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Abstract
The aim of this work was to study the separate effect of fission fragment
damage on the structural integrity and matrix dissolution of uranium dioxide in water.
Radiation damage similar to fission damage was created by irradiating bulk
undoped and doped ‘SIMFUEL’ disks of UO2, undoped bulk CeO2 and thin films of
UO2 and CeO2 with high energy Xe and U ions. The UO2 thin films, with thicknesses
in the range of 90 – 150 nm, were deposited onto (001), (110) and (111) orientations
of single crystal LSAT (Al10La3O51Sr14Ta7) and YSZ (Yttria-Stabilised Zirconia)
substrates. The CeO2 thin films were deposited onto single crystal silicon (001)
substrates.
Part of the bulk UO2 and CeO2 samples, the thin films of UO2 on the LSAT
substrates and the thin films of CeO2 were irradiated with 92 MeV

129

Xe23+ ions to a

fluence of 4.8 × 1015 ions/cm2 to simulate the damage produced by fission fragments
in uranium dioxide nuclear fuel. Part of the bulk UO2 and CeO2 samples and the thin
films of UO2 on the YSZ substrates were irradiated with 110 MeV

238

U31+ ions to a

fluence of 5 × 1010, 5 × 1011 and 5 × 1012 ions/cm2 to study the accumulation of the
damage induced.
The irradiated and unirradiated samples were studied using scanning electron
microscopy (SEM), focused ion beam (FIB), atomic force microscopy (AFM), energy
dispersive X-ray (EDX) spectroscopy, electron probe microanalysis (EPMA), X-ray
diffraction (XRD), electron backscatter diffraction (EBSD), secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS) techniques to
characterise the as-produced samples and assess the effects of the ion irradiations.
Dissolution experiments were conducted to assess the effect of the Xe ion
irradiation on the dissolution of the thin film UO2 samples on the LSAT substrates
and the bulk and thin film CeO2 samples. The solutions obtained from the leaching of
the irradiated and unirradiated samples were analysed using inductively coupled
plasma mass spectrometry (ICP-MS).
XRD studies of the bulk UO2 samples showed that the ion irradiations resulted
in an increased lattice parameter, microstrain and decreased crystallite size, as
expected.
The irradiated UO2 thin films on the LSAT substrates underwent significant
microstructural and crystallographic rearrangements. It was shown that by irradiating
vii

