX samples spanning different
uranium to cerium % mass ratios of 50:50, 25:75 and 75:25 respectively. The fitted calculation
was done similar to what was done in the pre-corrosion scans. The experimental data for each
of the exposure times are shown as solid, coloured circles and the fitted GenX profile is shown
as the blue solid line. The fitted calculations were modelled using two layers - a (YSZ)
substrate, and a layer of (U, Ce)O2 film at the calculated densities of each of the compositions.
The density and roughness of the substrate was fixed at 0.029 atoms per Å2 and 1.77 Å
respectively. The film’s density, roughness and thickness values were allowed to vary so as to
get a good fit of the experimental data. The reader is warned that the percentage ratios
mentioned here are, but an approximation based on the parameters used during film growth.
There are systematic errors involved in the film growth and GenX fitting calculations that can
give misleading ratios from what is in the real system. The electron densities of the MOX films
were allowed to vary in order to compensate for the uncertainty in the uranium to cerium
percentage compositions. The values obtained are the same as that of the pristine scan and can
be referred from Table 3-4.
Hence, it was observed that the U, Ce mixed oxide films showed no corrosion behaviour, even
after 450 seconds of exposure to hydrogen peroxide. This was surprising as the highest
intended U to Ce MOX film had a uranium composition of ≈75%. Despite this, none of the
three MOX film compositions mentioned in this study showed any signs of significant
corrosion as observed for UO2 seen in Figure 3-47 and Figure 3-48.
Lastly, the leachate (peroxide solutions) for each of the MOX and control samples were
collected after the series of corrosion runs to be analysed under ICP-MS for uranium
concentrations. The results of this analysis have been shown in Figure 3-53.
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Total amount of uranium leached into solution/Total
uranium present in the film

1.40E-02
1.20E-02
1.00E-02
8.00E-03
6.00E-03
4.00E-03
2.00E-03
0.00E+00

UO2 leachate

U:Ce = 75:25
leachate

U:Ce = 50:50
leachate

U:Ce = 25:75 CeO2 leachate
leachate

Sample
Figure 3-53. Normalized uranium release from the leachate solutions. The y-axis gives the total concentration of uranium
detected in the solution scaled to the total uranium present in the pristine films.

Figure 3-53 shows the ICP-MS data obtained for each of the H2O2 leachate solutions used for
corroding the MOX and control samples. The data gives an estimation with some uncertainties
as the flasks used to transfer the peroxide solutions from ESRF, Grenoble to the Open
University, UK were not striped for any adsorbed uranium. This phenomenon of plating or
adsorption of radionuclides onto flask walls is observed and discussed in Chapter 4. The data
elucidates the trend observed earlier in the XRR data where the MOX samples were observed
to have no significant corrosion in H2O2 after the various exposure times lasting a total of 650
seconds. The total uranium obtained from the leachate solutions have been listed in Table 3-7.
The UO2 leachate solution detected the highest concentration of uranium followed by (U0.75,
Ce0.25)O2. The next highest detection was in the (U0.5, Ce0.5)O2 leachate and the least uranium
concentration was detected in the (U0.25, Ce0.75)O2 leachate. It was assumed that all solutions
would have the same contamination and the uranium concentration obtained in the SN1564
(CeO2) solution was used for correcting all other values.
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Table 3-7. Total uranium leached into the solution in micrograms (µg) as calculated from ICP-MS.

Leachate Sample

Total uranium detected in
solution (µg)

SN1563 (UO2)

0.057 ± 0.0056

SN1570 (U0.75, Ce0.25)O2

0.010 ± 0.001

SN1567 (U0.5, Ce0.5)O2

0.004 ± 0.000448

SN1568 (U0.25, Ce0.75)O2

0.00000

SN1564 (CeO2)

0

The uranium values obtained from the UO2 leachate solution shows a comparable detection to
what was observed in Table 3-6, where the total change in thickness was about 22.47 ± 12 Å.
This corresponds to ~1.08 ± 0.58 µg of uranium. Thus, the values obtained from ICP-MS are
observed to be an order of magnitude lower than the value back calculated through XRR. The
remaining mass of dissolved uranium is perhaps plated in the container walls or retained in the
container as an insoluble alteration phase (as seen in Chapter 4, Section 4.4.4.5). No acid
digestion was done to confirm this. However, similar trends have been observed in Chapter 4.

3.5.3 Radiolytic corrosion
The previous section looked at the corrosion trends in MOX samples exposed to H2O2, an end
radiolytic product. The samples were then taken to the Advanced Photon Source at Argonne
National Laboratory to conduct synchrotron x-ray induced radiolytic experiments as discussed
in 3.4.3.3. This section talks about some of the results obtained from the APS experiments.
Due to limited beamtime availability, it was decided that radiolytic damage would be induced
at two positions (+1.5 and -1.5 mm from the centre) on a single sample for two different time
steps as shown in Figure 3-32. This allowed pristine and corrosion scans to be conducted on
UO2, CeO2, and two MOX - (Ux, Ce(1-x))O2 (x = 0.5 & 0.75) films. The experiments were
conducted at the beamline and the sample/water change done at a radiochemistry lab. This
meant that the containment cell was transported between the two buildings between corrosion
runs. The reader is warned that there is a possibility that air bubbles in the containment cell
with water could have migrated onto the sample during transport and affect the corrosion. Also,
there is a delay between the corrosion exposure and draining of this radiolytic water, meaning
the films are exposed to the leachate for prolonged periods after the exposure. Due to the
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reasons discussed above, the best scan data from the post-corrosion test results is for sample
SN1567 (U0.5Ce0.5O2) shown in Figure 3-54.

Figure 3-54. Post corroded XRR profile recorded for sample SN1567 (U0.5Ce0.5O2) represented by the blue solid circles and
the fitted calculations by the solid orange line. Insert shows the scattering length density (SLD) profile as a function of
sample depth, where 0 Å represents the substrate/MOX film interface. The substrate layer is marked in grey and the MOX
film is marked by red in the SLD profile respectively.

Figure 3-54 shows the corroded reflectivity data along with the fitted calculation for sample
SN1567 (U0.5Ce0.5O2). The scan was taken at the middle of the sample post corrosion, meaning
it was exposed to radiolytic products coming from the 60 second and 240 second exposures.
The insert shows the scattering length density (SLD) profile as a function of depth. The profiles,
as seen from the inserted SLD models, were modelled using two layers - a (YSZ) substrate,
and a layer of (U, Ce)O2 film at the calculated densities of each of the compositions. The
electron densities of the MOX films have been allowed to vary along with the fit to compensate
for the uncertainty in the U to Ce percentage compositions. The density and roughness of the
substrate was fixed at 0.029 atoms per Å2 and 1.77 Å respectively. Further, the film’s roughness
and thickness values were allowed to vary so as to get a good fit of the experimental data. The
values have been listed in Table 3-8.
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Table 3-8. Parameters used for fitting the corroded MOX thin film to model the experimental data shown in Figure 3-54.
Here ‘t’ and ‘𝜎’ are the thickness and root mean squared roughness of the layer. Pristine MOX film dimensions obtained
from Figure 3-42 are also mentioned in the table for comparisons.

Sample number

Sample

SN1567 (pristine)

U0.5Ce0.5O2

111.22 ± 2.3

8.32 ± 1.16

Electron density
(atoms per Å2)
0.0251

SN1567

U0.5Ce0.5O2

110.62 ± 2.3

6.51 ± 0.56

0.0260

𝑡(Å)

𝜎(Å)

(corroded)

From Table 3-8, it can be seen that the change in thickness of the film is significantly less
despite exposure to radiolytic environment for the particular MOX film. It can, hence, be
inferred from this and the previous experiment series that the release of uranium from (U, Ce)
MOX films as a result of radiolytic corrosion is significantly less as compared to UO2 and it
reduces as the concentration of cerium increases in the homogenous matrix. A similar trend
was observed by Kerleguer et al. (Kerleguer et al., 2020).
Follow on experiments as part of this series were planned to be conducted in 2020 when we
were awarded another round of synchrotron beamtime at the APS for it. This was however
intervened by the COVID pandemic. We, however, wish to go back with a full set of MOX
samples spanning more percentage mass compositions of U:Ce. We would also like to add
another analysis technique in Near Edge X-ray Absorption Fluorescence Spectroscopy
(NEXAFS) for future work. This is discussed further in Chapter 5. The experiments at APS
discussed here led to the design and assembly of the containment cell which is now proposed
for future experiments with our thin film samples. The experiment has also given valuable
insights about working with radioactive samples at the APS and Argonne National Laboratory
facilities that will aid us in planning future experiments at the beamline.
To summarize the different results mentioned in Sections 3.5.1, 3.5.2 and 3.5.3, it was observed
that CeO2 does not corrode under radiolytic conditions at the experimental timescales probed
in this study. (U, Ce)O2 mixed oxides, like CeO2, do not corrode under radiolytic conditions.
Finally, it was also reconfirmed that UO2 does undergo radiolytic corrosion. The observed
resistance to corrosion in the MOX films can be attributed as a result of the lattice contraction
and stability of U(V) and Ce(III) in the film. The radiolytic dissolution mechanism is seen as a
result of the oxidation of the lattice in UO2 and is affected by the oxygen mobility in the lattice.
Lattice contraction results in a reduction in the availability of interstitial sites, thus inhibiting
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the mobility of oxygen in the lattice which could be a possible explanation of the resistance to
corrosion observed in the MOX films. The same phenomenon has been explained for the
insolubility of CeO2 in groundwater by Corkhill et al. (Corkhill et al., 2016a). This passivation
mechanism due to trivalent dopants has been discussed by Razdan et al. (Razdan and
Shoesmith, 2014). Eloirdi et al. have discussed about the presence and stability of U(V) and
Ce(III) in the MOX films and how they inhibit each other from oxidation and reduction
respectively (Eloirdi et al., 2018). This is congruent to the results obtained in this chapter. The
next section summarises the results in more detail and lays out some future work to extend this
thin film radiolytic dissolution approach.

3.6 Summary and Conclusions
This study elucidated the influence of lattice incorporations in the corrosion behaviour of UO2.
This was done by conducting radiolytic dissolution experiments on (U, Ce)O2 thin films at
various U:Ce percentage compositions. The dissolution experiments were conducted using
laboratory x-ray sources as well as synchrotron x-rays in a method developed by Springell et.
al. (Springell et al., 2015) who have successfully measured the rate of corrosion in UO2 thin
films under a synchrotron induced radiolytic corrosion environment using XRR and XRD
analysis. This chapter builds on the SNF corrosion studies conducted on UO2 by Springell et
al. and introduces a complexity in the sample lattice by introducing a radiolytically inert nonradioactive surrogate – CeO2, thus inching closer to real spent fuel corrosion models.
CeO2 was co-sputtered with UO2 and (U, Ce)O2 mixed oxide films with various U:Ce
percentage compositions were grown for this study. The films were corroded using H2O2, a
radiolytic end product, and also under synchrotron x-ray induced radiolytic environments in
order to understand the trends in the corrosion behaviours that can be expected from solid
solution incorporations in the UO2 lattice.
Several conclusions can be drawn from the results presented in the chapter:
•

There was no detectible corrosion observed in cerium dioxide under radiolytic
oxidising conditions in the timescales of the experiments conducted in this thesis. This
included tests in low pH with the addition of dil. HClO4.
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•

There was a large lattice shrinkage observed in all of the mixed oxide samples,
especially the ones with the lower U:Ce composition ratios. This feature in the (U, Ce
MOX lattices is proposed to inhibit oxygen migration within the lattice and thereby
have a possible effect in the corrosion and subsequent dissolution of uranium from the
films.

•

There was no significant corrosion observed in the mixed oxide samples under H2O2.
ICP-MS analysis detected the total uranium available in the leachate for each of the
MOX samples. The graph showed that the MOX films with higher uranium
concentrations had leached comparatively more uranium into the solution.

•

A radioactive sample containment cell was designed, operated, and tested by
conducting radiolytic dissolution experiments at the APS synchrotron facility.
However, the data from this series of experiments gave rise to some inconsistencies
which leads to the future work proposed in Chapter 5.
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Chapter 4:

Leaching of High Burnup Spent Nuclear

Fuel in De-ionized Water
4.1.

Introduction

T

his strand of the PhD was conducted under the supervision of Bruce B Bevard and
Rose Montgomery at the Used Fuels Systems Group at the Oak Ridge National
Laboratory between January - September 2020. The experiment and analysis were

supported by Tamara J Keever at the Nuclear and Analytical Chemistry group and Darren J
Skitt at the Particle Fuel Forms Group.
Summarizing the experiments covered thus far, the reader is reminded about the progression
in the research and the narrative introduced in Section 1.3. Chapter 2 dealt with physisorption
and wetting of SNF surfaces. Chapter 3 talks about the complex radiolytic dissolution
mechanisms seen in SNF proxy surfaces (thin films). This chapter introduces real PWR spent
fuel samples to static leaching baths of DI water in order to study the dissolution phenomena
of actual SNF surfaces involving the full set of complexities associated with SNF.
The chapter begins with a detailed literature survey and gap analysis in Section 4.2.
Section 4.3 talks about the experiment design focusing on the fuel samples used, the
experimental procedures adopted, and the different analysis techniques used.
Section 4.4 gives a brief discussion about the leaching terminologies used in this study and preexperiment characterisations conducted. It then provides a summary the complete set of results
obtained from this study and gives detailed review of certain isotopes important under the
context of this research.
Section 4.5 raises important gaps and shortcomings identified in/from this research.
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Finally, Section 4.6 draws on the main conclusions from the data and proposes future work
based on Sections 4.5 and 4.6.

4.2.

Literature survey and gap analysis

Spent fuel leaching experiments have extensively been carried out over the years looking at the
influence of temperature, pH, fuel chemistry, doping, burnup, linear power rating, fuel surface
area, leachate flow and external redox conditions. Leaching of SNF can be seen as the
breaching of the fuel pellet matrix opening up newer surfaces and fuel constituents to the
environment. The mechanism involves a rapid oxidation of surface uranium by oxidative
radiolytic products such as H2O2, to form a non-stoichiometric UO(2+x) layer and the gradual
dissolution of this layer by formation of the uranyl (UO22+) ions (Figure 4-1). As seen in
Chapter 3, UO2 dissolution is governed by the oxygen diffusion into the UO2 lattice resulting
in an increase in the thickness of UO(2+x) layer. The formation of low soluble alteration phases
of uranium (such as studtite, metastudtite) on its surface is the solubility-limiting step in the
dissolution process (Equation 27). This is because the UO2 (or uranyl) surface sites are blocked
from further oxidation (Barreiro Fidalgo et al., 2018).
𝑈𝑂& → 𝑈𝑂&:# → 𝑈𝑂; ⋅ 𝑥𝐻& 𝑂
Equation 27

The general trend seen when SNF comes into contact with water is the instant radiolysis in the
vicinity of the fuel due to the high radiation and a redox driven dissolution as the fuel surface
reacts with the radiolytic products. As the surface atoms start dissolving in the water, the fuel
matrix is also breached, and water starts accessing the SNF constituents in the bulk of the fuel.
At this point, the dissolution phenomenon gets more complicated as multiple mechanisms act
simultaneously, for example, the formation of surface complexes that inhibit oxidative
dissolution of the UO2 and the opening up of pellet-clad bonding or excavation effects (Roth
et al., 2019) that aid the dissolution process. This study aims to understand the trends seen
under such scenarios in high burnup PWR spent fuel.
Due to the motivation being repository storage, most experiments looking at SNF leaching use
leachates consisting of ground water compositions, carbonate and bi-carbonate compositions

175

and cementitious water compositions looking at long term storage and accident scenarios in
the repository. There is also interest in the understanding the conditions that aid in inhibiting
uranium leaching from complexing of the ions present in the leachates mentioned here.
Common ions present in the leachate samples are mentioned in Table 1.
Table 4-1. Typical compositions of synthetic groundwater used in ground water leaching experiments (Zwicky et al., 2011)

Element
Ca
Mg
K
Na
Silicate
Bicarbonate
Sulfate
Chloride
Fluoride
Phosphate

Concentration [mM]
0.4477
0.1774
0.1000
2.836
0.2056
2.014
0.1000
1.973
0.2023
0.001

ppm
18
4.3
3.9
65
12
123
9.6
70
3.8
0.089

SNF pool water or water that can come into contact with the fuel in the near term, e.g., via
cladding failure, would generally be DI or have boron concentrations in it. Spent fuel pool
chemistries vary depending on the reactor type and type of operation of the reactor. Most BWR
pools are filled with DI water which tends to become slightly acidic overtime due to the CO2
in the atmosphere. PWR pools on the other hand, are acidic (4.5 – 6 pH), due to higher boron
concentrations from the borated water in the primary loop which gets mixed with the pool
water during defueling operations. DI water was chosen for this experiment in order to avoid
the uncertainties in maintaining boron concentrations in the solutions and to further reduce the
unknown variables in the expected radiolytic products. The leaching rates and isotopic
concentrations obtained in this study are compared with those from similar leaching
experiments in ground water and other water compositions mentioned above, thus serving as
an ideal benchmark to compare leaching experiments. M. Amme has looked at the dissolution
of uranium oxides in natural and ground water systems. The work emphasized on the role of
the amount of oxidant concentration (for example, H2O2, through radiolysis) in deciding the
amount of uranium leached into the solution. It was observed that lower concentration of
oxidants (like H2O2) result in higher U release and vice versa (Amme, 2002). The paper also
reports that groundwater ions result in de-activating H2O2 under experimental timescales. This
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results in lower leaching rates observed in ground water leachates as compared to DI water. In
terms of pH, radiolysis induced water pH variations have been recorded by Le Caër et al. and
the trend shows a shift towards acidic regimes after prolonged exposures (Le Caër, 2011). This
is confirmed from the pH measurements of the aliquot solutions from 60 and 90 days in this
study.
In the near-term, the influence of burnup, temperature, pH, time and nature of exposure, and
the nature of fuel surface exposed can be seen as the main variables of concern while looking
at fuel-water interactions. Source term models for SNF dissolution use three separate stages of
dissolution: the first is a rapid dissolution exhibited by a number of radionuclides (such as Cs,
I and Sr) which are termed as instant release fractions, second is a gradual fuel matrix
dissolution of uranium and other fission products & transuranic elements that form solid
solutions with UO2 and finally a slower than matrix dissolution exhibited by certain elements
that have low diffusion within the pellet (like Ru and Rh). Matrix dissolution is dominated by
the actinides with occasional spikes in certain radionuclides as the water starts accessing more
fuel surfaces over time. The concentrations of all radionuclides, however, flatten overtime and
start reducing as secondary insoluble uranium phases start complexing on the exposed surfaces.
These trends are captured from extrapolating source term models or actually conducting long
leach experiments that span for decades (Roth et al., 2019; Zwicky et al., 2011; Johnson et al.,
2005; Poinssot et al., 2005; Cui et al., 2004; Gray and Wilson, 1995).
Studsvik have performed a significant number of SNF leaching experiments under the Swedish
repository research program. The longest of these experiments have been conducted under the
SKB Spent Fuel Corrosion Program that began in 1982. The program initially carried out tests
on low burnup BWR fuels covering a burnup range of 27 to 49 GWd/MTU under the Series 3,
7 and 11 tests which have been conducted in DI and ground water leachate solutions (Forsyth,
1997). Early results from these tests show that the corrosion rates in the first weeks for HBU
fuel specimens are lower than those for low burnup fuel specimens. This has been attributed to
the changes to fuel microstructure with burnup and not specifically as a consequence of the
high burnup structure (HBS) rim. No significant difference in leach behaviour was found as a
result of water chemistries comparing the tests performed in DI water and synthetic ground
water in the series. This is contrary to Shoesmith et al. and Cerrato et al. where surface
complexing of uranium was seen in the presence of carbonate ions present in ground water
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affecting the dissolution phenomenon (Figure 4-1). It was observed that at low pH ranges, the
carbonate (CO32-) ion plays a significant role in uranium (IV) oxidation, dissolution and
mobility as uranyl carbonate sorption in oxidized water is very limited. The mechanism
however reduces over a threshold concentration of carbonate ions as precipitation of
UO2CO3 starts to occur (Shoesmith, 2000). The Studsvik experiments were conducted in low
burnup fuel which perhaps had a higher pre-oxidation effect that allowed for the uranium to
start forming secondary phases much earlier and thus not showing a significant effect of water
chemistries. This effect, however, needs more validation.

Figure 4-1. Schematic showing the effect of Ca2+ on UO2 dissolution rates. (adapted from Cerrato et al.(Cerrato et al., 2012)).

The Studsvik series 11 experiments have been extended to high burnup PWR SNFs with
comparable corrosion performance to BWR low burnup fuels (Zwicky et al., 2011). It was
noted that compared to low burnup BWR fuels, there was a higher fraction of Cs and Rb, and
a lower fraction of Mo and Tc (ɛ-phase particles) release in high burnup PWR samples. This is
attributed to the higher operating temperatures in PWRs and the migration and inventory phase
compositions of these segregated elements. All of the Studsvik Series leaching experiments
have been conducted in aerated conditions and at ambient temperatures.
Sample preparation has also been identified as an important variable in the leaching
experiments. Johnson et al. compares the series of leaching experiments conducted at Studsvik
and Paul Scherrer Institute (PSI) for instant release fraction rates (Johnson et al., 2012).
Studsvik experiments have mostly been conducted in segmented (closed) and fragmented
(open) samples. Fragment samples are de-cladded samples of typically 20 mm or similar in
length to the segment samples. These samples have been leached along with the cut-out
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cladding (Figure 4-2). Roth et al. compares the dissolution phenomenon seen in segments,
fragments, and milled powder as part of the Studsvik series (Roth et al., 2019). The samples
were of high burnup with a range of 52 to 70 GWd/MTU and were leached in aerated conditions
at ambient temperatures in Allard ground water solutions (Table 4-1) for a total of ~5 years.
There was a higher release of uranium and other elements from the fragmented samples to that
from the segments. This was attributed to the larger surface area of fuel exposed to the
solutions. The concentrations of uranium and other fission products showed a decline over time
in all samples. This is seen as an effect of the trivalent cations from inhibiting further oxidation
and limiting the radiolytic dissolution of the matrix. As compared to Studsvik, the open samples
at PSI were simply axial cuts from the fuel rod and the closed samples were circumferential
cuts (Figure 4-2). Axial and circumferential cuts are the terminologies used throughout this
Chapter to refer to open and closed samples similar to those used in the leaching experiments
at PSI (Figure 4-3). Johnson et al. points to systematically higher release rates observed in the
Studsvik experiments as compared to the experiments at PSI for samples with the same burnup;
concluding it as an effect of de-cladding and exposing the IRF rich surfaces between the fuel
and cladding. The PSI experiments found closed samples to have a higher fission product
release compared to open samples, an effect which is also seen in this study (Section 4).

Figure 4-2. Studsvik leaching experiment samples: A closed sample on the left and open sample on the right. (Fuel detached
from the cladding in the case of closed samples). The images are reused from Johnson, L. et al. Rapid aqueous release of
fission products from high burn-up LWR fuel: Experimental results and correlations with fission gas release. J. Nucl. Mater.
420, 54–62, 2012 (Johnson et al., 2012).
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Figure 4-3. Open segment sample from PSI. (Fuel attached to the cladding similar to the axial samples used in this study).
The images are reused from Johnson, L. et al. Rapid aqueous release of fission products from high burn-up LWR fuel:
Experimental results and correlations with fission gas release. J. Nucl. Mater. 420, 54–62, 2012 (Johnson et al., 2012).

The earliest SNF leaching experiments used a dynamic setup (used by Paige (Paige, 1966))
where the leachate is recirculated in the system using an airlift pump (J. L. McElroy et al.,
1972). The more recent experiments, however, look at static leaching setups where the leachate
is stagnant. Katayama et al. have done some early work comparing the effect of leaching setups
(Paige and static), burnup and water compositions on LWR fuel dissolution under aerated
environments (Katayama and Bradley, 1980). It was shown that the concentrations of isotopes
change with the type of leaching setup (static or dynamic) but remained consistent irrespective
of the difference in burnup (9, 28 and 54 GWd/MTU). Contrary to the results from the early
Studsvik experiments (Series 3, 32326 and 7), it was noted that DI water leachates showed the
highest concentrations of Cs137, Pu239, Pu240 and Cm244 among solutions of brine (1.76 g/l
NaCl), 1.66 g/l CaCl, bi-carbonate solution (2.52 g/l NaHCO3) and saturated WIPP-B salt
brine by an order of magnitude in most cases. As seen from Figure 4-2, the leaching samples
at Studsvik were suspended using Pt wires. Platinum is a noble metal similar to epsilon phases
and could act in inhibiting uranium and other isotopic release into the solution by enabling
hydrogen activation as a Bronsted acid and lowering the corrosion potential. This has not been
reported in the SKB literature but can perhaps explain the lower release rates observed. Another
argument for seeing higher release from DI water leaching experiments is provided by
M.Amme looking at H2O2-SNF reactions where ground water ions were shown to block the
peroxide reactions with UO2 (Amme, 2002).
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At high burnup (>50 GWd/MTU), fuels exhibit a local transformation in microstructure where
a ring of higher porosity and smaller grain structure is formed. This rim, known as the high
burnup structure (HBS) or rim structure is formed due to the increased thermal and fission
gradients between the periphery and the centre of the pellet (Figure 4-5). The rim spreads for
a few micrometres close to the cladding and extends inwards towards the fuel core as burnup
ranges increase. It is characterized by high porosity, defects and fission gases making it rich in
highly migrating fission products and metallic precipitates (Rondinella and Wiss, 2010).
Purroy et al. look at the influence of HBS in dissolution of SNF by taking samples from the
core (CORE) and HBS periphery (OUT) of a 60 GWd/MTU PWR SNF rod and leaching in
bicarbonate (BIC) and Bentonitic Granitic Water (BGW) (Serrano-Purroy et al., 2012). Cs
release was found to be higher for the OUT samples owing to thermal migration. The CORE
samples showed four times higher matrix release than the OUT samples pointing towards a
protective effect on matrix dissolution by the HBS. Although the higher porosity seen in HBS
would increase the surface area of fuel exposed to water, the authors argue that a secondary
effect due to higher fission products in the matrix inhibits fuel corrosion. The higher fission
reactions and surface altercations in the HBS result in more fission product concentrations that
stabilize the surface uranium oxide against higher oxidation. This phenomenon of lower
oxygen migration due to lattice modifications is also discussed by Razdan and Shoesmith
(Razdan and Shoesmith, 2014). To conclude, there is a tendency of lower matrix and higher
fission product release as a consequence of HBS, in high burnup fuels (HBU). There is,
however, a lack of consistency with the above for some isotopes in the Studsvik Series-11
experiments as reported by Zwicky et al., 2011.

Figure 4-4. Effects of fuel swelling and thermal stresses in fuel pins. The picture is reused from Olander, D. (2009). Nuclear
fuels – Present and future. Journal of Nuclear Materials, 389(1), 1–22 (Olander, 2009).
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Another common feature of HBU fuels is a joint pellet cladding interaction layer. Nuclear
fission causes the fuel pin to expand as new elements are produced. Also, there is a higher
centreline temperature seen in HBU fuels as the average linear power is also increased. There
is, however, a steep temperature gradient from the centreline to the periphery resulting in
thermal stresses that deform the pellet and cladding into an ‘hourglass’ shaped pin (Figure 4-4).
This also results in the fuel and cladding to be fused together, closing the fuel – clad gap region.
This region is generally absent in low burnup fuels as they do not have the required thermal
stresses and fuel swelling to bring about such pellet to clad bonds. This layer is made of highly
porous fuel – ZrO2 phases which can be studded with fission products and fission gases. The
precise fuel dissolution rates due to the direct effect of pellet-cladding interaction layers is not
available in the literature.
Figure 4-5 shows a schematic of the pellet cracking and subsequent pellet-clad gap closure.

Figure 4-5. Metallographic image from a circumferentially cut nuclear fuel pellet from an average rod Burnup of 59.2
GWd/MTU used in this experiment. Insert shows: 1. Pellet clad bonding layer ~9 – 15 µm 2. High Burnup Structure ~45 –
55 µm. (Image from metallography Section 4.4.6).

Another important fuel characteristic when it comes to deciding SNF compositions is the linear
power rating (LPR) or linear power density (LPD) which is the total power output from a core.
Higher LPR results in a higher temperature gradient during operation and this in turn leads to
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higher distribution of radionuclides such as Cs and I in the matrix. These nuclides also fall
under the umbrella of instant release fractions (IRFs) as they are highly soluble in water. They
are typically present in the grain boundaries and burnup rims (Ewing, 2015) allowing easy
access to water and subsequent dissolution in the event of an exposure. Previous studies by
Johnson et al. have developed a source term model for IRFs by summarizing leaching
experiments on low to moderate burnup fuels. It is seen that the FGR values are typically <1%
at burnups below 40 GWd/MTU whereas high burnup fuels can see an FGR value as high as
26% (Johnson et al., 2005). González-Robles et al. have experimentally shown the effect of
LPR on dissolution mechanisms by conducting static leaching experiments on two SNFs of
equal burnup but different LPR in NaCl – bicarbonate leachate solutions (González-Robles et
al., 2015). The two SNF samples used in the study came from a PWR and a BWR respectively,
having different irradiation histories. The PWR fuel, which had a higher average linear power
rating showed a higher matrix dissolution rate compared to the BWR fuel. There were two
trends in the dissolution process that were identified in the samples: an instant release of Cs,
Rb, Mo, Tc and Sr with a fall in the rate of dissolution after the first weeks; a matrix congruent
dissolution of Np, Pu, Am, Cm, Y, La and Nd, and a slower than matrix dissolution seen in Zr,
Ru and Rh. Johnson et al. have also compared IRF with FGR, showing that Cs137 leaching
concentrations were usually lower than FGR in a 1:3 ratio, as opposed to I129 which is seen to
be equal or slightly lesser than FGR (Johnson et al., 2012). Further, it is highlighted that the
release of IRF, like slow matrix dissolution, is very much dependent on the fuel surface area
exposed and is higher for unclad samples and milled powder samples. Lemmens et al. has
added to Johnson et al.’s work by comparing IRF with LPR using SNFs with a range of high
burnup and power ratings (Lemmens et al., 2017). The data presented shows Cs and I (IRF)
release being proportional to LPR beyond 200 Wcm-1. The LPR values used in the study are
rod average and this can be different for local power ratings of individual sample positions.
Contrary to Lemmens et al., Martínez-Torrents et al. have demonstrated that parameters such
as the fuel grain size, the pellet diameter and presence of pellet clad interaction layer (in high
burnup fuels) can have an influence on IRF dissolution despite having higher LPR (MartínezTorrents et al., 2017). This study used three regions from two BWR SNF rods with an average
burnup of 42 GWd/MTU (42BWR) and 54 GWd/MTU (54BWR) but with LPR of 217 W cm1

and 165 W cm-1 respectively. The sample regions included a segment with the clad, powder

from the centre of the pellet and also from the periphery. Comparing the leach concentrations
normalized by surface area, it was found that in all cases, the segment samples leached more
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than the powder samples. This contradicts Roth et al.’s work discussed above. It can thus be
inferred that the ‘surfaces’ available for leaching matter more than the total wetted surface in
the SNF dissolution process. Martínez-Torrents et al. attributes the higher release rates from
segment samples to the migration of RN towards the periphery (and pellet-clad gap layer)
which is not present in the powder samples from the core. It was also demonstrated that despite
the higher LPR, the samples from 42BWR had a lesser Cs release compared to the HBU fuel.
This was explained as a consequence of the higher diameter and grainsize of the 42BWR
samples. However, the one caveat to this study is that the segment samples were not prewashed,
meaning it is possible to have inconsistencies arising from the hot-cell contamination and
sample preparation steps that haven’t been addressed.

To summarize, although there are a number of studies looking at SNF corrosion scenarios,
there is still a dearth of experimental data and gaps remain in the precise mechanisms of this
phenomenon and the influence of HBU regions, Pellet-clad bonding, pH and temperature in
the rate of dissolution of RN. Current leaching studies largely focus on specific variables such
as LPR, FGR, burnup, sample preparation, repository environments/water compositions, fuel
chemistries etc., involving a wide variety of complexities. It is, however, essential to have a
standard benchmark for high burnup leaching without any additional complexities in the
system, similar to the initial standard low burnup leach experiments from Studsvik (Zwicky et
al., 2011) (Series 11) and Katayama et al. (Katayama and Bradley, 1980) This study will serve
as one such benchmark study looking at leaching used fuel samples of similar average burnup,
LPR (hence similar FGR), initial fuel chemistry and cooling period in DI water. The results
have been normalized with the specific surface areas to compare the dissolution rates between
samples. Specific datasets from the literature mentioned here have been used to compare the
results obtained in this study and will be discussed in greater detail in Section 4.4. Certain gaps
and shortcomings that were encountered throughout the course of this experiment have been
listed in Section 4.5 along with the work done to quantify it. Section 4.6 summarises the chapter
and provides conclusions that directly address the research objective of elucidating the overall
leaching behaviour and changes to the fuel and water under such scenarios. The conclusions
explain how the data obtained in the research do indeed elucidate this important point.
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4.3.

Experiment

The experiment and subsequent examinations have been carried out in hot cells at the Irradiated
Fuels Examination Laboratory (IFEL) in Oak Ridge National Laboratory. A hot cell is a
specialized containment chamber that allows remote manipulation of highly radioactive (‘hot’)
materials using manipulators and thick lead windows for viewing (Figure 4-6). It is inevitable
that hot cells become contaminated overtime, and this possesses a challenge in experiments
involving quantitative measurements of fuel concentrations. In order to avoid uncertainties due
to such air borne contamination, modular hot cells at the IFEL have been used for this study.
Modular hot cells have lower contamination levels than the main hot cell, reducing the impact
of possible contamination exposure to the leachate samples. Furthermore, the modular cell used
for this experiment also houses the Irradiated Microsphere Gamma Analyser (IMGA) which
was used for performing gamma spectroscopy on sample aliquots. The modular cell is called
IMGA cell for reference.

Figure 4-6. Picture from the modular hot cell facility (IMGA) at IFEL. The layers of viewing glass can be seen in the bottom
of the picture and the 100ml sample flasks used for this experiment can be seen inside the hot cell.
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The contamination also means that any apparatus used for the experiment will be classified as
an active waste and would need to be disposed after the experiment. Also, this limits the amount
of electronic equipment that can be used as they quickly become subjected to radiation damage.
Hence, there has been a considerable effort in planning this experiment and several protocols
have been written in order to perform the loading, sampling, transfer, analysis and disposal of
sample and materials.
The experiment plan involved conducting static leach experiments on two sets of three High
Burnup SNF samples which are from axial and circumferential cuts of two fuel rod specimens
having a similar burnup and irradiation history. The rods were different in that one was heat
treated to an average temperature of 409.4oC (Montgomery et al., 2019). The heat treatment
was part of a separate study looking at hydride re-orientation in the cladding. This, however,
adds to the complexities in the study, having samples of different hydride concentrations and
defect restructuring in the cladding. Although the presence of hydride in the cladding is not
expected to cause a major effect in the leaching phenomenon, it is observed to reduce that radial
crack re-alignment can result in reducing the cladding strength and thus allowing for an easy
penetration of water into the gaps and grain boundaries of the fuel. This has been looked at by
comparing the heat treated and non-heat-treated samples with each other for leach
concentrations and metallography.

4.3.1. Fuel specimens
Two UO2 fuel rods from an Advanced Mark-BW fuel assembly, irradiated in a Westinghouse
PWR at the North Anna Power Station were selected based on similar burnup and fuel-cladding
compositions for the leaching experiments (Ketusky, 2016). Of the two samples, one has been
heat treated to fuel drying temperatures as explained in the Sister Rod Destructive
Examinations report (Montgomery et al., 2019). The rod specimens chosen were residues from
a cyclic integrated reversible-bending fatigue testing (CIRFT) experiment. The CIRFT testing
leaves behind bulk fuel segments after dynamic testing, which now can be used as failed fuel,
thus being ideal candidates for leaching experiments. Segment positions from the two rod
specimens have been chosen to be in the same zones (from the base) to have an even rod burnup
(also confirmed from gamma scan profiles). Table 4-2 lists the sample information.
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Table 4-2. Sample details (with reference to Sister Rod Destructive Examinations report, Table 16, page 76.)

SNF
rod
type
UO2

Specimen ID
(Parent rod – lower
elevation – upper elevation
in mm)
30AD05 2, 050 2, 203

M5®

No

DE0008

59.2

UO2

30AE14

M5®

Yes

DE0009

59.7

2, 850 3, 003

Cladding
Heat
type
treatment

specimen
number
chosen

Estimated
local burnup
(GWd/MTU)

Samples were cut axially and circumferentially from the pre-cut CIRFT bulk segments at the
chosen elevation of each fuel rod to produce 3 samples from each fuel rod: one ~2 mm segment
cut circumferentially and two halves of a ~20 mm long axially cut segment (Figure 4-7). The
cladding remains intact to the fuel in all the samples, however, the axially cut samples are
viewed as ‘open’ samples for reference as they have the fuel exposed along the middle.
Similarly, the circumferentially cut samples are viewed as ‘closed’ samples. Thus, a total of
six samples are used in this study.

Figure 4-7. Schematic of the axially and circumferentially cut fuel samples on the left and right respectively.

Table 4-3 lists the sample details and dimensions obtained from a scope in the main hot cell.
These measurements were corrected from the metallographic images obtained post leaching as
they were taken from a MET scope, meaning with higher accuracy and resolution. The
convenience name for flasks and vials have been adopted for the remainder of this chapter.
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Table 4-3. Sample nomenclature

S.
No.

CIRFT specimen
number

Type of cut

Leaching experiment sample
nomenclature

1.

30AD05-2050-

Circumferential 30AD05-2050-2203-DE0008-

2203-DE0008

.072in or

Convenience
(short) name
for flask and
vials
NHT-C

NHT-C

1.8mm
Axial (half)

30AD05-2050-2203-DE0008-

.773in or

NHT-A1

NHT-A1

19.6mm
Axial (half)

30AD05-2050-2203-DE0008-

NHT-A2

NHT-A2
2.

30AE14-2850-

Circumferential 30AD05-2050-2203-DE0009-

3003-DE0009

.108in or

FHT-C

FHT-C

2.7mm
Axial (half)

30AD05-2050-2203-DE0009-

.745in or

FHT-A1

FHT-A1

18.9mm
Axial (half)

30AD05-2050-2203-DE0009-

FHT-A2

FHT-A2
Where, NHT- No Heat Treatment, FHT – Full, C - Circumferential cut, A – Axial cut (1, 2
are number denoting each half).

4.3.2. Experimental set-up and procedure
Six Erlenmeyer flasks consisting of 100 ml DI water for the six samples and one control flask
with 100 ml DI water were loaded into the IMGA cell (Figure 4-6). The control flask was for
identifying any potential contamination to the leachate during the loading of a sample. The
control flask was kept open to the cell atmosphere for the average time (noted using a time
keeping source) it took to add a sample in a flask. All samples were pre-washed with DI water
before the start of the experiment. The pre-washing was done for an average time of 45 sec per
sample to remove fuel fines, burrs, and external contaminations as a result of the sample
preparation. The pre-washing is considered important to have a consistent data based on the
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sample surface area of exposure as the presence of fines and external particles would lead to
inconsistencies. The leaching or loss of fuel constituents into the wash solution is expected to
be insignificant due to the short wash time period. However, any such loss is negated as the
results have been normalized to the first sampling data in order to calculate the leaching rates.
Rubber sleeve stoppers were installed in all flasks so as to avoid hot-cell contamination (Figure
4-8). The leaching can thus be considered under an oxygen (air) atmosphere present inside the
flask. The leach concentrations have also been used to calculate a scenario of potential
hydrogen build-up in the flask as a result of radiolysis. This, however, is negligible as the
concentrations amount to lesser than 4%, the allowed safety air percentage composition of
hydrogen.

Figure 4-8. Clockwise from the top: 1) Sample as transported from the main hot cell after cutting in a pig. 2) Washed sample
in the filter funnel awaiting to be transferred into DI water. 3) An aliquot retrieving process using a syringe. 4) Using a
rubber sleeve stopper to isolate the experiment from hot cell contamination.
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A clean 16-gauge 4-inch hypodermic needle was used to syringe out 1.5 ml solutions from
each flask at contact periods of – 30 days, 60 days, 90 days and 128 days (Figure 4-8). Before
sampling, the leachate was stirred by agitating the funnel manually. The vials have special caps
with a PTFE/Silicone provision to perforate and deposit the aliquots without exposing them to
the hot-cell environment.

Figure 4-9. Schematic depicting the final flask wash procedure.

The protocol for the last sampling (128 day) involved two steps: The first was the usual
sampling procedure mentioned above and the second involved washing the flask with 2% nitric
acid solution and sampling from this. Figure 9 shows a schematic explaining the flask wash
procedure with nitric acid. It was done in three steps:
1. The leachate was transferred to a fresh flask (C).
2. The sample was retrieved into a pre-marked aluminium sample holder, and 10ml of 2%
nitric acid was added to flask A.
3. After manually agitating the flask (A) to capture any plated radionuclides, the acid
solution is added to the leachate (flask C) before an aliquot is syringed out for ICP-MS
and gamma spectroscopy.
After the leachates were scanned with IMGA, they were loaded out of the main hot cells for
ICP-MS. The samples were transferred from the modular cell to the main hot cells via a 4”
diameter elevator port located in-cell. They were then loaded out of the hot cell into the
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charging area, where external decontamination and dose rate measurements on the vials were
performed. Vial surfaces were decontaminated until removable contamination levels were
below detectable limits. The maximum individual sample dose rate was 24 mrem/hr on contact
and 2.2 mrem/hr at 30cm, which was suitable for handling following ALARA practices. The
vials were put into sealed lead pigs and transferred to the Radioactive Materials Analytical
Laboratory (RMAL) for further analysis.

At RMAL, the samples were analysed by ICP-MS. Prior to this analysis, 20 µl of Optima Grade
nitric acid was added to each sample as received. The samples were allowed to mix and were
subsequently subsampled for analysis. All analysis by ICP-MS was performed in a matrix of
2% nitric acid.

Finally, the leached samples are analysed metallographically so as to study any surface
modifications due to water logging. Metallographic mounts were designed in Autodesk Fusion
360 (Figure 4-10) and 3-D printed. A recess was provided for both mounts so that the waterlogged (as removed) sample could be seated inside the mount, be epoxied and have enough
surface sticking out to be imaged. An Agar Scientific Epofix epoxy resin and hardener was
used in a 7.5:1 ml ratio to make the epoxy solution. A garolite ring (taller than the sample
sticking out) was epoxied to the mount to contain the epoxy solution that holds the sample in
place for imaging (Figure 4-11).

Figure 4-10. Fusion 360 designs of the met mounts (along with dimensions) that were 3D printed for the experiment.
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Figure 4-11. Image from the IMGA cell showing the samples being mounted and positioned using a needle.

Metallography was conducted on all samples, as removed, from the leachate solutions. The
samples were dried in the hot-cell environment for 3 weeks before being mounted on the 3-D
printed mounts. Epoxy solutions were dropped into the mounts after which the samples were
placed and positioned using a needle in the IMGA cell (Figure 4-11). The samples were left to
dry overnight before being imaged. However, it was observed that the samples were too
unpolished to be able to make any observations. Hence, two of the samples NHT-C and NHTA1 were selected for further polishing and reimaging. Any changes to the texture induced due
to corrosion will be limited to a few microns into the surface and hence, care was taken to
control the polishing procedure so as to preserve any corrosion induced surface defects. This
was followed by a proper polishing well past the corroded surface and re-imaged to compare
the (now) polished-corroded surface to a polished non-corroded surface (Figure 4-12). The
polishing was done on a Struers RotoForce-1 controlled externally by a RotoPol-15.
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Figure 4-12: Workflow summarizing the mounting and epoxying steps for metallography with the microscope emblem above
the mount when the samples were imaged. All samples were prepared in the same way until pre-polished imaging. NHT-A1
and NHT-C were polished and re-imaged.

Following the pre-polished imaging, NHT-A1 and NHT-C were chosen for polishing and
reimaging. This was mainly because NHT-A1 was observed to be contaminated with cotton
swabs during the process of storage prior to imaging. NHT-C was chosen to maintain the same
sample burnup properties so as to compare characteristics like pore density, Pellet-clad
interaction layers and HBS structure. The protocol followed for polishing the samples has been
provided in Appendix II. The leachate solutions were evaporated into the hot-cell atmosphere
in an open container. The flasks, syringes, stoppers and other bits of the experiment were
discarded as low-level radioactive wastes under the hot cell waste management protocol.

4.3.3. Techniques used in the study
4.3.3.1.

Gamma spectroscopy

The IMGA system, depicted in Figure 4-13, consists of a vacuum system with a double-axis
translational stage in cell, a coaxial n-type High Purity Germanium (HPGe) detector out-ofcell, and a program to make the system run autonomously. Samples are loaded onto a carousel
and individually placed by the automated system in front of the viewing port for the detector
to acquire a gamma spectrum.
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Figure 4-13: Top-down schematic of the IMGA cell and components

Gamma scanning in cell was utilized to obtain measurements for Cs-134 and Cs-137 activities
in the aliquots. Each leachate was contained in a 1.5 ml vial, typically used for holding and
gamma scanning coated-particle fuel specimens. IMGA is designed for handling and scanning
coated-particle fuel but required little modification to scan leachate vials since identical vials
for typical IMGA operation were used. Figure 4-14 shows what the detector “sees” when a vial
is placed into scanning position by the automated vacuum system. Given the detector geometry
and sample size, it was assumed each leachate was a point source (i.e., no shielding from the
water or glass vial and negligible sample volume). The IMGA system is calibrated for shielding
losses through the beryllium window in the viewing port. Since contamination is present in the
IMGA hot cell, it was not possible to prevent external contamination from accumulating on the
vials’ surfaces during handling with the manipulators. It was observed that some samples have
higher external contamination perhaps due to longer handling times. External contamination
and background activity were both accounted for by measuring the aliquots from the control
flask at each sampling period (Figure 4-44).
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Figure 4-14: Vial containing coated-particle fuel placed in-line with the viewing port.

4.3.3.2.

Inductively Coupled Plasma – Mass Spectrometry

Samples were acidified with Optima® grade 2% nitric acid (Fisher Scientific) and analysed
via quadrupole Inductively Coupled Plasma- Mass Spectrometry (ICP-MS) and QTegra®
ISDS software. (ThermoFisher Scientific; iCAP-RQ). Samples were introduced using quartz
single-pass Peltier®-cooled, cyclonic spray chamber and PFA-ST high purity nebulizer
(Elemental Scientific, Omaha, NE). Uranium and selected fission product metals were
quantified by external standardization via linear regression against commercially available
standards obtained from Inorganic Ventures (Christiansburg, VA) and High Purity Standards
(Charleston, SC). An internal standard of 115In was employed for matrix correction, though
none was noted. Plutonium-239 was quantified against CRM137 (certified reference material,
NBL; US Department of Energy). Other isotopes, such as Np237 and Tc99 were semiquantified against the linear regression response of known standard reference materials and
typical detector response assumptions.
There are isobaric interferences for a number of elements present in the spent fuel matrix and
hence a limitation in the available data. Ba for example, has seven naturally abundant stable
isotopes including Ba137m and Ba137 (natural) that would result in additional counts while
looking for Cs137, as the ICP-MS would count it as one isotope with mass 137. Barium also
is quite prolific as it is in glassware and can hence be detected in the aliquots along with
195

caesium. The control provides some information about this natural barium and caesium
contamination in the system. This contamination has been assumed to be in all the samples and
subtracted from individual concentrations from the SNF results for mass 137. In other isotopes,
the control flask concentration is negligible compared to the flask concentration. Iodine-129
was not analysed in this study. Iodine-129 analysis by ICP-MS is challenging, as I-129 has
many forms and is generally regarded as a volatile complex. Furthermore, xenon present in the
argon carrier gas creates a high detection limit for I-129 that would not be useful to these
studies.
4.3.3.3.

Metallography

All optical microscopy for this experiment was conducted on a Leica DMI5000M with a
DFC490 camera and CTR6500 stage controller at the MET2 modular hot cell. The in-cell
microscope is shown in Figure 4-15. The samples were imaged according to the workflow
shown in Figure 4-12. Mosaic images were taken at 50x magnification and stitched together
using the Multistep function in the Leica Application Suite after focusing on sub images as the
samples were not flat.

Figure 4-15. In-cell microscope at the MET2 modular cell.
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4.4.

Results and discussions

This section summarizes the data obtained from the analysis performed on the aliquots and the
sample metallography. The first part of the section talks about the necessary pre-requisite
required to understand the terminologies used and the uncertainty quantification methods
adopted. The section also covers dimensional and visual observations of the fuel samples that
were taken at various times during the course of the experiment. The isotopes chosen for
discussion in the ICP-MS data section (Section 4.4.4) are either because of the significant
amounts (compared to uranium concentrations) leached into the solution, being of interest in
terms of safeguards and also if it has been mentioned in the literature survey (Section 2). The
discussions of other isotopes not discussed in the main body of the thesis has been moved to
Appendix V.

4.4.1. Surface area determination
Sample dimensions, and hence the surface areas, have been determined from the
metallographic images and validated with the linear variable differential transformer (LVDT)
profilometry measurements of the respective rods (Figure A.19 and A.20., Sister Rod Nondestructive Examination Final Report). Table 4-4 lists the measured dimensions and calculated
surface area, volume, and mass of all samples. The dimensions of axial halves vary as there is
some material loss from the sample preparation stage.
Table 4-4. The surface area of fuel+cladding used in the experiment

Sample

Average
length
(mm)

Average
Breadth
(mm)

Average
radius
(mm)

Area
exposed
(mm2)

Volume
(mm3)

Mass (g)

FHT-A1

19.04

9.38

4.69

247.82

658.38

10.86

FHT-A2

19.17

9.19

4.72

246.31

672.27

11.09

FHT-C

2.7

-

4.72

138.97

189.37

3.12

NHT-A1

19.54

9.11

4.55

243.27

637.11

10.51

NHT-A2

19.58

9.22

4.61

247.53

654.62

10.80

NHT-C

1.8

-

4.71

138.97

125.44

2.06

197

Figure 4-16. Schematic of the samples showing the different physical attributes that were measured and listed in Table 4-4.

4.4.2. Data analysis and error quantification
The mass of the sample was not measured before the start of the experiment. This was due to
radiation damage on the electronic weighing balance. However, the individual surface area and
volumes of the samples were estimated from metallography and LVDT data. The density of
the fuel based on its burnup value was estimated from the equation given by Marchetti et al.,
2017 and that of M5 cladding was taken from literature (Kecek, A., Tuček, K., Holmström, S.,
van Uffelen, 2016). The densities were then used to individually calculate the mass of each
sample.
'
𝜌
= 0.963 − 1 ∙ 108; ∙ (𝑏𝑢𝑟𝑛𝑢𝑝)&
𝜌L/

The ICP-MS analysis gives concentrations for individual isotopes per aliquot volume (in
µg/ml). This data is then raised to the flask volume for total isotope concentration leached per
sample in the respective contact period. The total leached amount is expressed as a fraction of
the total available inventory isotopic mass, calculated computationally from ORIGAMI, in
order to compare isotopes with each other. This expression, coined by the early Studsvik
studies(Forsyth, 1997) is termed as the fraction of inventory in aqueous phase (FIAP).