thin films of UO2 with high energy, high fluence ions, it is possible to produce a
structure that is similar to a thin slice through the high burn-up structure. It is
expected that the ion irradiation induced chemical mixing of the UO2 films with the
substrate elements (La, Sr, Al, Ta). As a result, a material similar to a doped
SIMFUEL with induced radiation damage was produced.
The work with the thin films of UO2 on the YSZ substrates showed that low
irradiation fluences with uranium ions (≤ 5 × 1012 ions/cm2) were not sufficient to
cause structural rearrangements that alter the crystallographic orientation of the thin
film. However, effects due to rapid epitaxial recrystallisation of the irradiated film can
be quantified in terms of kernel average misorientation (KAM). It was observed that
the irradiated samples have a higher value of KAM than the corresponding
unirradiated samples. In addition, it was observed that the ion irradiations resulted in
the formation of the hillock features that are responsible for the increased roughness
of the samples’ surfaces. It was also suggested that the ion irradiations resulted in
increased electrical conductivity of the UO2 films due to induced defects. The
uranium dioxide (111) plane showed higher irradiation tolerance, as characterised by
the average value of KAM and root mean square roughness, as compared with the
(110) plane. The UO2 film-YSZ substrate interface was observed to be stable with
respect to elemental mixing even under irradiation with 110 MeV U ions to a fluence
of 5 × 1011 ions/cm2, as compared to the corresponding unirradiated sample.
It was observed that the Xe irradiation resulted in significant microstructural
rearrangements of the CeO2 thin films. These rearrangements differed from that
observed for the UO2 films on LSAT substrates irradiated under the same conditions.
It appears that the nature of microstructural rearrangements during ion irradiation
depends on the thickness of the film being irradiated.
Unexpectedly, the Xe irradiated UO2 thin films on the LSAT substrates
showed a decrease in the concentration of uranium in dissolution experiments, when
compared with the corresponding unirradiated samples. In contrast, the irradiated
bulk and thin film CeO2 samples showed an increase in the amount of dissolved
cerium, when compared with the corresponding unirradiated samples.
The suitability of using CeO2 as a structural and chemical analogue for UO2
was discussed.
Secondary phases were observed on the surface of both the thin film UO2 and
CeO2 samples after the dissolution experiments.
viii
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Chapter 1
Introduction
Some countries have decided or are in a position to decide in favour of
complete or partial geological disposal of spent nuclear fuel (SNF) (Cui et al., 2008).
One of the most challenging aspects of geological repository design is the need for
the extrapolation of short-term laboratory data (hours to years) to the long-term
periods (thousands to millions of years) that are characteristic of repository life-times
(Janeczek et al., 1996). Another challenge comes from the fact that the young spent
nuclear fuel available today is not representative of aged fuel after hundreds or
thousands years of storage, as the decay of fission products and actinides over that
time will result in a change in the fuel’s composition, as well as its radiation fields,
properties and parameters (Rondinella et al., 2001). Hence, only models based on
an elementary mechanistic understanding will be able to guide a reliable
extrapolation of laboratory results over time-frames covering several centuries
(Rousseau et al., 2009).
This challenge is being addressed in several ways:
1) by studying natural analogue systems such as uraninite (a naturally
occurring mineral) deposits at Cigar Lake, Canada, Oklo, Gabon,
Koongara, Australia, and other locations (Janeczek et al., 1996);
2) by performing experiments with the relatively young spent nuclear fuel
available today (Fanghänel et al., 2013);
3) by working with various simulant fuels (SIMFUEL) (Hiezl et al., 2015;
Baranov et al., 2014; Cui et al., 2008; Rousseau et al., 2006;
Mennecart et al., 2004; Rousseau et al., 2002; Rondinella et al., 2001;
Rondinella et al., 1999; Lucuta et al., 1991; Strausberg and Murbach,
1963);
4) by performing various computational modelling studies (Hoover et al.,
2014; Wu et al., 2012; Alexandrov et al., 2011; Kinoshita et al., 2009).
Each of these methods has its advantages and disadvantages.
For example, working with natural systems can provide data on very large
spatial and time scales spanning nanometres to kilometres and thousands to millions
of years, but requires confidence that uraninite has properties similar to spent fuel
1

and the differences between uraninite and SNF are well understood (Janeczek et al.,
1996). Another complication of this approach stems from the fact that new forms of
nuclear fuel are being proposed for commercial power generation (Edmondson et al.,
2012) that can be very different to naturally occurring uraninite.
Experiments with young SNF can be considered as the most credible
approach, as it represents actual fuel. However, spent nuclear fuel is a complicated
system that has many components in it. As a result, it is often not possible to study
explicit aspects of SNF to get a fundamental mechanistic understanding of, for
example, the formation of the high burn-up structure, fission product partitioning,
interaction with water and so forth. In addition, spent fuel is highly radioactive and
requires special handling facilities and procedures (Hiezl et al., 2015).
To overcome some of the difficulties encountered when working with actual
spent fuel, various simulant fuels (SIMFUELs) are used. SIMFUELs are much
simpler systems that allow the study of certain aspects of real SNF in an explicit or
accelerated manner. SIMFUELs are significantly less radioactive, so they are easier
to handle. They are more suitable for experimental work at universities, where
handling of real SNF is rarely possible. The advantage of this approach is that it
provides the possibility of studying certain aspects of actual fuel behaviour in
isolation.
Although SIMFUELs tend be much simpler and less radioactive than real
SNF, they are complex systems to investigate to obtain a fundamental
understanding. In addition, experimental work even with low radioactivity samples
(minor quantities of depleted uranium) can be impossible due to local regulations. In
this case, various computational modelling approaches can be used. These allow for
obtaining a fundamental understanding of some phenomena relevant to the
behaviour of spent nuclear fuel, for example, the surface energy of the UO2 surfaces
with different crystallographic orientation (Hoover et al., 2014), adsorption enthalpies
of water on actinide oxide surfaces (Alexandrov et al., 2011), meta-stable states
(UO2+x) created by fission fragments in UO2 (Kinoshita et al., 2009), the influence of
steel corrosion products on nuclear fuel corrosion (Wu et al., 2012) and so forth.
Designing and constructing a geological disposal facility for spent nuclear fuel
that has to operate safely for several thousand years is an exceedingly challenging
task. Humanity does not have any practical experience of constructing any such
facility for such a long period of time. Hence, it is important that a synergetic
2

approach of all possible methods to study the behaviour of the geological disposal
facility is used.
A safety case assessment of any geological repository for SNF requires the
prediction of the release rates of radioactive elements from the fuel once the
containers fail and contact with groundwater is established (Shoesmith and Sunder,
1992). Despite a lot of effort being put into studying the process of dissolution of
spent nuclear fuel under geological disposal conditions there are still some aspects
that require further clarification.
One such an aspect is the effect of radiation damage in the uranium dioxide
matrix on its dissolution in water. To the best of the author’s knowledge there is only
one publication in the open literature, produced by Matzke (Matzke, 1992a), that
considers the effect of radiation damage on the dissolution of uranium dioxide in
water. Matzke used polycrystalline sintered disks of UO2 and UO2-based SIMFUEL
irradiated with Kr and Rb ions of 40 and 45 keV and radioactive tracers (85Kr and
83

Rb), respectively, to induce radiation damage. The subsequent leaching

experiments performed showed that the leach rate of the implanted radioactive
tracers from the irradiated UO2 and UO2-based SIMFUEL increased by more than an
order of magnitude.
Fission fragments, produced by fission events during in-reactor fuel
irradiation, possess large kinetic energies in the range of 70 to 100 MeV and result in
heat and radiation damage, leading to degradation of the fuel’s properties (Ishikawa
et al., 2008; Matzke et al., 2000). Over the fuel’s operating life up to 5000
displacements per atom (dpa) are achieved (Matzke, 1992b), which leads to
significant fuel restructuring and a change in the rate of matrix dissolution
(Fanghänel et al., 2013).
For this reason it was decided to extend the work carried out by Matzke
(Matzke, 1992a) on the effect of radiation damage on UO2 dissolution from low
energy ions to energies characteristic of fission fragments. A wide range of samples
was prepared and irradiated with high energy ions. The samples used in this study
included: polycrystalline sintered bulk UO2 and UO2-based SIMFUEL, thin films of
UO2, including single crystals, bulk fused pellets of CeO2 and thin films of single
crystal CeO2. The irradiations were performed using

129

Xe23+ ions of 92 MeV energy

to a fluence of 4.8 × 1015 ions/cm2 to simulate the damage produced by fission

3

fragments in nuclear fuel and

238

U31+ ions of 110 MeV energy to fluences of 5 × 1010,

5 × 1011 and 5 × 1012 ions/cm2 to study the accumulation of radiation damage.
The irradiated and unirradiated samples were studied using scanning electron
microscopy (SEM), focused ion beam (FIB), atomic force microscopy (AFM), energy
dispersive X-ray (EDX) spectroscopy, electron probe microanalysis (EPMA), X-ray
diffraction (XRD), electron backscatter diffraction (EBSD), secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS) techniques to
characterise the as-produced samples and assess the effects of the ion irradiations.
Dissolution experiments were conducted to assess the effect of the Xe ion
irradiation on the dissolution of the samples. The solutions were analysed using
pH/Eh measurements and the uranium and cerium concentrations were determined
by inductively coupled plasma mass spectrometry (ICP-MS).
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Chapter 2
Literature review of the properties of spent nuclear fuel
This section will introduce nuclear fuel, its chemical and structural alterations
resulting from in-reactor irradiation and changes that take place during prolonged
storage of spent nuclear fuel.

2.1. Nuclear fuel
Uranium dioxide, UO2, is the main form of nuclear fuel used in the present
generation of nuclear reactors (He et al., 2010; Matzke et al., 1994). It is a ceramic
with the fluorite structure and a high melting point of about 3150 K (Matzke et al.,
2000). Uranium dioxide powder is pressed and sintered to produce fuel pellets. The
fuel pellets are usually produced as solid cylinders with diameters in the range of 8 15 mm and heights in the range of 10 - 15 mm, but in Russian VVER (VodoVodyanoi Energo Reactor) and British AGR (Advanced Gas-cooled Reactor) the
pellets are hollow cylinders (Rossiter and Mignanelli, 2011). These fuel pellets are
loaded into cladding tubes to form fuel rods. The fuel rods are fastened together to
form fuel assemblies, which are loaded into the reactor core. Figure 1 shows the
schematics of a typical light water reactor (LWR) fuel rod and a typical modern 17 ×
17 pressured water reactor (PWR) fuel assembly.
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Figure 1. Schematics of (a) a typical LWR fuel rod and (b) a typical 17 × 17 PWR fuel assembly.
Source: (Rossiter and Mignanelli, 2011).