𝐹𝐼𝐴𝑃= =

𝑚0- 𝑉0𝑚UEV 𝐻=

Here,
1. 𝑚0- is the mass obtained from ICP-MS analysis in µg/ml
2. 𝑉0- is the volume of aliquot taken for analysis in ml
3. 𝑚UEV is the mass of particular fuel sample used in the experiment in g.
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4. 𝐻= is the isotopic yield from fission reactions in µg/g of fuel.
Unfortunately, the inventory data for the samples used in this study are not public. However,
inventory values were calculated for a ~1gm sample of U (of UO2) irradiated in a generic
Westinghouse 17x17 assembly with 4% enriched and 60 GWd/MTU burnup for 1150 days and
cooled for 10 years. The calculations were performed using the Oak Ridge Isotope Generation
(ORIGEN) Assembly Isotopics (ORIGAMI) code under the SCALE suite which is a modelling
and simulation code system from Oak Ridge National Laboratory (ORNL - SCALE, 2021).
The isotopics thus obtained are comparable to the SNF samples used in this study. The reader
is warned that the data is not from the actual assembly, but input conditions are similar and
will therefore be a close estimation of what can be expected in the samples. Further, the
ORIGAMI calculated values and the associated uncertainties are constantly being revised and
refined by ORNL to have lesser bias with more data validation. This leaves a scope for more
accurate SNF leaching predictions in the future. That being said, acid digestion and isotopic
yield calculations of the assemblies used in this study are underway at the Used Fuels
Disposition group at ORNL and future work will include comparing the ORIGEN calculations
with the isotopic yields obtained and to re-validate the results mentioned here.
Table 4-5. Inventory calculations from ORIGAMI for isotopes used in this study along with the calculated uncertainties
adopted from Wieselquist et al., 2018.

Isotope

Mass (g)

Relative error

Cs137

1.83E-03

0.0140

Sr88

5.77E-04

0.0183

U238

9.11E-01

0.0007

Pu239

6.07E-03

0.0500

Mo97

1.50E-03

0.1000

Tc99

1.42E-03

0.1000

Ru101

1.43E-03

0.0247

Rh103

7.91E-04

0.0670

Ce140

2.28E-03

0.0184

Eu153

2.11E-04

0.1160

Nd145

1.13E-03

0.0580

Np237

8.51E-04

0.1580

Pr141

2.04E-03

0.0240

Sm147

3.13E-04

0.1000

Gd156

1.18E-03

0.1050

La139

2.25E-03

0.0810
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The isotopic data from ORIGAMI has uncertainties associated with it. The systematic errors
arise from a number of factors such as cross section libraries, burnup range assumptions, power
distribution approximations etc. despite being a deterministic code. Wieselquist et al. have
summarized the nuclear data uncertainty in SCALE calculations for LWRs (Wieselquist et al.,
2018). Table 4-5 lists the isotopes discussed in this report and the associated uncertainties from
Wieselquist et al. More information on the uncertainty calculations can be obtained from the
reference. The propagated relative errors have been calculated for FIAP, FRR, FNS and FNU
and shown in the graphs discussed in the next section. The calculated uncertainties for each
isotope are listed in Appendix IV.
The FIAP value gives a means to compare the leaching phenomenon among individual isotopes
as it considers the initial amount available to be leached. However, it does not consider the
time period under which the isotopes have leached. The ratio of the FIAP yield to the time
interval of each sampling period gives the fractional release rate (FRR) of the isotope as a
function of time of exposure. In this study, the FRRi, for an element i, is simply FIAPi/sampling
period as there is no change in the leachate. The relative error for FRR remains the same as
that for FIAP.

𝐹𝑅𝑅= =

∆𝐹𝐼𝐴𝑃=
∆𝑡(𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)

The samples used in the study are from different cuts, meaning they have different surface
areas of fuel exposed to water. This makes it harder to compare individual samples using FIAP
alone as they need to be normalized to the available wetted surface. Thus, Fractional release of
element i Normalized to the Surface area available for leaching (FNS) is used to compare
individual samples in this study. It is important to appreciate that the surface of SNF is highly
distorted, especially when cut axially, giving rise to newer cracks, gaps, burrs, and grain
boundaries. Further, corrosion induced from the leaching experiment makes it harder to
estimate an exact value of surface area (Hanson and Stout, 2004). However, it is safe to assume
that the samples would have developed roughly similar surface effects from preparation and
burnup, and that this method is the best way to compare individual samples.

𝐹𝑁𝑆= =

𝐹𝐼𝐴𝑃=
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
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Finally, the fraction of dissolution of an individual isotope i is normalized to the fraction of
dissolution of uranium-238 in the particular sampling period. This has helped to categorize the
dissolution trends in radioisotopes as either instant release, congruent to matrix release or
slower than matrix release.
𝐹𝑁𝑈= =

𝐹𝐼𝐴𝑃=
𝐹𝐼𝐴𝑃W

The gamma spectroscopy data for Cs137 and Cs134 is obtained in Bq per aliquot volume as a
point source (Section 4.4.5). The comparison of ICP-MS to Gamma spectroscopy data has been
done after converting the ICP-MS values from µg/ml to Bq/1.5ml aliquot volume based on the
specific activity of Cs137 (3.2 E+12 Bq/g).
The ICP-MS data has a relative uncertainty of 10% in most cases and 20% in some cases when
the data is 5 times lesser than the quantitation limit (PQL). The 20% error is most often
associated to the isotopes in the control flask which are naturally occurring. The systematic
uncertainties have been quantified for all operations with the ICP-MS data which include
cumulative release from flask, surface area normalization, FIAP, FRR and FNS. As mentioned
above, the concept of surface area of SNF is a subjective term and is debated due to the large
number of gaps and defects in the SNF surface. It is a highly complex surface that undergoes
a number of changes even while the experiment is going on, for example, a fragment was
broken loose after 60 days of leaching, thus, exposing newer surface areas of contact. Thus,
there are uncertainties involved in the surface area, volume and mass estimations that are
random and equally applicable to all data mentioned in this report. This is calculated while
discussing the uranium reanalysis values in section 4 as this is the only time when multiple
readings were taken for one analysis. Further, the total mass of fuel leached into the solution
during successive time periods have not been accounted for the next sampling period FIAP
calculation. This is because the mass of leached fuel is negligible compared to the mass of the
entire fuel and also due to an assumption that any fuel leached would affect the reaction rate
constant (K(t)) and the rate of reaction is directly proportional to the concentration of reactants.
Finally, the evolution of isotopic inventories due to decay has not been considered in this study
due to the timescale of the experiment. The short half-life isotopes are not analysed in this
study, and the long half-life RNs don’t evolve in the period of 4 months during which this
experiment has been conducted.
201

4.4.3. Visual observations
This section lists some of the observations that were made during the course of the
experiment. They are as follows:
1. After 30 days of fuel exposure:
•

During the sampling of FHT-A2, the needle did not pull out enough air from the vial
& could only push in 1.2 ml. 1.5ml average on every other vial.

•

The vial fell down twice while handling meaning, there was possibly a higher external
contamination.

•

Manipulator cable broke before FHT-A1 could be done. As a result, FHT-A1 was
sampled after 31 days.

2. After 60 days of fuel exposure:
•

There was a loose fragment visible in the NHT-A2 flask.

•

The fragment was perhaps broken off during the manual agitation before sampling or
as a result of leaching.

•

The fragment was imaged separately (Figure 4-17) and also co-related with the
metallographic image from NHT-A2 (Figure 4-18).
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Figure 4-17. Fragment that was found in the flask. Analysed using ImageJ software.

Figure 4-18. Metallographic image of NHT-A2 with the fragment overlayed on the approximate position where it was flaked
off.

The fragment seems to have been chipped off from the core of the pellet as seen in Figure 4-18.
Metallographic image of NHT-A2 with the fragment overlayed on the approximate position
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where it was flaked off. The crack below the fragment points to the fact that there is a new fuel
pellet below this (until the crack in the bottom). The metallographic images are analysed in
more detail in Section 4.4.6.
3. After 94 days of fuel exposure:
•

The temperature inside the cell was noted to be ≈24.5oC.

4. After 120 days:
•

The flask is discoloured to a dull yellow due to irradiation damage from the fuel
(sample) radioactivity.

Figure 4-19. Discoloured flask (right) beside a new flask during the flask wash procedure.

4.4.4. Inductively Coupled Plasma – Mass Spectroscopy Data
The data obtained from ICP-MS pertains to individual isotopes that have different dissolution
kinetics, which can often get confusing while attempting to compare. To avoid this, the
dissolution data of uranium (U238) is taken as the benchmark for matrix dissolution and
individual isotope releases have been compared so as to categorize them based on their relative
solubility. Hence, the fractional inventory release of selected isotopes, that have been discussed
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in more detail in the next section, have been compared to the fractional inventory release of
U238 to get FNU values. The isotopes not discussed here have been moved to Appendix V.
Table 4-6. FNU for Cs137. There is a relative error of 14.21% associated for each value in this table.

Cs137
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU
30

FNU
60

FNU
94

FNU
128

flask wash
128

254.7

473.6

791.8

2659.0

283.7

645.7

1583.9

1225.3

831.6

268.1

897.2

4218.5

513.2

1055.6

190.8

214.2

634.7

763.8

917.4

182.9

1298.1

1689.2

1252.7

1498.1

181.3

1100.6

1705.4

1002.3

1067.2

215.0

Table 4-7. FNU for Np237. There is a relative error of 21.20% associated for each value in this table.

Np237
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU 30

FNU 60

FNU 94

FNU 128

flask wash

3.52

8.97

23.66

98.05

10.41

7.23

21.16

20.49

16.12

5.65

9.73

60.61

9.79

23.83

4.60

6.00

22.62

34.95

46.25

10.08

19.46

39.39

38.35

55.43

7.15

19.79

43.76

35.57

42.75

9.39

Table 4-6 and Table 4-7 list the FNU values obtained for Cs137 and Np237. The values are
seen to be higher than unity, meaning they dissolve quicker than the matrix. This fraction of
radionuclides is known as instant release fraction (IRF) and have been discussed in detail in
Section 4.4.4.1. Other isotopes analysed in this study, that were observed to fall under this
category are Sr88, Mo97 and Tc99 which are presented in Appendix V. Among these, Cs, Sr
and certain ɛ-particles such as Mo and Tc have been identified under IRF in the literature (Roth
et al., 2019; Martínez-Torrents et al., 2017; González-Robles et al., 2015).
A surprising addition to the IRF in this study is Np237 which also shows a consistently high
FNU (>1) value in all 6 samples. This is contrary to what is reported by Zwicky et al. in the
extended burnup leaching experiments from Studsvik where Np release rates were comparable
to uranium in some samples and lesser than matrix dissolution in others (Zwicky et al., 2011).
The observation does show that there is some inconsistency in the case of Np. This is discussed
further in Section 4.4.4.1.
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Table 4-8. FNU for Pu239. There is a relative error of 15% associated for each value in this table.

Pu239
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

0.44

1.17

3.83

16.93

1.96

0.66

2.47

3.63

3.08

1.35

0.85

8.23

1.68

3.98

0.98

0.52

2.25

4.28

6.28

1.47

1.70

5.56

6.14

8.54

1.27

1.77

5.83

5.86

7.06

1.78

Table 4-9. FNU for Ce140. There is a relative error of 14.26% associated for each value in this table.

Ce140
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

0.91

1.60

3.11

12.77

2.16

0.82

2.38

1.99

1.36

0.97

0.86

3.45

0.55

0.79

0.51

0.60

1.53

0.51

1.77

1.09

0.75

1.35

0.85

1.18

0.55

1.62

2.36

1.33

1.45

0.67

Table 4-8 and Table 4-9 present the FNU values of isotopes that show matrix congruent release.
These include actinides such as Pu239 and lanthanides Ce140 with FNU values very close to
unity under the respective relative errors. Other isotopes found in this category are La139,
Eu153, Nd145, Pr141, Sm147 and Gd156 as seen in Appendix V. These nuclides generally
form stable oxides in solid solutions with the UO2 matrix and are released when the UO2
dissolves (Ekeroth et al., 2020). The radionuclides mentioned here have been identified as
matrix congruent release fractions in other leaching studies with some uncertainty observed in
the Studsvik experiments for Eu and Nd, where the release was observed to be an order of
magnitude lower than U238 in some of the segment samples (Roth et al., 2019; Hanson and
Stout, 2004). Cerium dissolution is observed to be lower (Table 4-9) than all other lanthanides
measured as part of this study. Section 4.4.4.4 compares the release rates in all lanthanides
detected using ICP-MS.
Table 4-10. FNU for Ru101. There is a relative error of 20% associated for each value in this table.

Ru101
NHT-C

FNU30

FNU60

FNU94

FNU128

flask wash

0.09

0.10

0.12

0.29

0.11
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NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

0.09

0.17

0.12

0.09

0.08

0.08

0.17

0.07

0.16

0.04

0.08

0.16

0.16

0.15

0.11

0.08

0.06

0.12

0.28

0.03

0.15

0.12

0.06

0.06

0.05

Table 4-11. FNU for Rh103. There is a relative error of 20% associated for each value in this table.

Rh103
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

0.47

0.56

0.98

3.23

0.63

0.54

1.26

0.83

0.58

0.35

0.63

1.94

0.23

0.36

0.15

0.49

1.11

1.06

1.54

0.63

1.06

1.21

0.76

0.98

0.22

1.95

2.17

1.11

1.08

0.40

Radionuclides Ru and Rh show lower than matrix dissolution as seen from the ≤ 1 FNU values
(Table 4-10 & Table 4-11). The observations of Ru and Rh release are as expected, because
they have been observed to have lower mobilities within the ɛ phases and depend on the
dissolution of the surface uranium atoms in order to be leached into the solution (Cui et al.,
2004).
The reader is warned that the FNU values have to be considered based on the relative difference
to the flask wash FNU value as there could be isotopes that do not stick to the flask surface or
form secondary phases as easily as compared to uranium. The next section discusses these
release trends in detail by comparing FIAP, FRR and FNS values for selected isotopes
discussed above. Finally, Section 4.4.4.5 discusses and compares isotopes based on the flask
wash concentrations.
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4.4.4.1.

Instant Release Fractions (Cs137, Np237)

This section covers the radionuclides categorized as the instant release fractions or the ones
that are highly soluble and among the first constituents of the SNF matrix that start leaching in
the presence of water as observed in this study. These elements are independent of fuel
corrosion rates to dissolve and includes Cs, Sr, Mo, Tc and Np as seen from the FNU values in
Section 4.4.4 and Appendix V. However, this section only focuses on Cs137 and Np237 due
to their relevance to this research. The remaining isotopes are listed in Appendix V. Although
Np237 has been added under the IRF section, it has been observed in the literature to co-exist
in U(VI) alteration phases (E.C. Buck et al., 1997), meaning, it will depend on uranium
leaching in order to dissolve initially. The increased rates of release observed in this study,
especially as the experiment progresses, is perhaps due to the release of Np from these
alteration phases.
Although caesium exists in 11 isotopic forms, the ones that are formed out of fission reactions
are Cs133, Cs137, Cs134, Cs135 and Cs137. Of these, the ones of main concern are Cs137 and
Cs134 due to their relatively shorter half-lives of 30 and 2 years respectively. It is highly
volatile and can exist both as a fission gas and in solid phases.
In Figure 4-20, the FIAP values for Cs137 are plotted against the cumulative time period. The
FIAP values are fairly consistent with sampling time which shows a steady decline in release
rates. There is no significant spike seen for NHT-A2 (after 60 days) despite the observed
broken fragment discussed in Section 4.3. This agrees to the theory that Cs likes to thermally
migrate to the periphery of the pellet, towards the gaps and (higher) grain boundary densities
(Serrano-Purroy et al., 2012). This is also a consequence of Cs being highly volatile in the gas
phase. Hence, it is not surprising that the enhanced surface area due to the (core) fragment does
not have an influence on Cs concentrations in the flask. The flask wash sampling does not seem
to have affected the caesium concentrations in the leachates which is also in agreement to the
Studsvik reports mentioned in Section 2. Caesium does not plate or form secondary phases as
a result of water exposure.
Figure 4-21 shows the trend in Cs137 release rates as a function of cumulative sampling time.
It can be noted that the release rates stabilize around 2.01E-05 d-1 which is in good agreement
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with the segmented (axial clad) sample data from Studsvik experiments (Roth et al., 2019;
Lemmens et al., 2017; Zwicky et al., 2011). Further, the circumferential and axial samples
show a similar rate of release.
Within the errors in the analysis, it is seen that there is no significant effect of an increased
surface area in the concentration of Cs137 as seen in Figure 4-22. The axial samples have
leached lesser Cs despite having 5 times the surface area of fuel exposed when compared to
the circumferential samples. This opens up interesting questions as to the mechanism of Cs137
migration and associated release from the matrix. The highest fractional release is seen from
NHT-C, which is a circumferential sample with lesser area exposed compared to the axial
samples. A possible explanation could be the opening up of pellet-clad gaps and the ease of
access for the water to get in between the cladding and the pellet. This is seen by Ekeroth et al.
where high burnup fragment (de-cladded) samples had a much higher Cs137 release than
segmented ones (cladded) (Ekeroth et al., 2012). It was also seen that at low burnup, this trend
is inexistent, highlighting the effect of fuel-cladding gap in Cs release. Further, Katayama et
al. did not observe a difference in Cs137 leach concentrations with fuel burnup in the low
burnup regime. In low burnup SNFs, the fuel-cladding gap is generally open and there is easy
access to the leachate.
Thus, the leaching mechanism of Cs137 can be seen as a consequence of the exposed surface
area (more PCI openings = higher dissolution), rather than the (total) surface area exposed.
Another explanation about the higher Cs release seen in NHT-C is from the source of the
sample. This is covered in more detail in Section 4.4.6.
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Figure 4-20. FIAP values of Cs137 vs sampling period

Figure 4-21. FRR of Cs137 vs sampling period
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Figure 4-22. Surface area normalized inventory release fraction of Cs137 vs sampling period.

Np237 is among the radionuclides with the highest relative error values reported in this
experiment. It is due to the higher ORIGEN calculation error as seen in Table 4-5. Figure 4-23
gives the total aqueous release of Np237 as a function of exposure time. Neptunium, like other
actinides, is seen in SNF as a solid solution with the UO2 matrix, where the actinide4+ state
easily substitutes U4+. This results in the initial Np release, expected to be matrix congruent, as
the fuel (UO2) dissolves. Oxidized UO2 continues to have actinide incorporations as observed
by Burns et al. where the Np5+ or Pu6+,5+ substitutes U6+ (uranyl) ions to form alteration
products of UO2. The formation of these alteration phases, such as metastudtite (UO4.2(H2O)),
are seen as rate limiting steps in SNF dissolution (Burns et al., 1997). However, the Np
concentrations are observed to be stable and in fact get higher as a function of time, almost
equalling that of Sr88, which is considered as an instant release fraction. A possible explanation
is given by Douglas et al. who have conducted batch dissolution studies on unirradiated Np
bearing U-oxides to study the incorporation of Np in UO2 alteration phases and the subsequent
release of Np as a function of time (Douglas et al., 2005). It was demonstrated that Np release
exceeds congruent U release from studtite showing that these alteration phases are not ideal for
the sorption of the neptunyl cation. There is no plating observed in Np237 from the flask wash
data.
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Figure 4-24 gives the fractional release rates of Np237 where FIAP values are divided by the
individual sampling period. The rates fall down in the first 30 days but is observed to be stable
around 2E-06 - 5E-07 day-1 compared to >1E-07 day-1 that is observed in U238 at 128 days of
exposure. Unlike UO2 (Figure 4-26), there is no increased release observed in the case of NHTA2 as a result of the fragment chip off between 60 to 94 days. However, there is a slight increase
seen thereafter. A possible explanation is that the fragment resulted in higher surface oxidation
and alteration phase formation of the UO2 and there was a subsequent leaching of Np237 from
these phases overtime. Np release rates were observed to be lower in the Studsvik Series 11
experiments with large inconsistencies between samples (Zwicky et al., 2011). The release of
Np237 from the circumferential samples are observed to be higher than that from axial samples
in all of the sampling contact periods, as seen in Figure 4-25. The axial samples leach
congruently. This could be a consequence of pre-oxidation in the axial samples whereas
pristine fuel is exposed in the case of the circumferential samples when newer surfaces are
exposed as a result of leaching.
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Figure 4-23. FIAP values for Np237 vs sampling period.
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Figure 4-24. FRR of Np237 vs sampling period.

Figure 4-25. Surface area normalized inventory release fraction of Np237 vs sampling period.
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4.4.4.2.

Matrix congruent release (U238, Pu239, Ce140)

Matrix congruent release is seen in most actinides and lanthanides that form solid solutions and
stable oxides with UO2.This section discusses the FIAP, FRR and FNS values obtained for
uranium, plutonium, and cerium; whose aqueous release rates are in conjugation with uranium
release rates, i.e., which have FNU values near unity. Other isotopic masses measured in this
study that can be categorized as matrix congruent release include Eu153, Nd145, La139, Pr141,
Sm147 and Gd156. These have been included in Appendix V with detailed discussions for
Eu153 and Nd145.
Figure 4-26 shows the fraction of inventory release of U238 from each of the sample flasks as
a function of exposure time. The overall release of U238 in this study 1st analysis* (Refer
Section 4.5) is found to be lower than the leaching tests performed at Studsvik (Zwicky et al.,
2011; Forsyth, 1997) and by González-Robles et al. (FIAP1% and FIAP2% in Table 4a)
(González-Robles et al., 2015). The concentrations are about two orders of magnitude lesser
than the Cs137 values seen in Figure 4-20. A possible explanation is the water chemistry and
availability of oxidant concentration around the SNF surface to form rate limiting uranium
peroxides. Amme reports the strong co-relation of H2O2 availability to the ions present in the
leachate, showing a higher degradation of H2O2 in ground water compared to DI water (Amme,
2002).
All sample flask concentrations, except for NHT-A2, seem to be reducing to approximately
1E-06 where they stabilize after about 100 days of fuel exposure. NHT-A2 has a jump in U238 release between 60-94 days of fuel exposure which can be seen as a consequence of the
fragmentation observed during the same time period (Section 4.3). The increased FIAP value,
however, starts receding between 94 and 128 days which points towards a possible plating or
secondary insoluble phase formation as the newly vacant uranium surface sites undergo
oxidative dissolution. The formation of secondary phases limiting the rate of reaction is
confirmed in the flask wash sampling where 2%HNO3 made a huge increase in the uranium
concentrations. There is, however, an uncertainty in whether the increased concentration was
a result of plating or digestion of secondary U238 phases into the leachate as the acid used for
flask wash was added back into the respective leachate solutions before a sample was syringed
out (Figure 4-9). UO2 reacts with nitric acid to form soluble uranyl nitrate as uranium oxidizes
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to the 6+ state. The reactions involved and rate accelerating and limiting steps have been
detailed by Marc et al., 2017. Thus, the flask wash solutions could well have accelerated U238
phases or particles in the leachate to dissolve, resulting in an increased concentration. This
discrepancy was probed further when the aliquot solutions were re-analysed. This data is
however presented later in the chapter (in Section 4.5) to avoid any confusions.
The release rates for U238 fell sharply in the first 30 days from an average value of 2.67 x 107

d-1 and stabilize between 1 x 10-8 d-1 and 3 x 10-8 d-1 after approximately 100 days of fuel

exposure, as seen in Figure 4-27. The trend is similar to what was observed at the Studsvik
extended Burnup fuel leaching experiments for the 418-Q12 segment sample (local burnup
57.9 GWd/MTU) (Zwicky et al., 2011) which stabilised close to 5E-08 d-1 after 1000 days of
contact (Roth et al., 2019). However, the release rates obtained in this study are an order of
magnitude lesser for the same time period as compared to the 418-Q12 sample mentioned in
the literature. This could perhaps be an effect of the leachate used which in the case of the
Studsvik experiments was ground water. The extended time period before the stabilization
observed by Roth et al. for segment samples is much longer (~1900 days) compared to what is
observed in Figure 4-27 (100 days). Further, the segment samples used at Studsvik are 20 mm
in length (10 times longer than the circumferential and 2 times that of the axial samples (in
radius), owing to higher inventories of U238 to start with. Also, the leachate solutions used
were twice as much which might influence the kinetics of dissolution, although no saturation
is expected.
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Figure 4-26. FIAP values of U238 vs sampling period.

Figure 4-27. FRR of U238 vs sampling period.
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Figure 4-28. Surface area normalized inventory release fraction of U238 vs sampling period.