Prior to in-reactor irradiation, uranium dioxide pellets have close to
stoichiometric composition (UO2.001) and contain very low levels of impurities. A
typical grain size is in the range of 5 - 10 µm (He et al., 2010; Janeczek et al., 1996).
As the fuel is irradiated, it undergoes a number of microstructural and
compositional changes (He et al., 2010). Irradiated fuel typically contains more than
95 % UO2, 1 % higher actinides (mainly isotopes of Pu, Np and Am), and 3 to 4 %
fission products by weight. A more exact chemical composition depends on original
235/238 uranium ratio, burn-up (Janeczek et al., 1996) and the reactor type.
The maximum temperature occurs at the centreline of the solid fuel pellets
and reaches 1300 - 1800 °C (Rossiter and Mignanelli , 2011). The cladding
temperatures range from 315 (for boiling water reactors (BWR)) to 825 °C (for AGR)
(Rossiter and Mignanelli, 2011). The characteristic shape of the radial temperature
profile within the solid fuel pellet is illustrated in Figure 2. The maximum temperature
for annular pellets is expected to occur in the middle region of the annulus shifted
towards the centreline of the pellet.
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Figure 2. A calculated steady-state radial temperature profile within the solid fuel pellet.

When irradiated fuel is discharged from the reactor it becomes ‘spent nuclear
fuel’.

2.2. Chemical alterations of nuclear fuel from in-reactor irradiation
The chemical changes in nuclear fuel that occur during the reactor operation
have been described by Janeczek et al. and Kleykamp (Janeczek et al., 1996;
Kleykamp, 1985). Noble metals tend to segregate and ex-solve from the UO2
structure and nucleate as separate metal phases rather than as oxides. As a result,
the metal particles are found within the UO2 grains and at the grain boundaries. The
reason for this is that the reduced metal form is thermodynamically stable under the
redox conditions encountered in the fuel pellets, and the temperatures are high
enough to enable ex-solution. The fission gases follow a similar trend of segregation
and ex-solution and may escape to the pellet-cladding gap. The Cs and I formed
during fission are also expelled from the UO2 structure, at least partly. Volume and
grain boundary diffusion are believed to be the main mechanisms of migration of
fission products in the fuel pellets. For all of these ex-solved materials, the operating
temperature of the fuel determines their final location and form in the system. At high
temperatures, diffusion occurs more readily and the size of the noble metal particles
is larger, reaching a micron or more. At lower temperatures, the diffusion distances
are shorter, and thus more particles must nucleate to accommodate the ex-solved
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species, and, as a result, the particles have a smaller average size. For a given
operating temperature, the size of the metal particles tends to increase with burn-up.
Walker et al. (Walker et al., 2005), in their work, considered the radial
distribution of the uranium oxidation state in UO2 spent nuclear fuel pellets at a burnup of around 100 MWd/kgHM. The radial distribution of actinides, fission products,
the UO2 lattice parameter and the level of radiation damage are dependent on burnup. This distribution is not uniform due to the generation of fissile

239

Pu from

238

U via

239

Np by the resonant capture of epithermal neutrons at the peripheral region of the

pellet (Matzke et al., 1994). In addition, plutonium fission results in more extensive
oxygen liberation than uranium fission, since more non-oxide forming products (e.g.,
Ru, Pd) are formed in the fission of Pu, whereas U fission results in a higher
concentration of oxide forming fission products (e.g., Zr) (Matzke, 1992b).
Neodymium (Nd) has often been used as an indicator of the radial burn-up
distribution and the local concentration of fission products in the fuel lattice, since Nd
is immobile in the UO2 matrix. The radial distribution of Nd in the fuel pellet was
measured by electron probe microanalysis (EPMA). The resulting concentration
profile and the corresponding burn-up values are shown in Figure 3. The burn-up
values were calculated assuming that the integral average Nd concentration of 1.34
wt% corresponds to the fuel burn-up of 102 MWd/kgHM. Figure 4 shows the results
for the radial distribution of Cs and Pu in this high burn-up fuel.