Contrary to literature data showing higher uranium release fractions from fragment samples
(de-cladded) compared to segment samples (cladded) due to the exposed surface area of
contact, the release of U238 normalized by the surface area shows that the circumferential
samples have leached an order of magnitude higher (1.2E-07) compared to the axial samples
in this study. The axial samples have about 1.75 times more surface area than the
circumferential samples although this does not ensure access between the fuel and cladding
gap. This points towards possibilities where an increased surface area of contact could also
lead to an increased complexing of the surface uranium inhibiting oxidation sites. The values
however drop significantly after 128 days when all samples have a similar release. This also
points towards a possibility of the presence of larger fuel fines in the circumferential samples,
compared to the axial samples, where the fines will have dissolved/plated by 128 days. The
higher release from the fragment is seen from the spike between 60-94 days in the NHT-A2
sample. The additional surface area from the fragment is not accounted for during the
normalization and is hence evident in the data.
Uranium concentrations for each sampling period (aliquot) were re-analysed due to an
observed increase and subsequent decrease in the concentrations. This was done to confirm
data reproducibility on the ICP-MS. This however opened up new avenues in this research
when the uranium values were seen to be consistently increasing as they sat in the aliquot vials.
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This re-analysis and observations have been discussed in Section 4.5. The data discussed in
this section is from the 1st analysis and has been assumed to be the total dissolved uranium
during the particular sampling time stamp for the sake of consistency. It is however highlighted
that there needs to be a more precise definition of the term ‘leached concentration’– Is it the
total amount of the particular constituent (dissolved or precipitated but available to be detected)
that is no longer a part of the original sample or is it the amount detected in solution? This will
serve in avoiding over- or under-estimation. In terms of a practicalities, it is safer to take a
conventional approach and assume SNF corrosion as an answer to the first question in the
above line.
Figure 4-29 gives the fraction of inventory release of Pu239 as a function of exposure time. At
30 days, the inventory release of Pu239 is seen to be lower than the U238 release. There is a
subsequent increase in the Pu239 values seen consistently over the entire experiment unlike
the other nuclides discussed in the report, which have all been steady or decreasing as a function
of exposure time. Plutonium concentrations in the solution were seen to be similar to that of
uranium (Table 4-8) with a release rate of around 5E-08 d-1 although increasing over time. Pu
is generally found as a homogenous solid solution, substituting U in the UO2 matrix. Hence, it
is not surprising to see an increase in the Pu concentrations as the matrix dissolves. Further, as
the surface uranium leaches into the water, there is opening up of new surface sites around the
periphery and the HBS that could lead to higher Pu release. The increasing FIAP values as a
function of time are comparable to what is seen by Katayama et al. and González-Robles et al.
for fuels with lesser burnups (<59 GWd/MTU) although like uranium, the concentrations are
an order of magnitude lower than what was recorded. There is some plating observed under
the error of the 128-day leach values and is not as significant as what is seen for uranium. There
is no increase seen in NHT-A2 in the FIAP or FNS data between 60 and 94-day sampling
despite the additional surface area from the fragment (Section 4.3). This supports the presence
of Pu around periphery or rim of the pellet, where there is a higher density of epithermal
resonance neutron capture by U238 (Rondinella and Wiss, 2010) leading to the HBS structure.
This presence of Pu around the pellet clad region explains the higher release seen from NHTC as it is consistent with the IRF release trend owing to possible openings of the pellet-clad
gaps in this sample.
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The release rates of Pu239 are fairly consistent between 1E-07 to 3.5E-07 d-1 throughout the
sampling periods, as seen in Figure 4-30. The transitional period seems to be between 60 and
94 days where some of the samples have gone down while others have gone up in release rates.
This could be attributed to the period where new surfaces are exposed to leaching during the
course of the dissolution.
Figure 4-31 shows the FIAP values of Pu239 normalized by the surface area of fuel exposed.
The first sampling period shows an almost similar release from all samples. NHT-C however
increases almost exponentially compared to all other samples which have an almost linear
increase despite the different cuts. This confirms the opening of sites not visible in the
metallographic analysis in the case of NHT-C, most likely around the edges of the pellet.

Figure 4-29. FIAP values of Pu239 vs sampling period.
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Figure 4-30. FRR of Pu239.

Figure 4-31. Surface area normalized inventory release fraction of Pu239 vs sampling period.

The lanthanides analysed in this study can be grouped together as they show very similar
leaching characteristics as can be seen from their FIAP, FRR and FNS graphs. Figure 4-32
shows the fractional inventory release of Ce140 as a function of exposure time. Ce140 leaching
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can be seen to be consistent across the samples and types of cuts except for NHT-C which
seems to have leached comparatively higher. The consistency observed in the FHT samples
show that the axial cuts have not leached any more than the circumferential cuts. This is more
evident in Figure 4-34 where the FIAP values have been normalized by the effective surface
area.
It is observed that the circumferential samples have leached more compared to the axial
samples. A similar trend was observed in the Studsvik experiments where the segment samples
showed equal and in some cases, higher release of lanthanides compared to the fragment
samples (Roth et al., 2019). Roth et al. explains this as a consequence of slower desorption
rates seen in lanthanides (with examples to Eu and Nd). Another possible explanation, given
by Hanson and Stout, is the presence of trivalent and tetravalent (lanthanide) cations that has
shown to inhibit nearest uranium atoms from oxidizing (Hanson and Stout, 2004). The later
explanation is supported by Razdan et al. who conducted electrochemistry experiments on
lanthanide doped UO2 (Razdan and Shoesmith, 2014). It is also observed in the MOX
dissolution studies conducted in Chapter 3.
This results in a reduced excavation phenomenon as surface UO2 is not dissolved and thereby
reduces the dissolution of lanthanides such as Ce. The release is consistent as a function of
exposure time which strengthens the arguments above. Ce140 was observed to be plated onto
the flask during the leaching process, as can be seen from the increased concentrations in the
flask wash sampling (Figure 4-32 & Figure 4-33). However, Eu and Nd do not show plating
onto the flask walls (Appendix V) contrary to the Studsvik experiments where lanthanides were
found in high concentrations from vessel strip solutions. This could be perhaps due to the low
presence of dissolved Eu and Nd in the solutions, to start with.
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Figure 4-32. FIAP values of Ce140 vs sampling period.

Figure 4-33 shows the fractional release rate of Ce140 for each sample as a function of
exposure/sampling time. The rate falls in the first 30 days of exposure to ~2.0E-07 day-1. The
rates seem to be stable after the initial drop. This drop in the first 30 days is consistent with
other lanthanides analysed in this study as seen in Section 4.4.4.4.
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Figure 4-33. FRR of Ce140.
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Figure 4-34. Surface area normalized FIAP values for Ce140 vs sampling period.

4.4.4.3.

Slower than matrix release (ɛ-phases or noble metal particles)

Fission products Mo, Tc, Ru, Rh and Pd are partitioned into metallic phases in the SNF matrix
having a hexagonal closed pack (HCP) structure and existing in a wide range of
stoichiometries. Under oxidative conditions, the dissolution of ɛ particles have been studied to
be in conjugation with UO2 matrix dissolution and with a selective leaching of some particles
over others (S. Utsunomiya and R.C. Ewing, 2005). Cui et al. have conducted leaching
experiments on Mo-Ru-Tc-Pd-Rh-Te alloy particles extracted from SNF. The particles showed
a preferential leaching in the order of: (fast) Mo > Tc > Ru ~ Rh ~ Pd (slow) and also that ɛ
phase particles preferred aerated (oxidative) conditions for dissolution (Cui et al., 2001, 2004).
The data obtained in this study is consistent with the literature in terms of the release rates of
the noble metal particles. This section focuses on Ru101 and Rh103 which show a slower than
matrix dissolution as compared to other isotopes covered thus far. The graphs and discussions
for the other noble metal particles is provided in Appendix V.
Fission products Rh and Ru, are found within the SNF matrix and in grain boundaries as
metallic precipitates forming deposits in the form of white inclusions like Mo, Tc, and Pd.
Ruthenium exists in a number of oxidation states ranging from 0 to VIII and shows a high
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volatility, hydrolysis and formation of complexes (Zuba et al., 2020). Rh on the other hand is
less volatile but forms in clusters with Ru and other metal precipitates as binary phases.

Figure 4-35 & Figure 4-36 show the fractional inventory release in the aqueous phase of Ru101
and Rh 103 respectively for each sample as a function of sampling period. It was observed that
Rh103 showed higher leached concentrations as compared to Ru101. The Ru-Rh system has
been studied by R. Güler and shows to be very weakly interactive with a narrow-mixed phase
region and hence more likely to form independently and combined hcp phases with the other
epsilon phases. The FIAP values indicate a slower than matrix release, meaning that these
isotopes depend on the matrix to start dissolving in order to be released into the leachate. In
Figure 48 (for Ru101), there is an increase in the FIAP value in NHT-A2. This could perhaps
be linked to the sample fragmentation that was observed in the case of NHT-A2 indicating the
presence of Ru101 closer to the core of the fuel. This trend is however absent in Rh103.
There is plating/phase formation observed in Ru and Rh as there is a spike in the concentrations
as a result of nitric flask washing. This could also be a consequence of the acid digesting the
uranium alteration phases and thereby releasing Ru and Rh into the leachate. Rhodium (III)
has been observed to form polynuclear complexes, existing in several forms and almost always
along with Ru in the SNF (James C. Armstrong and Gregory R. Choppin, 1965). Mousset et
al. have conducted kinetic and speciation studies on dissolved RuO2.xH2O and Ru in nitric acid
(3N, 6N and 10N). It is observed that nitrous acid forms an effective catalyst and almost
quadruples the dissolution kinetics forming RuNO3+ almost rapidly. However, Adachi et al.
found Mo, Tc, Ru, Rh and Pd in 70% of insoluble residue from low burnup PWR fuel digestion
using 3M nitric acid at 100oC, claiming that the amount of residue increased linearly with
burnup (Adachi et al., 1990). If this is true, then the former argument of uranium alteration
phase incorporations getting released as uranium digests in the flask wash solution is more
convincing. This however requires further analysis in order to be validated.
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Figure 4-35. FIAP values of Ru101 vs sampling period.

Figure 4-36. FIAP values of Rh103 vs sampling period.
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Figure 4-37 & Figure 4-38 show the fractional release rates for each sampling period. The
release rates follow the same trend for both samples with a steep decline in the first 94 days
and a stabilization seen around 128 days. Rh103 release rates are observed to be an order of
magnitude higher than the Ru101 rates. The release rates are consistent irrespective of the
different surface areas exposed, meaning that there is an equilibrium in the leaching
phenomenon that is achieved from the oxidized fuel surfaces.

Figure 4-37. FRR of Ru101 vs sampling period.
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Figure 4-38. FRR of Rh103 vs sampling period.

Figure 4-39 & Figure 4-40 show the surface area normalized FIAP values of all samples as a
function of sampling time. It is observed that the circumferential samples have a higher
fractional source term release of Ru101 and Rh103 as compared to the axial samples with
Ru101 values being more significant. It was observed that FHT-A1 and NHT-A2 have
increased FNS values between 60 and 94 days. This is, however, absent in Rh103. A possible
explanation, as mentioned in the paragraphs above, is that the fragmentation in NHT-A2 during
this period. This event would have perhaps opened up the grain boundaries and resulting in a
higher release of Ru101.
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Figure 4-39. Surface area normalized FIAP values for Ru101 vs sampling period.

Figure 4-40. Surface area normalized FIAP values for Rh103 vs sampling period.
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4.4.4.4.

Combined Release Rates

This section presents two separate sets of data. The first set combines the release rates observed
in all lanthanide fission products measured using ICP-MS. The second part combines the
fractional release rates (FRR) of all isotopes discussed in the previous sub section into one
graph. This allows to draw conclusions on specific isotope leaching trends.
The rare-earth group fission products that involve the lanthanides dissolve completely in the
fuel forming solid solutions (Olander, 2009). This means that the dissolution trend observed
is consistent with matrix dissolution as the surface uranium-oxide leaches into the solution.
However, there are certain dissolution trends seen in the individual lanthanides which have
been highlighted in the graphs below. Figure 4-41 shows the combined FRR of lanthanide
fission products from sample NHT-C that were released during the course of the experiment.
The data for all other samples have been presented in Appendix V to avoid repetition as the
trends observed are consistent across the different samples.
Fractional Release Rates (FRR) are calculated by normalizing Fractional Inventory in Aqueous
Phase (FIAP) values to the sampling time period. Among the rare earth elements, La139 is
observed to have the maximum cumulative release rates in all samples across all sampling
periods. This is followed by Eu153, Sm147, Nd145 which show comparable release rates.
Pr141 is in the slightly lesser than Eu, Sm and Nd isotopes and the slowest rate of release is
seen from Ce140 and Gd156 which exhibit comparable rates. Kim et al. look at the 3+ and 4+
lanthanide (Ce, Nd) inclusions under uranium oxide dissolution and how it affects the mobility
of the matrix and the rare earth elements (REE) in a waste repository (Kim et al., 2006). It was
observed that Ce and Nd are present in the alteration phases, substituting for UO22+, with a
natural preference for Ce incorporation over Nd. The preference has been linked to the
oxidation states and ionic radii of the elements. The substitutions into the matrix/alteration
phases result in the inhibition of the REE mobility but also as a consequence, the oxidative
dissolution of UO2 in the leachate.
The results from the study have been used as an analogy to look at actinide oxides of similar
oxidation/ionic states. A similar result was obtained from the thin film corrosion experiments
on MOX samples discussed in Section 3.5.2. This has also been reported by Hanson where
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certain fission products including Gd3+ inhibited oxidation of the matrix from hyperstoichiometric UO2 to U3O8 (Hanson, 1998).

Figure 4-41. FRR of lanthanide fission products from NHT-C.

Figure 4-42 shows the combined fractional release rates for the instant release fractions, matrix
congruent and slower than matrix release fractions, for sample NHT-C as discussed in the
previous section. The data for all other samples have been presented in Appendix V to avoid
repetition as the trends observed are consistent across the different samples. The release rates
are expressed as a function of sampling period and the uranium release rates have been
highlighted with a solid line, making it easier to distinguish the isotopes that lie above and
below this line of uranium or matrix release.
It is observed that in all samples, the Cs release rates are the highest followed by Sr, Mo, Tc
that are distinctly above the uranium values. The graphs also distinguish the epsilon phase
elements based on their release rates. It is observed that the trend seen in the epsilon phase
particles is Mo~Tc>Rh>Ru. This agrees to what has been observed in the literature mentioned
in Section 4.4.4.3.
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Figure 4-42. Combined FRR (in log scale) of NHT-C.

4.4.4.5.

Plating of radionuclides on the flask walls

The 128-day aliquot will identify the amount of uranium dissolved in the solution and the flask
wash acid (+ leachate) will identify the uranium plated onto the flask walls and also, to an
extent, dissolve any uranium secondary phases that remained in the sample flasks which
weren’t picked up during the normal sampling runs. This is stated based on the increased
uranium concentrations identified when the aliquots were re-analysed with nitric digestion
(Section 5). The flask wash process was carried out as shown in Figure 4-9. Figure 4-43
compares the different isotopes based on the ratio of the FIAP values from the flask wash to
that from 128 days of leaching. However, since the flask wash aliquot might also consist of
any dissolved phases/particles not picked up from 128-day analysis, it is not possible to
pinpoint the source of the increase in the isotopes. Thus, the flask wash FIAP values also
include isotopes that were plated onto the glass walls and also the contribution from isotopes
that form undissolved secondary phases/particles in water. All particles discussed in Section
4.4.4. have been included in this graph.
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As seen in the graph, uranium (U238) shows the highest release under acid washing compared
to all other isotopes discussed here with almost 5.8 times higher concentrations after the flask
wash on an average. It was also observed that in three of the samples, the ratio of the flask
wash concentrations of uranium to the sum of the concentrations obtained in each individual
sampling period was higher than unity. This was, however, not true for any other isotope as
observed in the graph. This points towards an argument that the values obtained from each of
the sampling periods need to be taken with caution as it is possibly under-represented.

Figure 4-43. FIAP (flask wash)/FIAP 128-day sampling for the different isotopes of each sample.

4.4.5. Gamma spectroscopy data
Gamma spectroscopy gives the activity in Becquerels per aliquot as the aliquots were counted
as a point source. This data has been compared to the ICP-MS data for Cs137 for validation.
Activities for ICP-MS data is back calculated for the respective aliquot volumes taking the
specific activity of Cs137 as 3.215 TBq/g and multiplying it to the aliquot volume (~1.5ml).
However, before discussing gamma spectroscopy data, it is necessary to understand the
significant contamination present in the hot cell where the HPGe gamma detector is housed.
The contamination detected can be assumed as a contribution from airborne radioactive dust
inside the hot cell and from the manipulator handles on the exterior of the vials while handling
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them during sampling, transfer, and analysis. Figure 4-44 shows the control flask activities
detected in the gamma scan against the back calculated ICP-MS activity. Within the errors
mentioned here, the higher activity seen from the gamma scan data can safely be taken as
external vial contamination. This has been accounted for while looking at Cs137 activity
distribution in the fuel leach sample vials in the data mentioned in this section. The Cs137
concentrations seen in the control flasks from ICP-MS data in Figure 4-44 is most likely from
Ba137, a stable isotope present in the environment as the control flasks aliquots were not
exposed to the fuels. Control aliquot samples were counted out of cell at the radiochemistry
labs at ORNL and was confirmed that the detected ICP-MS counts were for Ba137.

Figure 4-44. Comparing control flask activities from gamma spectroscopy and ICP-MS. There is a 5% uncertainty in the
Gamma spec. data and a 10% uncertainty in the ICP-MS data.

The gamma spectroscopy data presented in Figure 4-45, has been calculated with an
assumption that all vials have had an equal handling time as that of the control flask vial and
control flask activities for each of the sampling periods have been subtracted off from the
sample Cs137 activities of the respective sampling period based on the values shown in Figure
4-44. There is a significant variation in the Cs137 activities seen in the 60-day sampling from
Figure 4-68. This is however not seen in the ICP-MS data (Figure 4-20) and is regarded as a
consequence of external vial contamination. There is always a possibility of certain flasks
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being handled for a longer period in the sampling and measuring process and thus leads to a
higher Cs137 activity. This error can however not be quantified. Thus, an abnormality in the
bar graph, for example, the data from the 60-day sampling period (Figure 4-68), is treated with
caution and disregarded on the basis of the trend observed from the other sampling periods for
the particular aliquot sample.

Figure 4-45. Gamma spectroscopy data for Cs137 in each of the sample aliquots for the different sampling days. There is an
uncertainty of 5% in all the data points.

Ignoring the 60-day sampling period, it can be observed that there is a consistency in the Cs137
activities across the sampling periods, meaning there is a steady release of Cs137 in each
sampling period and that the rate of release is consistently reducing as a function of time. This
agrees to the trend seen in the ICP-MS measured concentrations shown in Figure 4-46. The
low activities observed in the circumferential samples as compared to the axial samples is due
to the lower Cs137 source term present in these samples. This should not be confused to be a
result of the surface area of fuel being exposed. This is clear from Figure 4-20, when the
released Cs137 values for each sample is normalized to the amount of Cs137 available to leach.
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Finally, the absence of plated Cs137 in the flasks is yet again verified as the flask wash
solutions have not increased in Cs137 activity.
Counts for Cs134 were also obtained from gamma spectroscopy. However, this has not been
reported in the chapter as it follows the same trend observed in Cs137.

Figure 4-46. Gamma spectroscopy data for Cs137 compensated for external contamination.
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Figure 4-46 compares the ICP-MS and gamma spectroscopy data for all of the sampling
periods. The ICP-MS data is converted into activity as mentioned in the introduction using
Cs137 activity. There is good agreement between the ICP-MS and Gamma spectroscopy
results. The instances when the gamma spec. results are higher than ICP-MS can be seen as a
consequence of additional handling time increasing the external contamination in the vials.
The instances when the ICP-MS results are higher than gamma spec. should be regarded as a
consequence of the presence of excess Ba137m or Ba137 contamination in the liquid as any
Cs137 would have been picked up in the gamma spectroscopy data (of course, along with any
additional contamination and hence, not accurately quantifiable).

4.4.6. Metallography
Samples were metallographically analysed in two stages: before and after polishing. Prepolished images were taken to inspect any visible effects from water logging. The samples
were dried in the hot cell for weeks before being mounted and imaged. The mounting
procedures have been discussed in Section 4.3.2. It was observed during the initial mounting
that the axial samples were not cut as exact halves. NHT-A1 and FHT-A2 were found to be
smaller than their respective axial halves. This can also be seen in Table 4-4 where the sample
dimensions have been tabulated. It was also noted that FHT-A2 is cut at a slight angle where
one side is lower than the other. This resulted in the epoxy to submerge the lower end of FHTA2 as seen in Figure 4-48. The hair like attributes visible in NHT-A1 (Figure 4-47) are from
the cotton swabs that were used while transporting the semi-dry sample + mounts over to the
MET cell. Ethanol was used to clean the cotton strands off before the polishing procedure.
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Figure 4-47. Pre-polished metallographic images of the NHT samples where: A)NHT-C, B)NHT-A1 & C)NHT-A2.

Figure 4-48. Pre-polished metallographic images of the FHT samples where: A)FHT-C, B)FHT-A1 & C)FHT-A2.

The stark difference between the circumferential and the axial samples is the larger surface
area of fuel exposed in the axial samples. However, it is not clear from the pre-polished images
if there were openings in the axial samples through the periphery (breaks in the PCI layers).
The circumferential pre-polished images (Figure 4-47 & Figure 4-48) show that the epoxy
solutions have made their way through the fuel from the bottom all the way to the top through
the middle and the pellet clad gaps. This is a major observation as it supports the high release
fractions observed in the circumferential samples discussed in the previous section. Further,
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there were discoloured crevices observed in the axial samples (highlighted in the figures) that
could be a result of surface corrosion from leaching of fuel constituents and water logging. The
high radioactivity from the samples resulted in increased pixilation and the inability to use
better imaging techniques such as electron microscopy.
Further polishing was done to bring the fuel texture out, but this also meant that the ‘corroded’
layers were sacrificed. Two samples, NHT-C and NHT-A1, were selected to be polished down
and re-imaged. Average measurements of the cladding thickness, pellet thickness, pellet clad
interaction layer, porosity and high burnup rim regions have been provided for both samples
in Figure 4-49 & Figure 4-50. Some circumferential hydrides were visible after the polishing
procedures adopted (Table II-4). The samples were, however, not etched to bring out the
cladding texture as seen in the sister rod DE report as that is outside the scope of this study.
The cladding was of an average thickness of 540µm. The average pellet length and diameter
were measured to be 10.34 mm and 9.2mm respectively (Figure 55); although this varies due
to broken fragments and bambooing. The measured values are in accordance to the MET
measurements provided in the sister rod DE report (Montgomery et al., 2019) and the gamma
scanning, Eddy current and LVDT measurements provided in the NDE report (Montgomery et
al., 2018).
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Sample polishing artifacts
Circumferential hydrides

Figure 4-49. MET views of NHT-C with descriptions. Numbered attributes: 1. PCI: 9 – 15 µm 2. Rim: 45 – 55 µm 3.
Average Cladding thickness: 540µm.

Figure 4-49 shows the post polished image of NHT-C sample. A clean pellet-clad interaction
layer is visible throughout the perimeter of the fuel pellet extending in the range of 9 – 15 µm.
It is, however, populated with a number of holes of an average size of 5-10µm2 showing high
porosity around the PCI layers. It can be assumed that the holes and defects run deeper into the
sample and can perhaps also have networks of connected gaps (Buck et al., 2004) which could
explain how the epoxy was able to reach the top end of the pellet in Figure 4-47 & Figure 4-48.
The HBU region extends into the fuel from the PCI layer to about ~50 µm which agrees with
the literature mentioned in Section 4.2.
The central region of the pellet was observed to have a higher in porosity compared to the
surrounding fuel volume. The porosity was lower than the burnup rim and can be distinguished
from it. The basic pore analysis was done using a trainable Weka segmentation on ImageJ.
However, pore distribution in the fuel pellet is not probed further as it is outside the scope of
this chapter. This central pellet area with the unusually high porosity has not been reported in
the literature and is a potentially new avenue for future research. The zone extends to about ~
400µm and opens up important questions regarding the effects of it in terms of leaching. A
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possible explanation to the source of this high porous zone could be from shadow corrosion
from successive pellets under thermal stresses during the reactor lifetime. The conclusion is
strengthened from the fact that it is potentially absent in the axial MET images (Figure 4-50).
However, this is not conclusive from the limited metallographic data from this experiment and
remains to be answered.

Figure 4-50. MET views of NHT-A1 with descriptions.

Figure 4-50 shows the polished image of NHT-A1. As seen in the image, there is a similar
distribution of bound and unbound PCI layers with lots of open pores along the length of the
sample. There is significant damage observed from the sample preparation and polishing steps
that can be spotted on the waterside cladding surface. There are axial cracks seen to be running
along the centre of the pellet, often forming tributaries and distributaries along the way. This
points towards larger surface area of fuel exposed from the bulk compared to the
circumferential samples, and possibly a higher pre-oxidation of the matrix. The fuel pellet
inside the sample can be clearly identified due to the bambooing structure and the pellet-topellet gaps. These gaps are often filled with fission gases that escape out during sample
preparation or CIRFT test failure as discussed in Section 4.3.1. The unpolished epoxy is seen
as a black coating in the figure. This is a result of slight misalignment of NHT-A1 in the sample
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mount. A higher degree of polishing is required to get the epoxy out from the surface of the
sample; however, this would involve several iterations of sample transfer between the modular
hot-cell housing the MET scope and the main hot-cell where the polisher is situated. It was
decided to discontinue the imaging as it does not bring out any additional information
pertaining to leaching other than what is already available from the images.
Lastly, it was mentioned under sample preparation that the exact locations of the NHT and
FHT samples (i.e., in terms of where the circumferential and axial samples fit in the original
SNF rod relative to each other) were not noted down during the sample preparation process.
However, from the axial image, it can be inferred that the circumferential sample was either
cut out from the right end (side with the epoxy) or the left end of the axial sample. From Figure
4-50, the right side of the sample has ~ 2.97 mm and the left side has ~8.34 mm of remaining
fuel pellet before there is a pellet-to-pellet gap. NHT-C had a sample height of ~2 mm.
Considering the argument regarding the high porous (central) region being a consequence of
subsequent pellet compression, there is a possibility that the NHT-C sample was cut from the
right side of NHT-A1. This, if true, would also justify to an extent the higher FIAP and FRR
values from NHT-C as it could be from the pellet-pellet gap that is exposed as a result of
leaching. Figure 4-51 explains the above idea in a schematic. The reader is warned that this is
only a hypothesis based on the arguments mentioned here.

Figure 4-51. A) Pellets on either side of NHT-A1 and a hypothesis of the in-rod position of NHT-C. B) Isometric view where
individual pellets are marked and pellets on either side of NHT-A1 are highlighted in blue.
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4.5.

Treatment of Assumptions

This section talks about the shortcomings that were identified in this study. It also discusses
the measures that were adopted to address these shortcomings. The section includes a separate
sub-section looking at uranium re-analysis data and reports certain significant outcomes of the
experiment that requires more validation to confirm.
As mentioned in Section 4.3, the surface area of fuel exposed to the water that has been used
for calculating FNS values and, indirectly, in the calculation of FIAP, is an approximation from
metallographic images and will have a significant bias that is hard to estimate. This is because
the evolution of surface area as a function of leaching is difficult to quantify due to the limited
imaging capabilities inside a hot cell. For solid fuel leaching experiments, metallographic
imagery is the preferred technique used to measure surface area, although it is entirely possible
that the gaps, grain boundaries, pores, sample processing artifacts and leaching induced defects
can open up fuel surfaces not visible under metallography or similar imaging techniques. Gray
et al. applied a surface roughness factor ranging from about three to five to the geometric
surface areas to obtain values comparable to BET analysis (Gray and Wilson, 1995). Although
BET surface area analysis is a powerful technique it has proven to overestimate leaching
surface area, as the noble gas used in such a method would have different penetration
characteristics in SNF as compared to the water molecules (Hanson and Stout, 2004). Hanson
and Stout argue that leaching rates should in fact be studied as cumulative release rates (FRR)
instead of normalized dissolution rates (FNS) and that these rates should be examined to
elucidate the parametric dependence of SNF dissolution (Hanson and Stout, 2004). The data
presented in Chapter 4 includes FRR values and it is assumed that the error arising from the
difference in initial sample mass is negligible considering that the leach concentrations are in
the micrograms. However, it is suggested that future experiments should include pre-weighing
of each sample and ideally a detailed characterization study for quantitatively measuring these
errors and conducting post-experiment comparisons.
The samples used in this study have undergone dynamic cyclic integrated reversible-bending
fatigue testing (CIRFT) until failure (Section 2.1). Although the samples were cut-out from the
unused ends of the CIRFT specimens, the microstructure evolution, isotopic release, and
external contamination as a result of CIRFT testing is not well understood; and can therefore
have an influence on the leaching phenomenon observed in this study. No literature referred in
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this study has used samples that were mechanically pre-tested to failure inside hot-cell
environments. Despite this, there is a close agreement in the isotopic release and its trends
observed in this study to what has been reported in the literature.
Of the two sets of samples used in the study, one has been heat treated to a rod average
temperature of 400oC. This has shown to help re-orient hydrides in the cladding as discussed
in the Sister rod destructive examination report (Montgomery and Bevard, 2020; Montgomery
et al., 2020). This also results in relaxation of certain other mechanisms such as Iodine induced
SCC expected in the PCI layers extending into the cladding. Restructuring or movement of
these defects can result in a manual opening of the PCI and loss of fuel material. Especially the
IRF constituents that the PCI layers are rich in. This is however harder to quantify and requires
further research specific to leaching of heat-treated fuel samples. This is proposed under future
work.
The gamma scan activities reported in this experiment have been obtained with the calculations
designed for TRISO particles, assuming the aliquot solutions as point sources. This is not
exactly the case as the solutions are 1.5ml of water unlike a TRISO fuel particle which can be
assumed as a point source for ease. The standard error quoted for the equipment is 5%
(conservative estimate) during the TRISO fuel measurements and it is assumed that the
gamma values obtained for the aliquots will also agree with such precision. The ICP-MS
values for Cs137 were converted using specific activity and compared with the gamma scan
results and they are observed to be in good agreement under the 5% error. One issue reported
in the results (Figure 4-44 & Figure 4-46) is the large Cs137 reading in the control samples,
owing to cell contamination, which exceeds the amount in solution. The setup used for gamma
counting will need to be re-calibrated for future experiments. Another alternative is to conduct
the Cs137 analysis out of the hot cell, after the aliquot vials are decontaminated.
There is a common trend of increased FIAP values in the circumferential (especially NHT-C)
samples after 60 days of exposure. From the literature and inference based on the isotopes of
maximum increase, it can be assumed that this is connected to a possible breach in the PCI
layers. This phenomenon needs to be probed further, perhaps by singling out pellet clad regions
in a separate leach experiment or by conducting sample characterizations after each sampling
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period. The second option would require a mounted, pre-polished specimen to start the leaching
experiments with and periodic metallographic analysis after each sampling.

4.5.1. Uranium re-analysis
From the FIAP values of U238 shown in Figure 4-26, it can be observed that there is a decrease
in the leached concentration between 30- and 60-day sampling period. The 60-day samples
were re-analyzed for uranium concentrations as the trend was not consistent with the other SNF
elements. In the reanalysis, it was observed that the uranium concentration decreased to below
the PQL (practical quantitation limit). The analysis was repeated with 20 µl of dil. nitric acid
and there was an increase in the amount of uranium present compared to the initial 60-day
analysis. This increase in the release meant that uranium had plated onto the aliquot vial or
formed secondary phases that required a nitric digestion to be detected in the solution. This led
to a detailed investigation where all samples from 30, 60 and 94 days were re-counted with 20
µl dil. Nitric acid addition after the conclusion of the experiment, 218 days from the start of the
experiment. 128-day aliquot solutions were not recounted as this sampling step also involved a
flask wash using 2N nitric acid which was initially included in the experiment in order to wash
any plated elements. From the 2nd analysis, NHT-A2 aliquot from 94-day sampling was selected
and re-analyzed with a complete acid digestion involving a reaction plate at 250oC. This was
done as NHT-A2-94 showed a significant increase in the 2nd analysis (Figure 4-54). Finally,
NHT-A2 aliquot from 128-day sampling was also re-counted after adding 0.1ml conc. Nitric
acid and leaving the sample to reflux at 100oC for 2 hours in a hotplate. This was done to
quantify the amount of U238 that was plated onto the flask walls as compared to the amount
that had formed alteration phases.
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Figure 4-52. Uranium reanalysis values for 30-day samples.

Figure 4-53. Uranium reanalysis values for 60-day samples.
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Figure 4-54. Uranium reanalysis values for 94-day samples

Figure 4-52, Figure 4-53 & Figure 4-54 show the concentrations of U238 measured in the 1st
and 2nd analysis (2nd being the latest) for each of the samples. It is clear that U238 has dissolved
into the aliquot solution between the 1st and 2nd analysis. There are two possible explanations
to this unusual increase in the U238 data – The first, classical radiochemistry theory of
solubility limiting secondary uranium phase formation and gradual dissolution due to surface
radiolytic driven oxidation and the second, a more mechanical fuel surface defect-based
explanation wherein it is assumed that the manual agitation before a sampling step has resulted
in microscale SNF particles to non-homogenously distribute in the solution and in the aliquot
leading to an initial U238 release and gradual leaching from these fine particles. The later
argument has in fact seen to be overcome by nano/ultra-filtration techniques such as the ones
employed in the Studsvik Series experiments. However, no such characterization was carried
out in this study during the initial analysis until the changes in uranium values were observed.
The observations seen in this section point towards the values being under-represented if the
gradual dissolution of the uranium into the leachate is not accounted for in the total dissolved
uranium from the SNF. This goes back to the previous argument that there needs to be a better
understanding to the terminology of fuel dissolution and fuel leaching.
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From Figure 4-54, NHT-A2 at 94-day sampling period was identified as the aliquot with the
largest increase in U238 concentration between the first and the second analysis. However, the
2nd analysis was done at room temperature, and it was decided to redo the analysis with a
complete acid digestion of the aliquot under a hot plate. Philippe et al. have discussed the UO2
nitric acid reactions and the physicochemical parameters that influence dissolution rates (Marc
et al., 2017). Complying with the parameters from Philippe et al.’s paper, the sample remaining
after 2nd analysis (about 0.6693 g) was introduced to 0.1 ml of conc. Nitric acid and left to react
on a hotplate for 2 hours at 250oC. ICP-MS was conducted after it was cooled down to room
temperature.

Figure 4-55. NHT-A2 re-analyses of U238

Figure 4-55 shows the variation in U238 concentrations from the 94-day aliquot sample of
NHT-A2 which was analysed thrice in total – the first sampling according to the process
explained in Sections 4.3.2 and 4.3.3.2, the second and third involving nitric acid digestion
with dilute and concentrated acid (at 250oC) respectively. Contrary to the observations by
Philippe et al., the rate increase from the 1st to the 2nd analysis is observed to be the main
dissolution step and there is no significant effect of using conc. nitric acid and high reaction
temperatures to the total dissolved U238. There are two possible reasons for the observed
stabilization seen in the 3rd analysis – either the 2nd analysis resulted in a complete oxidative
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dissolution (nitric acid digestion) of the secondary uranium phases present in the aliquot or that
the conditions applied (temperature and acid concentration) in the 3rd analysis did not cater to
higher oxidative dissolution of the phases present. Unfortunately, ICP-MS does not give
oxidation states or nature of complexing, and this is an avenue for future research.

Figure 4-56. NHT-A2 re-analysis and plating quantity calculation

From Figure 4-26, the flask wash solution (acid + leachate) showed the highest U238
concentrations. It is impossible to draw a clear distinction about the contribution of U238 from
plating onto the flask walls and from secondary phase formations as the nitric acid was added
back to the leachate in a fresh flask before an aliquot was syringed out (Figure 4-9). However,
aliquots from flask NHT-A2 were re-analysed after 30, 60, 94 and 128 days. Figure 4-56 shows
the change in U238 concentrations as a function of sampling period from the 1st and 2nd
analysis. This allows us to calculate the total U238 that was digested in the solution, which will
be the sum of the total concentrations from each sample period re-analysis. This is compared
to the 128-day flask wash concentration of U238 from NHT-A2 to calculate the amount of
U238 that was plated onto the flask per ml of leachate present. Table 4-12 lists the
concentrations obtained from the 1st, 2nd and the flask wash aliquot analysis.
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Table 4-12. NHT-A2 re-analysis concentrations

Concentrations (µg/ml)
Days

1st Analysis

2nd Analysis

30

4.46E-01 +/- 4.52E-02

6.41E-01 +/- 6.41E-02

60

1.15E-01 +/- 1.15E-02

1.52E-01 +/- 1.52E-02

94

0.99 +/- 0.099

1.53 +/- 0.153

128

0.61 +/- 0.061

0.92 +/- 0.092

Total

2.17 +/- 0.217

3.25 +/- 0.325

Flask wash with Nitric

2.79 +/- 0.279

-

Based on Table 4-12,
The total uranium concentration from the 1st analysis (excluding flask wash) = 2.17 µg/ml
The total uranium concentration from the 2nd analysis = 3.25 µg/ml
Net increase in concentration from acid digestion = 1.08 µg/ml
This increase can be seen as the digestion of undissolved uranium secondary phases that had
low solubility limits. Assuming the re-analysis captures all of this, the amount plated onto flask
walls can be calculated from the difference between the total uranium concentration (including
flask wash aliquot) in the 1st analysis to the total uranium concentration from the re-analysis.
Amount of uranium plated onto the flask walls = 4.96 – 3.25 = 1.71 +/- 0.36 µg/ml
The ICP-MS analysis was extended to the other actinides as shown in Figure 4-57. However,
no other actinides showed a significant increase in the re analysis as compared to that of U238.
It can be seen that for mass numbers 241, 242, 243 and 244, there are multiple isotopes that
contribute to the mass spectrometry peaks and can only be mentioned as the contribution of
either of the isotopes or a combined presence of both. These transuranic isotopes were not
covered in this chapter as a result of this isobaric interference.
Since, this chapter deals with real spent fuel, it gives a unique opportunity to compare actual
fuel dissolution to idealized laboratory-based studies like the one conducted in Chapter 3. The
fractional release rate of uranium that was obtained from the idealized single crystalline sample
of depleted uranium (U238) in H2O2, an artificially added end radiolytic product, from Chapter
3, is compared to the highest uranium leached from an actual spent fuel (NHT-A2) sample in
DI water measured in the experiment discussed in this Chapter.
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As mentioned in Table 3-7, the total dissolved U238 from the UO2 leachate solution was
detected to be ~0.056 µg. Converting this into FIAP, we get a value of 0.012 (Here, FIAP =
Mass of U238 obtained/Total Mass of U238 in the film).
Now the highest U238 value detected in the study was for NHT-A2 from the 1st analysis as
mentioned above, which was calculated as 4.96 µg/ml (after flask wash). This can be expressed
in FIAP as 5.04E-05. (Here, FIAP = U238 detected in NHT-A2-94 aliquot/Total U238
concentration available in sample NHT-A2 before the experiment.)
Thus, it is seen that the pristine uranium dissolves about 200 times more than real spent fuel
under the protocols adopted in this study. However, the reader is warned that the pristine thin
film sample was exposed to a chemical radiolytic by-product, H2O2, with a molar concentration
of 0.1M that is several orders higher in concentration than what can be expected to form in the
vicinity of the spent fuel (Dzaugis et al., 2015). This is already discussed in Section 3.2.

Figure 4-57. Re-analysis data for transuranic isotopes from 128-day aliquots.

This phenomenon of slow uranium digestion suggests the following conclusions:
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•

There is an immediate alternate phase formation as uranium leaches into DI water. This
has been reported in a number of studies (Buck et al., 2004; Amme, 2002; Burns et al.,
1997). However, no attempt was made to collect or analyse any of the undissolved
species due to facility and time restrictions. This is proposed in future work.

•

A

possible

explanation of

the

gradual

dissolution

of U238

can

be

due

to the disintegration of the fuel matrix to form microparticles due to corrosion.
•

The rate of this speciation changes as a function of time and so does the solubility of
U238 in the solution. This is seen from the fluctuations on U238 concentrations
between 30 - 60 day and 94 – 128-day sampling periods from 1st analysis.

•

The alteration phases do not incorporate significant amounts of transuranic isotopes
that were analysed in this section, as their concentrations have not increased as
compared to U238 under acid digestion. However, this will require further
characterisation to validate, and this is a suggested item worthy of further investigation
as outlines in Chapter 5.

In the Studsvik experiments, sampling was done with three separate measurements between
each contact period - the centrifugate solution (aliquot), membrane filters that were used to run
the centrifugate through them (>95% retention rate of microscale particles) and the vessel strip
solutions that were obtained from washing the leaching vessels with 5M HNO3/O.5M HF for
about 5 days after each sampling period. This can be regarded as the best sampling practice
considering the high plating and acquired insolubility tendencies exhibited by
uranium phases that is reported here. Other leaching experiments including the ones at PSI,
SKB, Nagra and PNNL have not reported about a change in uranium concentrations in the
aliquot, post analysis.
Uranium values reported in Section 4 is solely from the 1st Analysis. This section highlights
the discrepancy involved in reporting the primary analysis as it does not account for the
undissolved phases that form and underrepresents the total dissolved uranium. This opens up
questions pertaining to the exact nature of leaching and the evolution of the uranium release
rates as a function of time. The slower increase in the concentrations from the 94-day NHT-A2
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aliquots (as seen in Figure 4-78) point towards a saturation state which will affect the
dissolution kinetics in the long run.

4.6.

Summary and Conclusions

This chapter extends the narrative of this study by conducting leaching experiments on real
high burnup SNF samples in DI water in the hot cell facility at the Oak Ridge National
Laboratory. The study meets the research objective of elucidating the trends in fuel leaching,
the influence of surface area of exposure on the leach concentrations and the evolution of the
fuel surface as a result of dissolution.
Relevant isotopic data from the entire data set of ICP-MS detectable leached isotopic
concentrations are presented, analysed as a function of initial concentration, leach time, surface
area of source fuel exposed and the specific uranium concentration from the sampling period
and compared with existing literature and observations deduced in Chapter 3; in order to
understand the trends observed under the experimental conditions adopted in this study.
Further, the leachates and samples were also analysed to look at the characteristics of leached
concentrations. The main conclusions drawn from this study are as follows:
1. Uranium release from SNF is orders of magnitude lesser (~200 times) than uranium
release from idealized SNF samples such as thin films under the experimental protocols
adopted in Chapter 3. This is inferred to be a combined effect of lattice modifications,
surface of exposure and different availabilities of radiolytic products.
2. SNF dissolution follows a trend where there is an initial instant release of radioisotopes
of Cs, Sr, Mo and Np followed by a gradual matrix dissolution of actinides and
lanthanides including U, Pu, Eu, Nd, La, Pr, Sm and Gd. Finally, the less volatile
isotopes of Ru and Rh that are dependent on matrix dissolution in order to be leached.
This can be vital information in order to predict the degree of damage in SNF under
waterlogged conditions. Also, the trends seen in the leaching of certain isotopes can be
used to speculate the rate of retention/diffusion of constituents in the SNF matrix; for
example, Np is seen to initially follow matrix congruent dissolution, but does overtime
exceed the U release rates from the alteration phases.
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3. There are some isotopes more prone to complexing on flask walls/forming alternate
phases as compared to others. These include U238, Ru101, Rh103, Sr88, Pu239, Nd145
and Eu153 (Figure 4-43). This trend needs to be accounted for while modelling SNF
leaching as the occurrence of it on the fuel surface will result in the passivation of the
surface and reduce the overall dissolution kinetics.
4. There is a good agreement between ICP-MS and Gamma spectroscopy in the leaching
analysis of gamma emitting isotopes such as Cs137 (Figure 4-46). This opens up new
avenues in terms of characterising such isotopes as in-cell gamma spectroscopy is often
preferred due to the constraints of sample transfer and complexities involved in ICPMS.
5. NHT-C (a circumferential sample) has been seen to have the highest leached
concentration of radioisotopes in all samples. This has been explained as a consequence
of opening up of pellet-cladding bonding based on visual and metallographic
observations. Another possible explanation is given based on the source of NHT-C in
the fuel rod. A map has been made based on the metallographic image to trace the origin
of NHT-C sample in the fuel rod and a hypothesis has been presented as to the reason
of some of the isotopic release characteristics observed in the chapter. This opens new
avenues for future research looking at the role of surface area in fuel dissolution.
6. FNS values show the circumferential cuts to have leached similarly to axial cuts.
Contrary to the trend observed in other leaching studies, the circumferential cuts with
lesser exposed surface area of fuel have leached more than the axial cuts in majority of
the isotopes. In isotopes where it isn’t the case (like Cs137 (FHT-C), Pu239 (FHT-C),
Sr88, Eu153 (FHT-C) & Nd145 (FHT-C)), the circumferential and axial cuts have
leached comparably. This points to a conclusion that the additionally exposed surface
area in the case of axial samples did not aid to increase the amount of fuel leached from
it. However, Studsvik leaching experiments and the ones conducted at PSI, focusing on
surface area dependence have been conducted by de-cladding or exposing the pelletclad surface completely (in the case of open samples). The samples used in this study
are different from such samples as there has been no attempt to detach or modify the
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pellet clad layers and any seepage is expected to be a direct effect of the leaching
phenomenon. Thus, the pellet clad regions, rich in grain boundaries and defects are the
most vulnerable areas when it comes to leaching of fuel in the presence of water. This
allows us to predict the nature and scale of a hazard based on the location of the breach
in a fuel rod. Higher burnup leads to the sealing of this gap to a good extent resulting
in an almost passive containment of the SNF constituents. The core of the fuel is
perhaps covered by secondary uranium phases, giving a passivation layer for
subsequent leaching.
7. A slow increase in uranium concentrations from aliquot samples analysed in succession
after digestion in nitric acid has been reported for the first time in SNF leaching studies.
Aliquots samples from individual sampling periods were re-analysed after digestion in
nitric acid media at room and high temperatures to show an increase in the reported
concentrations. This opens questions regarding the leaching concentrations reported in
the literature and if similar approaches were made to validate the results. Also, the
results point towards future considerations that need to be adopted in SNF leaching
experiments.
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Chapter 5:

Reflections and Conclusions

C

hapter 1 talks about the pathways to fuel water interactions which involve scenarios,
where failed, spent fuel can go into storage (and disposal) with water carryover, either

from ineffective drying cycles of failed fuel or from a pinprick defect in the fuel cladding going
unnoticed. The issues concerning pinhole failures in SNF cladding have been recently looked
at by the United States - Nuclear Regulatory Commission (US-NRC). The NRC studies
confirm that pin-prick cladding defects are of regulatory concern. The US-NRC report
considers a specific issue distinct from the focus of the work reported in this thesis. The USNRC is concerned for cladding response in specific circumstances. The thesis considers fuel
surface issues in different scenarios. The US-NRC work shows that pinhole failures in the
cladding do not necessarily expand into gross ruptures when the fuel pin is exposed to drying
cycles (Raynaud et al., 2021). Such fuel ends up being stored alongside undamaged fuel
according to Title 10 of the Code of Federal Regulations (10 CFR), Sections 72.122(h)(1) (LII,
1988). Figure 5-1 elaborates on this by showing the characterisation of SNF populations and
how they are categorized in the United States. The figure reiterates the information provided
in Table 1-1 in Chapter 1, which lists similar classification standards adopted in a number of
other nuclear countries.

Figure 5-1. Relationship of Spent Fuel Populations. Image taken from (Brach, 2007).
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The US-NRC work aligns specifically, however, with one of our scenarios of concern. In that,
fuel with a pin-prick cladding defect might be assumed to be defect-free and stored alongside
other fuel elements. Further, as mentioned in Chapter 1, SNF drying was identified more
generally as a high priority technical gap considered by a U.S. Department of Energy (DOE),
Office of Nuclear Energy (NE), Spent Fuel and Waste Science and Technology (SFWST)
programme as part of an assessment carried out in 2019 to support extended storage and
transportation of SNF (Teague et al., 2019). Such concerns contribute to the context around
this thesis and highlight the importance of understanding the potential hazards associated with
fuel-water interactions of failed nuclear fuel in storage/disposal, including in fuel that may
erroneously be assumed to be ‘dry’.
Together with the recent US-NRC work, the research presented in this thesis throws light on
some of the assumptions involved with SNF classification and disposal. These assumptions
can cause responsible parties to miss, or fail to appreciate, potentially important fuel-water
interactions. This chapter begins by laying out the research objectives discussed in Chapter 1.
Then, it introduces the individual data chapters by explaining their relevance with regard to the
research objectives (as discussed in Figure 1-6). Finally, the research methodologies adopted
are discussed briefly and the main conclusions arrived are listed with some key findings and
how they fit together to address the general research problem. Further, the chapter also
discusses the immediate prospects on the next steps that were identified through this study and
finally proposes future work under each experiment.
The first problem addressed through this research was to understand how wet is ‘dry’
nuclear fuel. This aligns with the research objective of experimentally studying the wetting
and adsorption characteristics of SNF and highlights the concerns regarding the efficiency of
SNF drying operations in the industry. Before consideration of the radiochemistry involved in
real SNF, Chapter 2 addresses the physical surface and hygroscopic effects of SNF at high
temperatures and vacuum atmospheres, mimicking fuel drying scenarios. For this, a bespoke
adsorption isotherm chamber was designed and assembled at the Open University, UK.
Powder CeO2 was chosen as a non-radioactive structural surrogate to SNF for the experiment.
The use of CeO2 allows for having copious amounts of sample/surface area, for such
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experiments, that is an idealized representation of the SNF surface, however, without the
radioactivity concern (Wang et al., 2020). The experiment was conducted at isothermal drying
temperatures and in high vacuum conditions. Extensive data was collected from the rig and
validated against similar experiments using PuO2 from literature. Agreeing to the concerns
associated with the effectiveness of SNF drying, it was observed that fuel surfaces do attract
layers of water even at high temperatures and vacuum conditions. The results thus point
towards the possibility to have water carryover from hygroscopy in ‘dried’ (failed) fuels
awaiting disposal. Just to note, at no point in this thesis do we research separated PuO2 – a
nuclear material of separate policy concern, rather as we move forward through this thesis, we
refocus our attention on spent nuclear fuel and its analogues.
The adsorption effects seen with powder CeO2, under vacuum are not entirely determined by
physisorption. There is the possibility of surface chemistries influencing the adsorption process
(dissociative chemisorption), namely – the observed oxygen defects and the presence of stable
Ce(III). Such defects are common in fluorite structures lattices and can be expected in SNF
(Wang et al., 2020; Spurgeon et al., 2019). Understanding the chemisorption characteristics of
SNF surfaces is important as chemical mechanisms could lead to water splitting and even
perhaps over-pressurization of the rod/canister. Future researchers may be able to extend the
work further by expanding the capability of the rig, as mentioned in Chapter 2. We shall say a
little more on this theme here: elaborating on the contributions of this chapter to the scientific
community, it is also important to acknowledge the experimental rig that was built as part of
it. This provides a dedicated resource for future experiments that can be conducted on more
realistic SNF surfaces, such as powder UO2, to probe the surface of wetted fuels and understand
the conditions leading to potential hydrogen build-up under storage. Future work that is
proposed to extend the capability of the rig includes:

5.1 Temperature programmed desorption (TPD)
Adsorption is the process in which a gas or liquid undergoes adhesion on a surface to give out
heat which is equal to the binding energy. Once adsorbed, there is an equilibrium where the
adsorbed layers exhibit low entropies and remain attached to the adsorbent surface unless
energy is given to the system. If the surface is heated, energy will be transferred to the adsorbed
species causing it to retrace the adsorption curve (with a hysteresis) and undergo desorption.
The temperature at which desorption is observed is called desorption temperature. Often,
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adsorption experiments are extended to temperature-programmed desorption (TPD) studies to
extract further information from desorbed molecules. The technique is extensively used to
study desorbed molecules and determine the thermodynamic parameters of the desorption
process. Thus, TPD involves heating post-adsorbed samples in a controlled manner and
analysing the evolution of partial pressures from the sample using specific manometers or mass
spectrometry.
The rig is currently equipped with a stage heater that can go up to 250oC. This is currently a
limitation as complete desorption has been observed to require higher temperatures.

5.2 Thermal desorption spectroscopy (TDS)
As a future step, a quadrupole mass spectrometer could be used to analyse the desorbed gas
molecules to give complementary information such as the mass-to-charge ratio and abundance
of gas-phase ions. Several masses may be simultaneously measured by the mass spectrometer,
and the intensity of each mass as a function of temperature is obtained as a TDS spectrum. This
can be used to elucidate the trends in H2 production as a function of sample surface temperature.
The mass spectrometer requires a high vacuum environment to ensure that the detected atomic
masses are only from the sample. This is possible only with a differential pumping setup
wherein one side of the chamber is at pressures close to the atmospheric pressure and the other
side involving the mass spectrometer is maintained at a high vacuum. The rig has provisions
to be connected to such a differential pumping setup.

5.3 In-situ adsorption isotherm testing
In-situ adsorption isotherm testing is proposed to probe the adsorbed water vapour layers in a
single crystal sample of UO2 in order to look at long-range order if any of adsorbed monolayers.
The relative strengths of lateral and vertical interactions could result in an ordered
chemisorption where the adsorbate molecules orient themselves in an ordered manner with
registry with the adsorbent surface. In the case of water, the lateral interactions can be due to
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the Van der Waal’s attraction or due to dipole interactions and vertical repulsive forces due to
orbital overlaps and indirect interactions due to substrate chemistry.
The idea is to have an ultra-high vacuum chamber with a provision to conduct adsorption
experiments and a beryllium (or likewise) window which allows X-ray penetration. The sample
stage and chamber would be maintained at a temperature range of 100-150 degrees Celsius and
water vapour would be allowed in for adsorption. Once, the system achieves equilibrium, Xrays can be used to probe the adsorbed layer. Any existence of long-range order would give a
periodic scattered intensity from the oriented adsorbate molecules (or bulk liquid) along the
peak positions of the single crystal adsorbent. It could also throw light on the debated
preferential dissociative vs molecular adsorption in SNF.
The experiment is proposed to be conducted on a UHV kit made at the European Synchrotron
and Radiation Facility, called the TRIKSY chamber (now at Diamond Light Source).
Thus far, we have considered the physical potential for spent nuclear fuel surfaces to be wetted
at the atomic scale. We have considered that a fuel surface assumed to be dry might in fact be
wet in surface science terms. In chapter 2 we have argued that physics alone is insufficient to
provide the understanding and that surface chemistry is important. Building from the previous
chapters, in Chapter 3, we introduce the notion that the chemical considerations around SNF
must involve an appreciation of the complex role of radiolytic chemistry. This brings us to
the next research objective of elucidating the role of radiolysis and lattice modifications
in fuel corrosion. We point to our experiments in which a synchrotron x-ray is both a surface
structure probe, but also a proxy for gamma-ray (and potentially other) radiolytic effects. In
Chapter 4 we build further realism into our investigations. We consider real spent nuclear fuel,
and we consider macroscopic effects that, as it turns out, can greatly influence one’s
understanding of key surface interaction considerations – such as how much surface is
available? We consider a scenario of SNF going into storage with adsorbed layers of water and
we go further than previously to consider an extreme circumstance of the fuel being
waterlogged. Under such scenarios, it is vital to understand if the fuel would corrode, and if
yes, the rate-determining conditions of fuel leaching into the water. Finally, and more
importantly, we have to assess if such scenarios can lead to safety hazards. Indeed, in these
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experiments our experimental focus follows a path first investigated in the Chapter 3
synchrotron experiments – we consider the water as well as the solid-state sample/fuel.
Chapter 3 reminds us that any fuel-water interactions during the initial period of storage are
complicated by the high levels of radioactivity surrounding the fuel-water interface. The
complications involve the radiolysis of the water and the redox conditions that are formed as a
result of it. Those progressing the real spent fuel studies (and perhaps moving to more
challenging fuel-steam experiments) would be wise to remember such effects.
Under radiolysis induced oxidative environments, SNF (UO2) is understood to corrode,
however, there exist literature gaps about the mechanisms that prevail when the UO2 matrix is
doped with fission by-products that are expected in the spent fuel. This fundamental science
question bridges the gap between our laboratory based idealized SNF dissolution studies (using
UO2) as discussed in Chapter 3 and the actual mechanisms that can be expected in real life with
real fuel (Chapter 4). However, the high levels of radioactivity limit the use of real spent fuel
in only a handful of advanced specialist laboratories worldwide. ORNL has such facilities but
the differences in planning a university or central facility study with proxy materials and the
use of real highly radioactive materials at scale in a hot cell should not be underestimated. Even
weighing a sample in situ requires consideration of how long the electronics of the scale can
survive the harsh environment before it becomes useless and must be treated as radioactive
waste. Pragmatically, Chapter 3 employs cerium as a dopant in the UO2 matrix in order to
safely study the radiolytic corrosion in the (U, Pu)O2 mixed-oxide system. Cerium is a proxy
of plutonium. Our focus is not the small proportions of lanthanides found in solid solutions in
UO2 fuel matrices. That is a separate research issue for others.
Homogenous single crystal thin film samples of uranium, cerium – oxide, at three different
Mass(Uranium):Mass(Cerium) ratios, were grown for the work reported in Chapter 3 and exposed to
artificial radiolytic environments to study the influence of a 4+ isotope in the UO2 radiolytic
dissolution phenomena, mimicking (U, Pu)O2 solid solutions in the SNF. Here, we deploy
radiolytic environments on thin-film fuel surfaces; either using synchrotron X-rays or by
directly exposing the films to H2O2, an end radiolytic product; in order to replicate the
radiolytic environments expected in real life. It was observed that UO2 and CeO2 behaved
similarly to previous benchmarking experiments using this setup, where UO2 showed high rates
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of corrosion which increased with exposure time and CeO2 refused to dissolve although
increasing in roughness. The study, however, focused on MOX systems, namely (U, Ce)O2 at
various U – Ce % mass compositions. Interestingly, it was observed that the rate of
dissolution of uranium from the (U-Ce)O2 films reduced with the increasing
concentration of cerium in the films. This showed an inhibition of the UO2 oxidative
dissolution mechanism due to the incorporation of Ce in the lattice; also, adding to the literature
on the reduced oxygen mobility and stabilisation of U(V) in trivalent doped UO2. These results
from Chapter 3 have been presented as an annual highlight in the XMaS facility newsletter and
produced by the XMaS team based at the ESRF (Sasikumar et al., 2019).
Expanding on our results in the context of used fuel storage, it can be seen that radiolytic
dissolution is an inevitable consequence of fuel exposure to water, leading to corrosion and
leaching of the UO2. There are, however, counteracting mechanisms to the rate of this oxidative
corrosion, and one such mechanism has been identified as the lattice modifications arising from
actinide (Pu) doping that is common in SNF compositions. This delays the corrosion and
leaching rates to longer time scales until sufficient disintegration of the matrix is observed.
Chapter 3 involved conducting complex experiments at synchrotron light sources using
expensive analytical equipment. This led to the design and manufacture of a containment cell
capable of conducting corrosion experiments on radioactive samples at such synchrotron
facilities. The rig was made with simple snap-on provisions to inject and retrieve leachate
solutions. Further, the cell was designed to have a flat sample stick out under a Kapton film
surface, in the centre of rotation of a standard goniometer of a 6-axis diffractometer, in order
to ensure efficient line-up and compatibility. We would have liked to have progressed this tread
of experimental work at the APS near Chicago, but the COVID-19 pandemic intervened.
Future experiments include repeating the synchrotron x-ray induced radiolytic dissolution
experiments on a full set of (U, Ce)O2 mixed oxide samples, with the beamtime available at the
APS. NEXAFS is a new technique that we plan to add to this follow-on work to study the
oxidation states and coordination environments of the corroded film surfaces. We plan to look
at the XANES/NEXAFS of the uranium L3 edge (17.1663 keV) looking at the sample in a
near-horizontal geometry. The proposed idea is to perform an energy scan, with a fine point
density through the L3 edge (around ±100 eV close to the edge). Future work also includes
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looking at the radiolytic dissolution mechanisms of polycrystalline surfaces as we move closer
to actual fuel morphologies.
Finally, the designed containment cell as designed for the APS can also be used for a wide
range of synchrotron-based electrochemistry experiments by the wider scientific community,
in addition to the types of experiments discussed in this thesis.
While Chapter 3 introduces radiochemistry into the picture and looks at radiolysis induced
corrosion on idealized single-crystal fuel surfaces in a sub-micron resolution, it does not give
an overall picture of fuel dissolution; i.e., it lacks to fully represent the messy realities of SNF
chemistries and the influence of fuel surface properties such as porosity, the surface area of
exposure, burnup (affecting fuel compositions and microstructures), etc., that cannot be
replicated using idealized samples. Further, the next research question in the timeline of this
study was to understand the nature of fuel leaching in order to predict the risks that accompany
it.
Chapter 4 moves our experimental logic forward away from wetting by vapour or somewhat
idealised synchrotron x-ray studies of the water single crystal surface interface to consider a
scenario where failed fuel is leaching continuously under waterlogged conditions. While the
Chapter 4 work is relevant to understanding around water carryover after drying or significant
condensation of water from un-identified pinhole failed fuel cladding whilst in the cooling
pond, it takes thinking significantly further around questions of water-SNF interaction. The
experimental work covered in Chapter 4 importantly elevates this research to real SNF-water
systems. Here, we address the research objectives of understanding the precise trends and
nature of SNF leaching under waterlogged conditions by introducing and studying real high
burnup PWR fuel rod samples, varying in surface area, in static leaching solutions of DI water
for a period of four months. This work was conducted at the Oak Ridge National Laboratory,
USA due to the availability of both SNF samples and a hot-cell capability.
In chapter 4 the applied science scenario considered is slightly different from that first
introduced for Chapter 2. We now consider a scenario wherein failed fuel has gone into storage
under waterlogged conditions. Under such conditions, the adsorbed water can be expected to
diffuse through the gaps and grain boundaries in the fuel. It can leach out radioisotopes and
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open up the cracks further. This leads to a vicious cycle of higher water ingress and more
leaching. The main questions under such scenarios are if the fuel matrix leaches out constantly
as a function of time? And what are the risks of fuel leaching? The leaching trends observed in
the various isotopes in the SNF, and the nature of the leaching concentrations are addressed in
this chapter. The lessons learned in Chapter 4 fold back and remind us of the limitations of
assumptions underpinning the other chapters and their more idealised representations of the
SNF surface.
In Chapter 4 it was observed that certain isotopes (e.g., Cs137) dissolved quicker than the fuel
matrix (uranium) while certain other isotopes (e.g., Ru101) dissolved slower than it. This trend
was consistent with other spent fuel leaching experiments conducted around the world and
allowed to categorise the radioisotopes as instant release fractions, matrix congruent release
fractions, and slower than matrix release fractions. Contrary to the trend observed in other
leaching experiments where a higher surface area of fuel exposed yields a higher concentration
of fuel leached; the results from this experiment show that there was no additional dissolution
from axial cut specimens as opposed to circumferential cuts which inherently have a lower
surface area of fuel exposed (about 0.56 times axial S.A). This points to a conclusion that the
exposure of specific surfaces such as pellet-clad gaps, will result in a higher release than
a higher bulk fuel surface, which is perhaps covered by secondary uranium phases
forming a passivation layer. No attempt was made to characterise the phases and surface
oxidation states of the spent fuel due to limited capabilities in the hot cell to probe such highly
radioactive materials. However, it is proposed to move the experiments to microscales in the
future in order to explore advanced techniques such as FIB/SEM and XPS, that can probe the
fuel surfaces, post corrosion.
In order to know more about changes in the fuel surface and to further understand some of the
release rate values that had been obtained, the PWR fuel samples used in the experiment were
retrieved, dried, and mounted in epoxy for metallography. We found, for example, that one of
the circumferential samples, sample NHT-C, had consistently higher release values compared
to all other samples as seen in Section 4.4.4. The metallography showed that epoxy had found
its way up through the bulk of the fuel. This shows the opening up of the fuel matrix as a result
of leaching leading to higher release rates.
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Further, it was observed that uranium concentrations in the aliquot solution reduced over time
only to give higher release rates under acid digestion. This has been linked to microparticle
evolutions of the fuel as a result of leaching and/or formation of insoluble hydrated
uranium alteration phases; both of which will have important consequences while
considering SNF leaching characteristics. Loose microparticle formations as a result of fuel
leaching can lead to containment safety concerns in a repository environment in the long
term.
The leaching experiment conducted in Chapter 4 brings the thesis into closer contact with wellestablished concerns of wet spent fuel management. We hope we have managed to provide
linkages of insight and understanding between nuclear materials engineering and the more
idealized experiments discussed in the earlier chapters where we have a more surface science
approach. We note that even greater realism might be achieved by considering real SNF pond
water conditions across the full range of experiments and employing state-of-the-art techniques
to qualitatively and quantitatively analyze the released colloids from SNF corrosion as
discussed above.
The results reported in Chapter 4 are under review to be published soon as a U.S. Department
of Energy Report.
Future work looking at SNF corrosion is proposed building on the main gaps identified from
this experiment. These include:
1. It is proposed to continue this experiment for longer timescales in order to extend the
benchmark data for long-term storage. Typical leaching experiments, such as the Series
11 at Studsvik, extend for decades in order to fully understand the leaching
characteristics in SNF. This is required as slower leaching of the surface layers results
in a gradual opening of the matrix and fresh fuel to be exposed to the leachate. However,
in the presence of a near SNF-saturated system, the fresh fuel exposed gives rise to a
complex reaction rate kinetics.
2. This study highlights the intricacies involved while probing the dissolution trends in
SNF. The surface modifications as a result of leaching and radioactivity mean that the
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dissolution phenomenon is constantly evolving. This calls for the latest surfacesensitive techniques to probe such modifications in SNF. Alternatively, specific SNF
sites can be chosen and isolated to probe individual surfaces for dissolution using
techniques like FIB preparation. Advanced techniques are also required to study the
uranium alteration phase formation and evolution as a function of time.
3. A new approach to use metallographic analysis of SNF to probe dissolution has been
proposed to be explored in the future. This involves leaching SNF samples that are precharacterized in MET mounts and conducting a series of metallographic analyses at
different leachate exposure times. This is to map the evolution of surface gaps and grain
boundaries and to compare it to the radioisotope release rates obtained for the respective
contact period.
4. Further, it is also proposed to extend the study to wider fuels and also advanced reactor
fuels such as the fuel held within TRISO kernels. Typically, TRISO fuel has higher
levels of enrichment than light water reactor fuel. As discussed in the introduction,
every fuel assembly and pellet can be expected to behave differently when exposed to
the environment. Newer fuels have not yet been studied for their leaching
characteristics and will soon need to have predictive models.
As introduced in Chapter 1, this research started out trying to answer the question of what are
the risks from a failed fuel rod going into interim/long term storage and what are the safety
implications of such an event? Further, a set of objectives were laid out to meet this question
focusing on the conditions surrounding a failed fuel rod going into storage and assessing if
such scenarios would pose a potential safety concern. These objectives included the following:
•

Experimentally study the adsorption behaviour of steam/water on SNF surfaces at
drying temperatures to review the effectiveness of SNF drying in the case of breached
fuels.

•

Elucidate the role of radiolysis and lattice doping in the corrosion of wet spent fuels in
order to understand the key fundamental parameters that drive fuel corrosion.
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•

Determine the leaching behaviour and changes to the SNF surfaces under (radiolytic)
waterlogged conditions as a function of time, to better understand the scope of hazards
arising from fuel leaching.

•

Explore the role of exposed fuel surface area in the leaching of SNFs in order to probe
the influence of the extent of breach in the fuel to the rate of leaching of the fuel.

From the discussions laid out in this Chapter, it is evident that the thesis meets the research
objectives listed above; starting from Chapter 2, which qualitatively and quantitatively answers
the surface science of water adsorption on SNF surfaces at drying temperatures as discussed in
Sections 2.6.2 and 2.7; Chapter 3, which experimentally elucidates the role of radiolysis and
lattice doping in SNF corrosion as shown in Section 3.5; and finally Chapter 4, which explores
the trends and nature of real SNF leaching under waterlogged conditions as a function of time
and surface area of fuel exposed as discussed in Sections 4.4 and 4.6. Further, Chapter 4 also
throws light on the evolution of SNF surfaces as a result of leaching, through metallography
and inference from leaching trends of uranium as seen in Sections 4.4.6 and 4.5.1.
This work focuses on identifying the potential hazards arising from failed fuel–water
interactions and presented the consequences of potential cladding failures as a safety risk.
Hence, the original problem can be revised to a more appropriate research question - Does the
possibility of a minor cladding failure in LWR nuclear fuel present a potential safety
hazard deserving of further investigation and attention? This question has been answered
in the affirmative based on the research presented in this thesis. The thesis presents enough
experimental evidence to show that breached fuel in the cooling pond does pose a potential
long-term hazard due to the interaction of the fuel surface with (radiolytic) steam/water and the
radio/physico-chemical reactions that follow. As mentioned in the US NRC report covered in
the introduction of Chapter 5 and other the literature covered in Sections 1.1 and 1.1.3 (WNN,
2021, French et al., 2016 & Teague et al., 2019), fuel rods can fail from reactor operation with
either detectable (with a damage ratio of 0.001%) or pin hole defects and can end up being
disposed along with normal fuel after standard drying operations. Further, the literature also
listed the standard fuel drying operations under U.S. DOE’s high priority technical gap areas
in 2019, showing the scale of such hazards, that are shown to be real in this thesis. The factors
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identified in this work provide the necessary background and direction for future research in
this area to assemble and assess the range of risks involved.
The research covered in the thesis need to be considered as a narrative sequence of experiments
moving from abstraction to reality and from science to engineering. We present a range of
considerations appropriate to breached fuels. We journey from a situation where layers of water
adsorb onto the hot fuel surface (and assess to what extent they do), to when the water corrodes
the surface UO2 as a result of radiolytic effects, and finally, we consider the situation in which
the macroscopic fuel pellet starts to leach out under endogenous chemical and radiolytic
conditions.
As mentioned in Chapter 1, the experiments evolve through the thesis in terms of complexity
and ambition in order to answer the gaps identified in the basic science relating to what is, in
essence, an applied science research problem. Chapter 2 presented results showing that steam
will indeed wet hot fuel surfaces at temperatures and pressures where bulk liquid water will
not form. Chapter 3 showed how although the radiolysis affects this fuel-water interface
leading to radiolytic oxidative corrosion of the fuel matrix, lattice modifications in UO2, such
as doping of a 4+ element, can lead to the stabilisation of the uranium limiting oxygen mobility
and thereby corrosion. Finally, fuel matrix degradation and leaching under waterlogged
conditions are presented in Chapter 4. Together, these various results across separate chapters
provide insight into the hazards of a failed fuel going into storage and disposal. Such fuel might
be believed to be dry and have no visible and detectable consequences right away, but with
insidious developments of the fuel over many years, the structure of the matrix can be attacked
and degrade in the limit forming microparticles. Such behaviours might risk repository safety
assumptions in the long run. As stated above, more research is required to understand the scale
and likelihood of the hazards to fully assess the risks posed due to it, but wet fuel is a potential
issue and even fuel that is believed to be dry might indeed be wet!
In conclusion, the work presented in this thesis provides experimental evidence to answer a
policy–relevant problem. The thesis contributes to the existing research and addresses some of
the major gaps in this area. These contributions align with the research objectives stated above
and open avenues for future research. They can be summarized as follows:
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1. This thesis reports experiments relating to the adsorption behaviours of steam on SNF
(UO2) surfaces at drying temperatures. Adsorption experiments were performed on
CeO2, a structural surrogate for UO2. The preliminary results show that such surrogate
fuel surfaces do attract and retain layers of water, even at hot and vacuum conditions.
The experiments are easily spoiled, and results can be hard to reproduce. This calls for
further research into such adsorption isotherm studies. As regards to the handling of
spent fuel, the initial results reported suggest that drying procedures are important.
Specifically, attention is needed to limit the factors that can result in adsorption of water
on fuel surfaces, for example, by employing more specific drying techniques for
pinhole/failed breached fuel.
2. The role of radiolysis in the corrosion of wet spent fuels was shown to be instrumental.
In particular, radiolysis-induced corrosion rates are seen in the experiments to be much
faster than chemical dissolution. It is inferred that such behaviour can be expected for
SNFs, causing alterations to the fuel surface (and also the leachate around it). This
suggests the need for attention to a timeline as fuels exposed to water in the near term
(when the fuel is still highly radioactive) will end up dissolving quicker than fuels that
are exposed in the later stages of storage/disposal. If the initiating cladding breach is
sufficiently large for bulk water transfer, then such fuel surface damage can be expected
to be detected under controlled pond environments. The work in this thesis, however,
points to the importance of water vapour interactions as might be expected from very
small cladding failures. The consequences of spent fuel going to storage and disposal
having been exposed to water vapour, and of course bulk liquid water, require further
research studies.
3. Modifications/Doping of the lattice (even at low levels) was shown to reduce the
radiolytic corrosion observed in UO2 as it inhibits oxygen mobility and limits the
oxidation of uranium. This elucidates the SNF corrosion mechanisms in the microscale
and calls for future research in finding advanced SNF waste forms that are more inert
to corrosion under wet conditions.
4. The leaching behaviour and changes to the SNF surfaces under (radiolytic) waterlogged
conditions were studied as a function of time. Several observations were presented to
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infer that the isotopes constituting the SNF have specific rates of leaching and
tendencies of forming alteration products as compared to the matrix (uranium) agreeing
to previous SNF leaching experiments conducted on fuels with different burnup
histories. The investigation of leachates and the study of fuel surface morphology are
important parts of an understanding of the issues of concern. Further research into fuel
surface chemistry and into the properties of any released microparticles would be of
great interest. The thesis work presented here points to the probable role of
microparticles in fuel dissolution. Such a portfolio of research studies can be expected
over time to provide for a comprehensive understanding of fuel matrix degradation
models of individual SNF isotopes. Building upon the research presented in this thesis
it should be possible to quantify the leach rates for extended time scales for breached
fuels.
5. The role of exposed fuel surface area in the leaching of SNFs under waterlogged
conditions was shown to be influential in the release of radionuclides such that the
activity/concentration of certain isotopes (such as Cs137) released would be higher in
fuels where the exposed surfaces include higher concentrations of gaps and grain
boundaries as compared to bulk fuel.
Thus, this research shows that a minor cladding failure in LWR nuclear fuel presents
pathways to safety hazards deserving of further investigation and attention. The precise
nature of the hazard is a complex and sensitive matter. However, the results obtained in this
study point towards factors such as hydrogen generation from chemisorption of water on dry
fuel or disintegration of the fuel matrix into microparticles under waterlogging, which could,
in the long run, cause significant damage to man, the environment, and economy, if left
unattended!
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Appendix I. Adsorption Isotherm Rig Building (Chapter 2)
This section goes through the rig building process starting from the initial blueprints to the final
rig that was built to carry out the experiments, and discusses the various considerations and
cul-de-sacs encountered in the process.

Sample
mount and
heat block
Leak valve

Manometer

Burst disc

Mass spectrometer

Gas manifold
To turbopump

O2
Backup
pump

Glass vial with
ice bath

Pressure gauge
(Dual gauge Piranipenning) (10-10-6
mbar)

- nupro valve

Figure I-1. First blueprint of the experimental rig setup. (#Note – not to scale)

Figure I-1 shows the initial blueprint made of the experiment rig. The blueprint was made
keeping in mind the goals of the experiment and considering the main bits of equipment
required for this. It was made as a working document to be able to visualize the idea that was
mentioned in the introduction of this section. As seen in Figure I-1, the blueprint included a
UHV chamber with pumps, a gas line with a leak valve attachment into the chamber, devices
to measure pressure variations in the system and provisions for sample heating. The end goal
of integrating a quadrupole mass spectrometer for thermal desorption spectroscopy
experiments was kept alive by leaving a port (from the 6 ports in the chamber) open to adapt
to a differential pumping unit for the mass spectrometer. This is discussed in detail in Section
2.7. The blueprint followed a search for the different bits and equipment required, as mentioned
in it. The flanges used in the rig are either Conflat® (CF) or KF (QF) flanges with copper
gaskets and Buna-N/Fluorocarbon O-Rings respectively, for the knife edge seal. The
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equipment was built and operated in the Astrochemistry Ices Laboratory in the Perry labs
building (D) at the Open University, UK.
Table I-1: List of components procured for the rig

Serial
No.
1.

Component

Specification

Six-way cross UHV chamber

DN CF160

2.

Feed through

Kurt J. Lesker

3.

Bake out tapes

HORST Gmbh

4.

Block heater and control electronics

Specimen stage – Thermic Edge

(sample stage)
5.

PID controller

Thermal control

6.

Manometer

1-10mBarr – Leybold CERAVAC CTR100N

7.

Manometer for base pressure

Pirani-Penning 10-10-6 mbar, (QMS)

8.

Burst disc (safety)

Lewvac A-PBD-16CF

9.

Swagelok fittings

Swagelok

11.

Nupro valves

2

12.

Leak valve (gas injection)

2 way

13.

Vapour dosing glass vial

With dry ice (cooling to prevent glass vial from
exploding at vacuum)

14.

Turbopump

Leybold Turbovac SL300

Table I-1 lists the components sourced identified from the blueprint and their specifications.
The rig can be divided as two separate units: 1) UHV system consisting of the vacuum chamber
and pumps 2) Gas line. The first part of this section will focus on the UHV system followed
by the gas line.

I.1

Chamber

A refurbished 6-way cross was identified in the lab along with a turbomolecular pump which
formed the centre of the rig’s design. The UHV chamber and turbo pump used in the rig came
as a unit housed in a frame made of aluminium struts. The chamber sits on an aluminium plate
attached to the frame as seen in Figure I-2. The wheels were removed from the frame to make
it stable during the experiment. The chamber is a 6-way cross with four blank non-magnetic
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SS 316L DN 160 CF flanges, one flange with four smaller ports consisting of two DN 40CF
and two DN CF16 ports. The bottom flange has an extension that was connected to a Leybold
SL300 turbomolecular pump using a non-magnetic SS 316L DN 100CF flange. Since the
experiment requires to measure pressure variations as a function of dosing, it was necessary to
isolate the turbo pump during the course of the experiment. This required a gate valve to be
installed between the chamber extension and the turbo pump.

Figure I-2. A) UHV rig and turbo pump in the frame as sourced. B) Another angle showing the flange with additional ports
that were used for the burst disc and Ionivac ITR 90 (I) Hot Ion Combi gauge.
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Figure I-3. Gate valve in the closed and open positions. The connection is made across the flange.

A refurbished MDC 300 series SS DN 100CF pneumatic gate valve (Part number - E-GV4000M-P) was used in the experiment. Gate valves work by isolating volumes between vacuum
connections by manually, or pneumatically sealing the connection as seen in Figure I-3. The
gate valve is by default in the closed position and functions with compressed air in the range
of 4 – 6 bars. The open/close operations are controlled by standard electropneumatic actuators
that have solenoid valves that switch air flow directions to bring the seal up and down in the
valve. A control box was made with an actuator to switch the solenoid valve on/off with a
120VAC, 50/60Hz power supply.

UHV Chamber
Leak valve connecting the
gas line to the chamber
Frame built from
aluminium struts
Gate valve
Turbomolecular pump

Figure I-4. Schematic of the updated blueprint design with the frame consisting of the chamber and the turbo pump. (#Note –
not to scale)
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Figure I-4 shows an updated schematic of the blueprint design with the additions mentioned
above. In order to start leak testing the kit, it was necessary to understand the pressure ranges
required for the experiment and the pressure ranges achievable by the pumping system. This
was also important to decide on the manometer that had to be purchased. The different pressure
sensors used in the kit are explained in a later stage in this chapter. From the literature covered
in Section 2.2, it was decided to take the system down to maximum attainable vacuum and
conduct water vapour dosing steps until water bulk saturation pressures are achieved at the
particular temperature. These higher limits vary based on the temperature of the system and
will be explained further in Section 2.5.

Figure I-5. Pressure ranges in mbar [Adapted from Leybold pump guide document (https://guide.leybold.com/en/pages/gasflow, 2019)]

A

B

Figure I-6. A) Cross-section schematic of a turbomolecular pump. B) Schematic showing the working principle of a rotary
vane pump. (#Note – not to scale). Images taken from (Pfeiffer Vacuum, 2021; https://www.gardnerdenver.com/enus/knowledge-hub/articles/an-introduction-to-rotary-vane-vacuum-pumps, 2021)
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Figure I-5 shows the pressure ranges in mbar and what each vacuum means in terms of chamber
pressures obtained. A turbomolecular pump is typically used to attain high vacuum pressures.
Figure I-6 shows a schematic of the cross section of a turbo pump. It works on the principle of
venting out a volume by trapping and directing air/gas molecules to the exhaust through
continuous collisions by a series of moving rotor blades and stationary stator blades. The blades
are angled with tight tolerances so that the air/gas is directed to the exhaust of the pump. There
is a protective net to block any large particles from accidentally entering into the rotor blades.
Despite this, it was decided to have an L-extension to attach the turbo pump perpendicular to
the chamber. This was an additional measure to avoid any powder sample from entering the
turbo pump during the pumping down of the chamber. This is a common accident seen while
working with powders as there could be trapped air bubbles in the powder which would cause
a minor spurt when being pumped on without a proper rough vacuum. The advantage of this
L-extension is better understood later in the chapter while discussing initial trial runs and rig
modifications. An important safety consideration for using turbo pumps is to provide sufficient
cooling. At approximately 30,000 – 90,000 rpm, the blades need continuous cooling, and this
is generally provided through water ports on the outside of the pump. However, the turbo pump
used in this experiment was retrofitted with custom cooling fan bracket as there were no water
connections in the laboratory. The cooling fan bracket is now obsolete for this model of turbo
pump.

Figure I-7. Air cooling bracket for Leybold Turbovac SL300 [Picture adapted from the Turbovac user manual (Vacuum
Products, 2008)]

The turbo pump is only intended to be used in vacuum pressure ranges (<10-2 mbar) as shown
in Figure I-5. Hence, a backing pump was added (Figure I-9) to reduce the base pressure to
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fine vacuum ranges before turning on the turbo pump. A rotary pump was used in the
experiment as a backing pump for the turbomolecular pump. Figure I-6 shows the basic
working principle of a rotary vane pump. It works on a positive displacement pumping
principle. Similar to the turbo pump, a rotary vane pump involves a rotor connected to a motor
that houses vanes which move based on centrifugal/hydraulic force around a stationary cam
ring/stator. The rotor is slightly offset from the centre of the cam ring which ensures that there
is a continuous change in volume as the rotor spins. The air/gas is sucked in through the inlet
valve between two vanes and is locked in this volume as the rotor rotates. This volume starts
reducing as the vanes approach the exhaust valve and is thus ejected out with high pressure.
The backing pump is usually fitted with an oil trap (Figure I-9) to prevent the back-migration
of vapours from the rotary pump oil into the vacuum system. The oil trap used in the rig consists
of Alumina balls that act as absorbent traps to the oil vapours that might try to leak into the
vacuum chamber. This is required to avoid any contamination from such an event. More details
on absorption traps and efficiencies of alumina to trap back streaming oil vapours can be found
in MJ Fulker’s study (Fulker, 1968).

Figure I-8. Gas connections at the Astrochemistry Ices Laboratory

Figure I-8 shows the gas connections that are available for the experiment in the laboratory.
The system includes a Nitrogen line, a compressed air line with a regulator and an exhaust line
that is connected to the central extraction system in the lab. The exhaust lines are connected to
the backing pumps using hose fittings. An Edwards APG Active Pirani gauge was added to the
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backing line and an Ionivac ITR 90 (I) Hot Ion Combi gauge were added to the chamber in
order to measure the vacuum obtained. The gauges were controlled using an Edwards Active
Gauge Controller and a Leybold CENTER ONE controller respectively.

Figure I-9. Experiment rig with the main vacuum chamber and connections. Insert shows turbo pump and backing line with
an Edwards Active Pirani gauge.

Figure I-9 shows the assembled rig including the main chamber pumping system with the
exhaust line, backing pump, turbo pump, L-extension, and gate valve in line with the chamber.
The chamber was pumped and baked at this stage to check for leaks in the different parts. The
gate valve was tested for orientation by pumping on vacuum on both sides and having
atmospheric pressure on the other end.
The last external addition to the UHV chamber was a burst disc which was added to one of the
DN 16CF flanges shown in Figure I-2. As shown in Figure I-10, a burst disc is essentially a
diaphragm that faces the vacuum in a UHV chamber. The other end of the diaphragm is lined
with ten sharp teeth like edges. In the event of an unexpected rise in pressure, the diaphragm
expands and is ruptured by the edges in order to bring down the pressure to atmospheric
conditions. The burst pressure can be customised to match with the experiment. The model
used for this rig is a LewVac A-PBD-16CF that is rated with a burst pressure of 25 psi or 1.72
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bar. The burst disc was a safety feature added to the rig in the unlikely event of a high-pressure
build-up of steam or other gas.

Figure I-10. Schematic of a burst disc. Image downloaded from Lewvac Burst Disc catalog.

The next step of the rig building process was to design a sample holder for the chamber. The
sample holder was to hold the powder sample allowing for a good spread so as to have a vastly
larger surface area of powder exposed to the gas compared to inner surface area of the chamber.
This would also be dependent on the particle size of the powder used and has been discussed
in the next section. The sample holder also required to be easily accessible for frequent sample
changes and needed a provision to be able to be maintained in a specific equilibrium
temperature for the course of the experiment. Several designs were tried and analysed before
deciding to use a copper bucket that would be seated on an aluminium plate in the middle of
the chamber. The copper bucket would ensure a good thermal equilibrium throughout the
sample. The aluminium plate was secured with two aluminium pillars that were screwed into
a DN 160CF flange of the UHV chamber (Figure I-11). The flange also had a DN 63CF
connection on the side away from vacuum. This allowed the integration of a feedthrough that
was used to measure sample temperatures. The feedthrough had lug endings which were
connected with Chromel (negative) and Alumel (positive) wire connections to match the K
type thermocouple connection.
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Type K
thermocouple
Cu
bucket
Feedthrough
DNCF63 to
DNCF40 reducer

Screws to attach plate to the
pillars (vacuum compatible)

120 mm
Power lead
connectors
120 mm
Figure I-11. Sample holder flange and setup with a 30 cm ruler to scale. (Dimensions of the crucible are 86 mm ID x 2.5 mm
height x 1.84 mm thickness)

Figure I-11 shows the sample holder flange along with the copper crucible. To keep the sample
at high (equilibrium) temperatures, it was decided to place the sample on a heating stage that
would be controlled using a proportional – integral – derivative (PID) controller through the
power leads in the feed through. The heater was designed using 0.25 mm (Diameter) Nb wire
with a resistivity of 16 µΩcm at 20oC. Al2O3 tubing was selected to isolate the Nb wire from
the sample stage. It was calculated that approximately 1.53 m of wire would be required for a
maximum power of 500W at 50V – 10 A connection.

Figure I-12. CAD design of the heater stage assembly. A) The heater coil design B) The heater setup with the MACOR sheet
and the Cu crucible.
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Figure I-12 shows the CAD design of the heater assembly along with the Nb – Al2O3 heater
coil design. The specific pattern was chosen for having maximum contact with the copper
crucible and allowing sufficient isolation.

Figure I-13. Clockwise from top: 1) MACOR sheet secured onto the aluminium plate. 2) Nb wire with the alumina cladding
placed as seen in the heater coil design from Figure 16. 3) Heater coil on the MACOR sheet secured using the copper crucible.
4) Heater coil out of shape after the first trial.

Figure I-13 shows the different stages in the process of making the heater stage assembly. A
100 x 100 x 6 mm MACOR glass ceramic sheet was added to the design in order to avoid
conductive heat losses through the aluminium plate. The sheet was secured to the plate using
four Allen bolts as seen in Figure I-13 (top left). The sheet is secured onto the aluminium plate
with four SS M1.6 x 0.35 mm thread, 3 mm allen bolts. A hole was drilled onto the MACOR
sheet, and the Cu crucible was secured onto the heater assembly using an M6 bolt which was
tightened into M6 threading bored into the body of the crucible. The alumina tubes were of an
outer diameter (OD) of 2(±0.1) mm and an inner diameter (ID) of 1(±0.1) mm which allowed
the Nb wire to be threaded in with ease as seen in Figure I-13 (top right). The coil was placed
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on the MACOR sheet and fastened in place by tightening the copper crucible down. Figure
I-13 (bottom right) shows the stage after assembling the coil in the manner mentioned above.
However, it is evident that the heater coil is out of position on the sides and also when the
crucible is removed (Figure I-13 bottom left). This issue was solved by precision boring the
heater coil design into the MACOR sheet and creating a recess in the sheet for the heater to sit
in.

Figure I-14. Heater stage assembly connected and ready to go into the chamber for a bakeout

Figure I-14 shows the final sample heater assembly setup after the heater coil is secured into
the recess on the MACOR sheet. A Redlion PXU30020 PID controller was connected to the
power leads on the feedthrough to control the heater coil. The PID temperature input was
connected using a PT100 resistive sensor (100 ohms) to the K-thermocouple on the
feedthrough. A variable transformer was added in series to the PID and the feedthrough in
order to lower the voltage from 250 V to 50 V. A provision was made on the frame to bolt the
sample holder flange. The frame extension slides in either direction allowing additional support
while opening or closing the flange/chamber for sample changes. Special nuts were placed to
secure the flange from tipping on its weight.

I.2

Gas line

The gas line in this experiment rig was mainly built to dose in water vapour and nitrogen for
the adsorption isotherms. However, the Swagelok connection gives much advantage to add
connections and extend the gas line if need be.
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Figure I-15. Schematic of the gas line setup

Figure I-15 gives a schematic of the gas line setup that was built for the experiment. There is a
rotary vane pump that acts as the backing pump for the gas line. All connections are 6 mm
Swagelok bits with adapters for the capacitance manometer and water/nitrogen lines which are
Swagelok VCR and ¼’’ Swagelok connections respectively. There are H-series Nupro® valves
that are used to dose gases and isolate the gas line from the backing pump. A DN 35CF-DN
40CF leak valve controls the amount of gas dosed into the chamber. The gas line extends into
the chamber and terminates in a Swagelok tube ending as seen in Figure 2-22. This extension
was modified further after the initial experiment runs and has been discussed in detail under
Section 2.6.2.
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Figure I-16. The different bits on the gas line for the experiment. This is the first setup which was later updated)

Figure I-16 shows the gas line built based on the schematic shown in Figure I-15. The leak
valve is connected to a DN 45CF to Swagelok tube connection that extends into the chamber
from the top. A glass vial with de-ionized (DI) water is used for dosing in water vapour into
the system. The vial has a DN 16CF connection which was connected to a DN 16CF to 6mm
Swagelok tubing with a Nupro® valve in series. For dosing water vapour, the glass vial with
water is opened to vacuum in the gas line. This drop in vacuum will initially boil the water to
form water vapour. This phase, however, results in a decrease in the temperature of the system
which leads to another phase change forming ice as the remaining water starts freezing. The
ice formed will undergo sublimation as temperature slowly increases to end up with water
vapour in the gas line. At higher pressures, there is a triple point reached where ice, water and
water vapour are in equilibrium. The above process can be better understood by looking at the
conditions of phase change in the water phase diagram shown in Figure I-17.

Figure I-17. Phase diagram of water. The roman numerals indicate various phases. (Image reused from Cmglee/ BY-SA 3.0
/ Wikkimedia commons).
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There were changes made to the gas line as a result of events discussed in the sub section
below.

I.2.1

Freeze pump thaw cycle and consequences

An important step in ensuring that a required gas composition is dosed is to degas the gas line.
This is the process of pumping down to a fine vacuum range to remove any contamination and
unwanted gases in the line. Contaminants in the gas line includes air, volatile vapours adsorbed
on the tubing and even oil vapours from the backing pump. The oil from the pump can volatilize
and enter the gas line when it is turned off without isolating or bleeding in air into the gas line.
Gaseous contaminants like CO2 are present in solvents like DI water when exposed to the
atmosphere. However, this poses an important challenge as pumping down on the water is not
a feasible option. This is done by a method commonly called as ‘freeze, pump, thaw’. It works
on the principle of freezing a solvent to a solid and evacuating the gas (headspace) above it.
The system is done allowed to thaw and melt back into liquid. During this process, the
dissolved volatile gases in the solvent bubble out to occupy the headspace. Multiple runs are
thus required to remove the dissolved gases completely. The procedure is generally performed
in a Schlenk line. However, it was done directly on the glass vial which had the DI water, in
this experiment. The procedure was conducted as follows:
1. Freezing
The gas line was pumped down with the Nupro® valve closed. The glass vial was flash frozen
by dipping it into a Dewar containing liquid nitrogen. The liquid nitrogen has a boiling point
of approximately -196oC at room temperature. This instantly freezes the vial when it is
submerged.

Figure I-18. Freezing procedure for the degassing of water in the gas line.
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Figure I-18 shows the vial frozen solid with the liq. N2 Dewar flask removed. This was done
to inspect if the DI water was frozen. The Dewar flask is only removed at step 3 (thawing).
2. Pumping
The Nupro® valve was gradually opened to remove the air from the headspace. The valve is
closed after about 2 minutes of pumping.
3. Thawing
In this step, the Dewar is removed, and the DI water (ice) is allowed to thaw under tepid water
bath. Letting the vial thaw under air or without covering the entire portion of the ice with tepid
water can lead to the vial snapping due to the sudden volume expansions.

Figure I-19. Thawing procedure for the degassing of water in the gas line

4. The process is repeated several times to remove all the volatiles from the water.

The process of freeze, pump, thawing the water resulted in an accident as the vial snapped at
the joint. Figure I-20 shows the snapped vial that fell into the tepid water bucket while thawing.
This is perhaps due to the weak bond in the vial junction or due to the warning stressed in point
3 above.
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Figure I-20. A) Glass vial with water bubbling out dissolved volatiles after a thawing cycle B) Snapped glass vial at the joint

The glass vial was replaced with a 304L SS double-ended sample cylinder from Swagelok
(304L-HDF4-75). This gave an advantage of rigidity and a max pressure rating of 124 bar,
meaning more water could be used to start with, without frequent refills. Figure I-21 shows the
sample cylinder thawing under air after a freeze pump thaw cycle.

Figure I-21. Upgraded gas line with the stainless-steel sample cylinder with DI water thawing in air.
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I.2.2

Gas line leak detection

Vacuum leak detection is an important part of the rig building process and requires different
techniques in order to detect, rectify and prevent leaks affecting the chamber pressures. One
such method is the soapy water leak detection technique shown in Figure I-22.

Figure I-22. Soapy water leak detection test

The technique involves spraying soapy water to all the fittings, threaded areas, and other
potential leak sources in the gas line after pressurizing the line to above atmospheric pressure
using the nitrogen line. The soapy water will begin to bubble at points of leaks as the nitrogen
tries to leak out to the lower pressure areas outside the gas line. The leaky valves were thus
replaced, and the joints tightened to remove any leaks from the system.
The process is repeated in regular intervals to maintain the conditions for a reliable experiment.

I.3

Heating and heat control devices

The UHV chamber and gas line were also heated independently during the course of the
experiment for maintaining a higher thermal equilibrium than the sample and for avoiding bulk
condensation of water in the gas line. This heating was however not controlled using a PID and
hence required multiple thermocouple detectors in order to manually adjust the temperature.
Separate heating tapes were used for the UHV chamber and the gas line and were controlled
using variable transformers.
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Figure I-23. Heating tape for chamber and gas line. Image reused from HORST sales catalogue.

Heating tapes are flexible resistive heating conductors that are electrically insulated with multilayered coatings, typically glass yarn and protective metal braids, as shown in Figure I-23. The
tapes used in this experiment were rated for 700 W / 230 VAC with a nominal heating
temperature output of 450oC. The tape was 30 mm broad and 5.5 mm thick and had a bending
radius of 10 mm. The tapes were controlled using variable transformers rated to a 3A fuse.
These Variac outputs were changed to three-pin sockets and the IEC plug on the heating tapes
were changed to standard three-pin plugs, allowing each tape to be fused separately with a
standard 3A fuse. Temperatures were controlled and maintained by varying the voltage using
the Variac based on temperature readings from the thermocouple.

Figure I-24. Schematic showing the working of a thermocouple. Image reused from OMEGA™ sales catalogue

Figure I-24 shows the working of a thermocouple. It is based on the Seebeck effect which states
that an electromotive force (e.m.f) is induced in a circuit made of two dissimilar metals at two
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junctions kept at different temperatures. This net e.m.f in the circuit is proportional to the
temperature difference of the two junctions and the composition of the two metals. A controller
is connected to the circuit at the reference/cold junction and the open circuit voltage is
measured to corelate the temperature at the hot end. Type K thermocouples with a positive wire
made of Chromel (90% Ni and 10% Cr) and a negative wire made of Alumel (approximately
95% Ni, 2% Al, 2% Mn, 1% Si) are used in the rig. These thermocouples have the advantage
of measuring high temperatures (<1200 oC) and are widely used in heating applications.

Figure I-25. Experiment rig with heating elements prepared for a bakeout.

Figure I-25 shows the experiment rig in different stages of preparation for a
bakeout/experiment. As seen in the image, the first step is to wrap the surface of the
chamber/gas line with heating tape. This is followed by wrapping a layer of aluminium foil in
order to spread the heat evenly across surfaces that have gaps around the heating tape. Heating
tapes on the chamber extend down until the gate valve which is closed during the experiment
and forms the chamber volume. Thermocouples have been used in various points, as seen in
the image, to measure and control the heat rates on the heating tapes. This is achieved by
changing the Variac settings.

I.4

Primary and auxiliary pressure measuring devices

Three different instruments were used in the rig at different positions in order to measure
pressure variations. Figure I-26 shows the ranges of various commercially available pressure
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measuring instruments. A Pirani gauge, a Hot Cathode Ion gauge and a Capacitive Manometer
are used for this experiment. Figure I-27 highlights the positions, the pressure sensors used and
their respective ranges. As seen in the figure, pressure is measured in the turbo pump backing
line, the UHV chamber and the gas line. The gate valve and the leak valve act as seals between
the pressure sensors. During the start of an experiment, the first sensor that is checked is the
Pirani gauge at the turbo pump backing line, then the combi gauge is used to measure the base
vacuum in the system and finally, the capacitance manometer is used for precise pressure
measurements required for the adsorption isotherm during dosing and equilibrium with the
sample. This section will focus on the three sensors mentioned above and briefly cover the
working principle, choice of sensor and calibration steps adopted.

Figure I-26. Instruments for each pressure range. 1 Torr = 1.33 mbar (Image from Kurt J. Lesker company’s sales
catalogue)

308

Figure I-27. Schematic of the experimental setup highlighting the pressure sensors used in the rig.

I.5
The

Active Pirani Gauge (APG-M)
Pirani

gauge

was

invented

by

Marcello

Stefano

Pirani

in

1906

(https://www.vacuumscienceworld.com/vacuum-science-facts/marcello-pirani-vacuumgauge, 2015). Figure I-28 shows a schematic of the working principle of a Pirani gauge. The
gauge has a filament which forms one arm of the four bridges in a Wheatstone bridge circuit.
The filament made of gold coated tungsten (in the model (APG-M) used in this experiment) is
maintained at a constant temperature and exposed to the vacuum in the system. The thermal
conductivity of the filament changes as a function of the exposed vacuum pressure (or gas
density) and there is a change in the energy required to maintain the wire. This changes the
voltage supplied to the Wheatstone bridge which can then be converted to a pressure value.
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Figure I-28. Working principle of a Pirani gauge (https://sens4.com/pirani-working-principle.html, 2018)

An Edwards active dual vacuum gauge controller was used for the Pirani gauge. It was
calibrated to atmospheric pressure before being used in the rig. The gauge has an operating
range of 10-3 to 103 mbar with an accuracy of ± 15% at <100 mbar (www.edwardsvacuum.com,
2020). It was hence used as a backing pump pressure indicator for the turbo unit. The gauge is
operable in any orientation and was mounted vertical in order to limit any powder particles
from entering the gauge in the event of an accident.

I.6

Combi gauge

The combi gauge as the name suggests is a combination of a Pirani gauge and a Bayard Alpert
hot cathode ionization system. The Pirani gauge is used to measure the high pressures >10-2
mbar as discussed in the previous sub section, and the ion gauge is switched on at lower
pressures. The combi gauge has a switching mechanism between the two gauges at a lower
threshold of 2.4 x 10-2 mbar when pumping down and an upper threshold of 3.2 x 10-2 mbar
when degassing. There is a combined signal output from the Pirani and Ion gauge in the
overlapping

pressure

values

(https://www.artisantg.com/info/Leybold_12091_Datasheet_2018824105432.pdf, 2020).
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Figure I-29. Ion gauge working principle (https://mmrc.caltech.edu/Vacuum/Teledyne Hastings/Ion Gauges.pdf, 1999).

Figure I-29 shows a schematic of the Bayard Alpert hot cathode ionization system. The setup
includes a heated filament (cathode), a grid (anode) and an ion collector (grounded). The
system measures pressures based on the rate of ionization of gas molecules and the strength of
the ion current so obtained. The filament produces a constant flux of electrons that are
accelerated towards the grid. In the grid, the electrons ionize any gas molecules in the vicinity,
producing positive ions. At a constant filament to grid voltage, the number of ionization events
is directly proportional to the amount of gas molecules (pressure) present. The ions are
collected by an ion collector which is connected to an electrometer in the circuit. The
electrometer is used to measure the current produced from the positive ions which is then
converted to a corresponding pressure value.
An Ionivac Hot Ion Combi Gauge (ITR 90) used to measure the UHV chamber pressures in
this experiment. It has an operating range of 10-10 to 103 mbar with an accuracy of ± 15% of
reading in the range of 1×10-8 to 10-2 mbar after equilibrium. The ITR 90 gauge used in this
experiment comes pre-calibrated in the ion gauge, however, the Pirani was calibrated at
atmospheric pressure. A Leybold CENTER ONE single channel vacuum gauge controller was
used for the Combi gauge.
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I.7

Capacitance manometer

A capacitance manometer was chosen for the experiment due to its superior resolution and
accuracy compared to the other gauges discussed in Section I.4. The pressure measured by a
Baratron is insensitive to the gas that it measures unlike Pirani and Ion gauges discussed above.
A transducer operates by the combination of a sensor that detects pressure and a signal
conditioner that converts it to a 0 – 10 V DC signal scaled to the transducer’s range.

Figure I-30. Schematic showing the cross-sectional view of a Baratron. Image adopted from MKS Baratron® webpage.

Figure I-30 shows the schematic of the inside of a pressure transducer consisting of the sensor
and the electronics which are housed in a chamber extending from an inlet tube. The sensor is
on the measurement side facing the gas line through the inlet tube. It consists of an elastic metal
that acts like a diaphragm. The diaphragm is connected to electrodes on the reference side
which are maintained in high vacuum using a chemical getter. The signal conditioner is located
behind the electrodes. The diaphragm deflects for changing absolute pressures in the gas line.
This leads to a change in the electrode capacitances as their distance to the diaphragm changes.
The outputs from the bridge circuit are DC voltages which vary linearly with pressure. The
signal conditioner consists of a precision constant frequency oscillator that drives the electrode
bridge circuit and other electronics for amplifying, correcting, linearizing, and zeroing an input
DC voltage from the bridge as a result of imbalances in the capacitances. The output from the
electronics is a 0 – 10 Volt DC based on a ratio of the full operating scale of the instrument.
This signal is displayed in the control unit as a corresponding pressure value.

312

An MKS Baratron® Heated Dual – Range Absolute Capacitance Manometer was used for the
experiment. The specific manometer model used is - D28D12TCEE0B0. It is colour coded for
denoting the nomenclature related features that can be found in the reference (Instruments,
2009). The details for the particular model are as follows:
1.
2.
3.
4.
5.
6.
7.

D28D – Model type
12T – 100 mm Hg (Torr) (Full scale range)
CE - Swagelok® 8-VCR® (female) connection
E – 0.25% of Reading (≥ 1 Torr units) accuracy
0 - Calibration in Specific Orientation - Not Required
B - 15-pin male “D” with thread locks connector to controller
0 – 10:1 ratio. The unit has a customer specified dual output of 100 Torr and 10 times
lower than this value with a proportionally higher resolution. i.e., a full-scale range of
10 Torr (13.33 mbar) and a second full scale range of 100 Torr (133.32 mbar) which
covers the pressure ranges expected in this experiment
(https://www.mksinst.com/mam/celum/celum_assets/resources/BaratronSelectionInst
allation-AppNote.pdf, 2020).

As mentioned above, the manometer came with a ½’’ (8 VCR) Swagelok connection which
required a VCR to ¼’’ tube connector in order to be connected to the gas line. The advantage
of this specific transducer model is its capability to control the operating temperature at 100oC.
This allows the transducer to minimize the effects of temperature variation from the
surrounding which can be expected from the heating tapes surrounding the unit. Another added
advantage of the temperature control feature is the assurance that there wouldn’t be a cold spot
on the sensor surface and hence lesser condensation of water vapour or other condensable. The
sensor in the D28D series is made of Inconel® and offers good corrosion resistance and makes
the measurement insensitive to the gas in contact. The transducer offers an accuracy of ±0.25%
of reading with a resolution of 0.001% of the full-scale.
A PR 4000 controller was used for powering and operating the Baratron. The controller powers
the manometer through 1 pin of the 15-way Sub-D connection. The controller that was ordered
had a power supply output of 24V at 1Amp (found from the serial label) instead of the +/-15V
DC at ≤500mA that is required input by the transducer. This was overcome by having a custom
15-way D pin-to-pin wire between the controller and the transducer.
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Figure I-31. A) Capacitance manometer. B) The PR4000 controller with the step-down converter. C) Close up of the stepdown converter with the customized 15-way Sub-D cable connections.

The new power supply, shown in Figure I-31, was made as follows:
1.
2.
3.
4.

The line from the 24V pin in the 15-way Sub-D cable was located and cut out.
A spare line used for -15V was located on another unit variant and cut out.
The +24V return was located and tapped into the variant.
A second dual power supply was added that connects to the transducer side of the two
cut wires and the common is connected to the power (+24V) return line.
The +24V & spare coming from the controller are insulated and left not connected.
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Appendix II. Protocol for Sample Preparation before
Metallography (Chapter 4)
The following procedure was adopted for the initial imaging of the two chosen samples:
•

The chosen samples were cleaned with alcohol to remove any contamination.

•

The samples were covered with epoxy solution until the brim of the garolite ring
(Figure 4-12).

•

After topping up with epoxy, the samples were vented under low vacuum (1E-2 mbar)
for letting the epoxy fill the holes and cracks in the sample.

Figure II-1. Image from the met cell showing the de-gassing of a sample in the mount

•

Once the samples were satisfactorily covered with epoxy, the mounts were left to
harden overnight.

•

Polishing of the NHT-A1 sample was done as follows:

Table II-1. Polishing specifications (I)

Run
number
1.

Time
(min)
4

Polishing pad
details
80 GRIT PIANO
Disc*

Sample hold down
pressure (Newtons)
30

Polisher wheel
rotation (rpm)
150

Coolant
used
H2O
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2.

4

80 GRIT PIANO
30
150
Disc*
3.
8
80 GRIT PIANO
30
150
Disc*
4.
4
80 GRIT PIANO
30
150
Disc*
5.
4
220 GRIT PIANO 30
150
Disc*
6.
4
220 GRIT PIANO 30
150
Disc*
7.
4
120 GRIT PIANO 30
150
Disc*
The sample was taken out and examined under a met scope (epoxy still on surface)
8.
4
120 GRIT PIANO 30
150
Disc*
9.
4
120 GRIT PIANO 30
150
Disc*
10.
4
120 GRIT PIANO 30
150
Disc*
The sample was taken out and examined under a met scope (cladding visible)
11.
4
500 GRIT PIANO 30
150
Disc*
12.
4
500 GRIT PIANO 30
150
Disc*
13.
4
500 GRIT PIANO 30
150
Disc*
14.
1.33
1200 GRIT
30
150
PIANO Disc*
15.
4
3 µm DAC
30
150

H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
H2O
3 µm
DiaPro

*Pattern segmented diamond surface discs
•

NHT-A1 sample was examined under a met scope after the polishing steps mentioned
in Table II-1. It was observed that the sample is partly covered with epoxy and needs
to be polished further for a full image.

•

Polishing of the NHT-C sample was done as follows:

Table II-2. Polishing specifications (II)

Run
number
1.

Time
(min)
4

Sample hold down
pressure (Newtons)
30

Polisher wheel
rotation (rpm)
150

Coolant
used
H2O

30

150

H2O

8

Polishing pad
details
80 GRIT PIANO
Disc*
80 GRIT PIANO
Disc*
Allegro

2.

4

3.

30

150

4

3 µm Allegro

30

150

6µm
DiaPro
3µm
DiaPro

4.

*Pattern segmented diamond surface discs
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•

NHT-C sample was examined under a met scope after the polishing steps mentioned
in Table II-2. It was observed that the fuel surface was scratched from the polishing
procedure and further grinding runs were necessary.

After the initial imaging, the samples were polished down to a higher degree and re-imaged.
•

The following procedure was used for the second polishing of the NHT-A1 sample:

Table II-3. Polishing specifications (III)

Run
number
1.

Time
(min)
4.5

2.

4.5

3.

1

5.

4

Polishing pad
details
500 GRIT PIANO
Disc*
500 GRIT PIANO
Disc*
1200 GRIT
PIANO Disc*
3 µm Allegro

Sample hold down
pressure (Newtons)
30

Polisher wheel
rotation (rpm)
150

Coolant
used
H2O

30

150

H2O

30

150

H2O

30

150

H2O

*Pattern segmented diamond surface discs
•

NHT-A1 sample was examined under a met scope after the polishing steps mentioned
in Table II-3.

•

The following procedure was used for the second polishing of the NHT-C sample:

Table II-4.Polishing specifications (IV)

Run
number
1.

Time
(min)
4

2.

2

3.

4

4.

4

5.

6

•

Polishing pad
details
120 GRIT PIANO
Disc*
220 GRIT PIANO
Disc*
500 GRIT PIANO
Disc*
1200 GRIT
PIANO Disc*
3 µm Allegro

Sample hold down
pressure (Newtons)
30

Polisher wheel
rotation (rpm)
150

Coolant
used
H2O

30

150

H2O

30

150

H2O

30

150

H2O

30

150

H2O

The sample was taken out and examined under a met scope.
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Appendix III. Sampling table for the experiment
(Chapter 4)
Flask number

Contact period

Contact Date &

Amount of DI water

Amount of DI water

Time Stamp

retrieved (ml)

in the vial

Backfill DI water

Amount of DI water

Day 0

03/23/2020

-

-

-

100

Day 30

04/22/2020

1.5

1.5

-

98.5

Day 60

05/22/2020

1.5

1.5

3

100

1.5

1.4

1.5

100

1.5

1.5

-

98.5

-

-

-

100

1.5

1.5

-

98.5

left in the flask

(ml)
NHT-C

(ml)

10:56:00
15:39
Time: 11:05 am
Day 94

06/25/2020
Time: 12:50

Day 128

07/29/2020
13:50

NHT-A1

Day 0

03/23/2020
10:56:00

Day 30

04/22/2020
15:46

Day 60

05/22/2020

1.5

1.5

3

100

Day 94

06/25/2020

1.5

1.5

1.5

100

1.5

1.5

-

98.5

-

-

-

100

1.5

1.5

-

98.5

1.5

1.4

3

100

1.5

1.4

1.5

100

12:30
Day 128

07/29/2020
13:40

NHT-A2

Day 0

03/23/2020

Day 30

04/22/2020

Day 60

05/22/2020

Day 94

06/25/2020

Day 128

07/29/2020

1.5

1.5

-

98.5

Day 0

03/23/2020

-

-

-

100

Day 30

04/22/2020

1.3

1.3

-

98.7

1.4

3

100.2

10:56:00
15:30
11:15
12:40

FHT-C

10:56:00
16:05
Day 60

05/22/2020

1.5

11:25
Day 94

06/25/2020

(Rest in syringe)
1.5

1.5

1.5

100.2

1.5

1.0

-

98.7

-

-

-

100

15:30
Day 128

07/29/2020
13:33

FHT-A1

Day 0

03/23/2020
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10:56:00
Day 30

04/23/2020

1.5

1.5

-

98.5

Day 60

05/22/2020

1.5

1.5

3

100

Day 94

06/25/2020

1.5

1.5

1.5

100

1.5

1.5

-

98.5

-

-

-

100

1.5

1.2

-

98.5

13:00
Day 128

07/29/2020
13:45

FHT-A2

Day 0

03/23/2020

Day 30

04/22/2020

Day 60

05/22/2020

Day 94

06/25/2020

Day 128

Day 0

10:56:00
15:52

(Rest in rinse flask)
1.5

1.5

3

100

1.5

1.4

1.5

100

07/29/2020

1.5

1.5

-

98.5

03/23/2020

3

11:30
15:20

Control

97

10:56:00
Day 30

04/22/2020

1.5

1.5

-

95.5

1.5

1.4

3

97

1.5

1.2

1.5

97

1.5

1.5

-

95.5

15:21
Day 60

05/22/2020
10:45

Day 94

06/25/2020
15:35

Day 128

07/29/2020
13:54

319

Appendix IV. Calculated uncertainties of radioisotopes
(Chapter 4)
Isotope

ORIGEN

Error

Error

FIAP %

FRR %

FNS %

FNU %

Plating

Cs-137

0.014

10.10%

10.10%

10.10%

14.21%

14.28%

U-238

0.0007

10.00%

10.00%

10.00%

14.14%

14.14%

Pu-239

0.05

11.18%

11.18%

11.18%

15.00%

15.81%

Sr88 =

0.0183

10.17%

10.17%

10.17%

14.26%

14.38%

Mo97

0.1

14.14%

14.14%

14.14%

17.32%

20.00%

Tc99

0.1

14.14%

14.14%

14.14%

17.32%

20.00%

Ru101

0.0247

10.30%

10.30%

10.30%

14.36%

14.57%

Rh103

0.067

12.04%

12.04%

12.04%

15.65%

17.02%

Ce140

0.0184

10.17%

10.17%

10.17%

14.26%

14.38%

Eu 153

0.116

15.32%

15.32%

15.32%

18.29%

21.66%

Nd 145

0.058

11.56%

11.56%

11.56%

15.29%

16.35%

Np 237

0.158

18.70%

18.70%

18.70%

21.20%

26.44%

139La

0.024

10.28%

10.28%

10.28%

14.34%

14.54%

141Pr

0.1

14.14%

14.14%

14.14%

17.32%

20.00%

147Sm

0.105

14.50%

14.50%

14.50%

17.61%

20.51%

156Gd

0.081

12.87%

12.87%

12.87%

16.30%

18.20%

Sr90
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Appendix V. Surplus data from Chapter 4:
This appendix gives a series of data that were collected and calculated in the work conducted
in Chapter 4 that is surplus to the scope of this thesis. However, this has been added here as we
think it could be important to the scientific community.
Table V-1 to Table V-9 give the FNU values of Sr88, Mo97, Tc99, Eu153, Nd145, La139,
Pr141, Sm147 and Gd156. This constitutes data of IRF and matrix congruent release isotopes
that are not covered in Chapter 4.
Table V-1. FNU for Sr88. There is a relative error of 14.26% associated for each value in this table.

Sr88
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

17.1

13.6

38.1

138.0

27.3

25.1

39.8

36.8

27.9

13.2

22.7

123.6

21.1

42.7

10.1

8.9

38.6

50.2

83.9

25.9

30.1

80.9

74.5

108.0

15.6

40.8

93.2

71.4

84.3

22.7

Table V-2. FNU for Mo97. There is a relative error of 17.32% associated for each value in this table.

Mo97
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

3.15

7.73

18.30

65.22

6.90

4.94

14.13

12.59

8.19

2.84

6.85

35.37

5.41

11.93

2.20

5.24

18.42

27.67

35.94

7.37

12.20

20.97

20.16

27.33

3.38

13.08

23.12

18.02

21.57

4.65

Table V-3. FNU for Tc99. There is a relative error of 17.32% associated for each value in this table.

Tc99
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

3.40

9.05

22.07

87.57

8.96

4.04

15.30

14.00

9.83

3.25

6.13

40.69

6.62

14.59

2.64

5.30

21.85

34.47

45.29

9.42

15.36

29.23

28.34

38.20

4.80

16.35

34.01

26.90

31.75

6.56
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Table V-4. FNU for Eu153. There is a relative error of 18.29% associated for each value in this table.

Eu153
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

1.69

3.70

9.06

40.12

4.45

1.71

6.18

6.63

5.05

2.04

2.00

14.81

2.47

4.83

1.17

1.22

5.49

5.88

8.41

2.43

2.29

8.09

8.92

12.07

1.85

4.05

12.13

10.29

11.86

2.98

Table V-5. FNU for Nd145. There is a relative error of 15.29% associated for each value in this table.

Nd 145
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

1.44

3.36

8.57

38.53

4.09

1.53

5.93

6.62

4.87

2.00

1.77

14.44

2.42

4.55

1.11

0.99

4.80

5.37

7.40

1.98

2.08

9.40

8.47

11.45

1.71

3.63

11.58

9.78

11.28

2.66

Table V-6. FNU for La139. There is a relative error of 14.34% associated for each value in this table

La139
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

1.84

4.32

11.38

53.47

5.90

2.13

9.03

9.84

7.76

2.89

2.75

23.92

3.87

8.25

1.73

1.36

6.93

8.64

13.57

3.21

3.07

12.25

13.81

20.11

2.71

5.02

18.06

15.19

18.59

4.14

Table V-7. FNU for Pr141. There is a relative error of 17.32% associated for each value in this table

Pr141
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

1.20

2.73

7.07

30.40

3.46

2.17

5.01

5.70

4.06

1.69

1.44

11.65

1.94

3.61

0.90

0.80

3.76

4.01

5.60

1.44

1.58

5.95

6.38

8.65

1.27

2.78

8.90

7.60

8.77

2.13
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Table V-8. FNU for Sm147. There is a relative error of 17.61% associated for each value in this table.

Sm147
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

1.65

3.78

9.69

44.30

4.97

1.67

6.24

6.91

5.17

2.19

1.81

14.97

2.53

4.76

1.22

1.14

5.28

5.54

8.17

2.35

2.32

8.69

9.38

12.62

1.92

3.96

13.55

10.80

12.62

3.11

Table V-9. FNU for Gd156. There is a relative error of 16.30% associated for each value in this table.

Gd156
NHT-C
NHT-A1
NHT-A2
FHT-C
FHT-A1
FHT-A2

FNU30

FNU60

FNU94

FNU128

flask wash

0.47

1.06

2.73

12.70

1.39

0.52

1.91

2.04

1.55

0.62

0.63

4.70

0.83

1.53

0.37

0.35

1.68

1.90

2.83

0.81

0.76

2.80

3.04

4.08

0.60

1.28

4.02

3.34

3.99

0.94

V.1 ICP-MS data of individual isotopes
This section presents and discusses the ICP-MS data of isotopes that are not covered in
Chapter 4.
Strontium is comparatively less dispersed than caesium in the spent fuel matrix since it is
significantly less volatile (Ewing, 2015). It can be found in SNF as dissolved oxides in the fuel
matrix due to its low oxygen potential (Bruno and Ewing, 2006; S. Utsunomiya and R.C.
Ewing, 2005). Sr88, Sr89 and Sr90 are the strontium isotopes formed out of fission reaction
decays. The Sr88/90 is generally 1:1 but if there is natural Zr, fission Zr, or even natural Sr,
then ICP-MS values are only an estimation. There is in fact a consistently high Sr88
concentration seen in the control flasks in all sampling periods which has been subtracted from
the fuel leach data while calculating the sample flask Sr88 concentrations.
Figure V-1 gives the fractional inventory release of Sr88 as a function of sampling time.
Strontium generally forms solid solutions with UO2 and would need matrix dissolution for
release (Serrano-Purroy et al., 2012). However, Sr easily reacts with water to form strontium
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hydroxide which is soluble. It is also seen to form compounds such as strontium chromate or
carbonate with high water solubilities. The fractional release of Sr88 is comparatively lesser
than that of Caesium in all samples. There is no significant plating observed and the slight
increase in the flask wash sampling could be a result of uranium dissolution and subsequent
release of Sr from the secondary uranyl phases. There is no significant spike seen for NHT-A2
(after 60 days) from the broken fragment (discussed in Section 4.3).
In terms of release rates, Figure V-2 shows a sharp decline in concentrations within the first
few weeks followed by a steady dissolution until 128 days. This trend has been reported in
literature with comparable release rates regardless of the leachates used (Roth et al., 2019;
Zwicky et al., 2011; Forsyth, 1997). Roth et al. observed no difference in Sr90 release between
segment and fragment (cladded and de-cladded) samples showing the absence of a preferential
leaching from pellet clad layers.
As seen in Figure V-3, there is no preferential leaching of Sr88 based on the increased surface
area of fuel exposed in the case of the axial samples. It is clear that there is no increase in Sr88
concentrations due to the added surface area of the fragment in the case of NHT-A2. NHT-C
shows a higher release of Sr88 for all sampling periods which is consistent with the Cs137
release seen in Figure 4-22 (although not as salient). It is perhaps the small fraction of Sr that
can migrate to the gap and grain boundary regions as mentioned by Jain et al., 2004 which
were exposed due to opened up of the fuel-cladding gaps which is a possible reason for IRF
release.
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Figure V-1. FIAP values of Sr88 vs sampling period.
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Figure V-2. FRR of Sr88 vs sampling period.
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Figure V-3. Surface area normalized inventory release fraction of Sr88 vs sampling period.

Europium and neodymium are grouped together as they show very similar leaching
characteristics as can be seen from their FIAP, FRR and FNS graphs below. Figures V-4 and
V-5 show the fractional inventory release of Eu153 and Nd145 as a function of exposure time.
Eu153 and Nd145, release almost congruently from the SNF matrix and are seen to be
consistent across the samples and types of cuts except for NHT-C which seems to have leached
comparatively higher. The consistency observed in the FHT samples show that the axial cuts
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have not leached any more than the circumferential cuts. This is more evident in Figures V-8
and V-9 where the FIAP values have been normalized by the effective surface area.
It is observed that the circumferential samples have leached more compared to the axial
samples. A similar trend was observed in the Studsvik experiments where the segment samples
showed equal and in some cases, higher release compared to the fragment samples (Roth et al.,
2019). Roth et al. explains this as a consequence slower desorption rate of Eu and Nd. Another
possible explanation, given by Hanson and Stout(Hanson and Stout, 2004), is the presence of
trivalent and tetravalent (lanthanide) cations that has shown to inhibit nearest uranium atoms
from oxidizing. The later explanation is supported by Razdan et al. who conducted
electrochemistry experiments on lanthanide doped UO2 (Razdan and Shoesmith, 2014). This
results in a reduced excavation phenomenon as surface UO2 is not dissolved and thereby
reduces the dissolution of lanthanides such as Eu, Nd and Ce. The release is consistent and
gradually increasing as a function of exposure time. Further, Eu and Nd do not show plating
onto the flask walls contrary to the Studsvik experiments where La, Ce, Pr, Nd and Eu were
found in high concentrations from vessel strip solutions. This could be perhaps due to the low
presence of dissolved Eu and Nd in the solutions, to start with.

Figure V-4. FIAP values of Eu153 vs sampling period.

326

NHT-C

1.21E-04

NHT-A1

1.01E-04

NHT-A2
FHT-C

FIAP

8.10E-05

FHT-A1

6.10E-05

FHT-A2

4.10E-05
2.10E-05
1.00E-06
30

60

94

128

128 (flask
wash)

Cumulative contact period (days)
Figure V-5. FIAP values of Nd145 vs sampling period.

Figures V-4 and V-5 show the fractional release rates of Eu and Nd as a function of
exposure/sampling time. The rate falls in the first 30 days of exposure 7.0E-07 day-1 for Eu153
and Nd145. Neodymium was estimated to be higher in the SNF compared to Europium and
hence the FRR values are identical despite Eu having a higher release rate from the FIAP
graphs.

Figure V-6. FRR of Eu153.
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FNS

Figure V-7. FRR of Nd145.
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Figure V-8. Surface area normalized FIAP values for Eu153 vs sampling period.
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Figure V-9. Surface area normalized FIAP values for Nd145 vs sampling period.

Mo has shown comparable leach rates to that of Cs in other studies and is also considered as
an IRF in some. This study compares the leaching phenomenon seen in Mo, Tc, Ru and Rh to
U, Cs and Sr in order to validate the argument of including Mo/Tc leaching rates to be
congruent to that of the IRF.
Figures V-10 and V-11 give the fraction of inventory release of Mo97 and Tc99 in the leachate
solutions. The FIAP values of Mo97 and Tc99 are higher than matrix release and lie between
U238 and Cs137 (Figure 4-26 & Figure 4-20). Mo97 and Tc99 are released almost identically
owing to the fact that they most often co-exist in the fuel matrix. The results obtained in this
study are in the same range of the data from segment samples used under the Studsvik leaching
tests (as seen in Figure 11 and 12 in Roth et al., 2019 showing that the dissolution mechanisms
of Tc and Mo remain comparable under oxidizing environments regardless of the leachate
being DI or ground water. The obtained FIAP values of Mo97 are similar to Sr88 (Figure V1). This could perhaps be due to a combined leaching of grey phases like SrMoO3 as oxygen
readily reacts with Mo and further reacting with SrO from the matrix (Olander, 2009).
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Figure V-10. FIAP values of Mo97 vs sampling period.

Figure V-11. FIAP values of Tc99 vs sampling period.
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The similarity in FIAP values extend to the fractional release rates too. As seen in Figures V12 & V-13, Mo97 and Tc99 show similar release rates under the errors in the experiment. The
release rates stabilize around 7E-07 d-1 which is still higher than what is seen for the U238
(matrix) release. Hence, Mo and Tc can be categorized under Instant Release Fractions along
with Cs, Sr and Np.
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Figure V-12. FRR of Mo97.

Figure V-13. FRR of Tc99
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Figures V-14 & V-15 show the FIAP values normalized to the surface area of contact. The
values are higher for the circumferential samples and are slowly seen to be increasing overtime
which agrees to the trend seen in Cs137. This supports Roth et al.’s experiments which showed
a clear increase of Mo and Tc release rates from fragment samples compared to segment
samples, highlighting their presence in grain boundaries and fuel-cladding gaps. It can be
inferred that the matrix dissolution opens up new grain boundaries, gaps and cracks that can be
rich in these metallic inclusions which fuels the gradual increase in the dissolution rates of
these ɛ phase particles.

Figure V-14. Surface area normalized FIAP values for Mo97 vs sampling period. vs sampling period.
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Figure V-15 Surface area normalized FIAP values for Tc99 vs sampling period vs sampling period.

V.2 Combined ICP-MS data
This section presents the combined ICP-MS data sets of samples NHT-A1, NHT-A2, FHT-C,
FHT-A1 and FHT-A2. The first set combines the release rates observed in all lanthanide fission
products. The second part combines the fractional release rates (FRR) of all isotopes into one
graph. This allows to draw conclusions on specific isotope leaching trends.

Figure V-16. FRR of lanthanide fission products from NHT-A1.
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Figure V-17. FRR of lanthanide fission products from NHT-A2.

Figure V-18. FRR of lanthanide fission products from FHT-C.
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Figure V-19. FRR of lanthanide fission products from FHT-A1.

Figure V-20. FRR of lanthanide fission products from FHT-A2.

Combined rates for all isotopes discussed in Section 4.4.4. for all samples except NHT-C have
been covered in this Appendix. The reader is warned that the uranium values seen in Figures
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60 – 65 (and before) have not been corrected for the additional uranium detected as a result of
nitric reaction vessel digestion discussed in Section 5. This will push the uranium FRR curve
higher.

Figure V-21. Combined FRR (in log scale) for NHT-A1.

Figure V-22. Combined FRR of NHT-A2
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Figure V-23. Combined FRR of FHT-C.

Figure V-24. Combined FRR of FHT-A1.
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Figure V-25. Combined FRR of FHT-A2.
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