Figure 3. A plot of electron probe microanalysis results for the radial distribution of Nd and the
corresponding burn-up values shown on the right ordinate for the high burn-up fuel. Source: (Walker
et al., 2005).
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Figure 4. Electron probe microanalysis results for radial distribution (a) of Cs and (b) Pu in the high
burn-up fuel. Source: (Walker et al., 2005).

The variation in the lattice parameter across the fuel radius, measured by
Spino and Papaioannou (Spino, 2001) using micro-XRD, was used to determine the
fuel’s oxygen to uranium ratio, O/U, by correcting for the effects of dissolved fission
products, plutonium, radiation damage and alpha-damage during the fuel storage.
The radial variation in the lattice parameter is shown in Figure 5. It can be seen that
the lattice parameter profile shows two distinct humps, which are attributed by
Walker et al. (Walker et al., 2005) to lattice strain (microstrain) caused by radiation
damage. The distance over which the lattice parameter decreases in the outer region
of the fuel coincides with the penetration depth of the high burn-up structure
(described below) in this region. From the centre of the fuel pellet out to r/r0 = 0.2 the
average value of the lattice parameter was 5.471 Å ( = 5.469 Å, at room
temperature (Bao et al., 2013)). Hence, it was assumed that throughout the inreactor irradiation, the fuel temperature in this region was high enough to anneal
radiation damage (UO2 recrystallizes at Tc = 675 ± 15 °C (Matzke, 1992a)) and
consequently lattice strain (Walker et al., 2005).
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Figure 5. Radial variation in the lattice parameter of the high burn-up fuel as measured by microXRD. Source: (Walker et al., 2005).

Figure 6a presents the radial variation in the lattice parameter corrected for
fission products and Pu incorporated in the UO2 lattice and for lattice strain due to
fission and alpha-decay damage. It can be seen that across most of the pellet the
lattice parameter takes values between 5.471 and 5.473 Å before increasing steeply
to 5.476 Å at the pellet rim. The O/U ratios derived from the lattice parameter values
plotted in Figure 6a are presented in Figure 6b. It can be seen that in the body of the
pellet, the O/U ratio decreases slightly from 1.994 ± 0.008 at the pellet centre to
1.989 ± 0.008 at r/r0 = 0.70. It then increases to 2.002 ± 0.008 at r/r0 = 0.95 before
dropping sharply to 1.961 ± 0.008 at r/r0 = 0.99. The average O/U ratio of the fuel
decreased during in-reactor irradiation from 2.004 to 1.991 ± 0.008. Hence, the
lattice parameter data indicates that over most of its radius the high burn-up fuel was
slightly hypostoichiometric (Walker et al., 2005).
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Figure 6. a) Radial variation in the lattice parameter after correction for the concentrations of fission
products and Pu incorporated in the UO2 lattice, lattice strain from in-reactor radiation damage and
alpha-damage during storage after discharge from the reactor; b) radial variation in the O/U ratio
derived from the corrected lattice parameter. Source: (Walker et al., 2005).

In addition to the radial variation in burn-up and the associated parameters,
there is a sectorial variation in the fuel pellets due to shielding of the fuel rod by other
rods in the fuel assembly from neutrons in the reactor core – see Figure 1b. As a
result, the fuel pellets exhibit radial and circumferential variation in burn-up, actinide
and fission product concentration, radiation damage level, etc. This explains the
difficulties in characterising any given fuel pellet, not to mention the variations in
burn-up at different locations within the same fuel rod, between different fuel rods
within the same fuel assembly and between different assemblies in the reactor core.
Janeczek et al. (Janeczek et al., 1996) suggested that any excess of oxygen
either originally present in the fuel or resulting from the fact that the fission products
with oxidation states lower than 4+ require less oxygen than U(IV) to satisfy electrical
neutrality will react with the cladding. Hence, the stoichiometry of the UO2 is
maintained, unless the gettering capacity of the cladding is exceeded. However,
11

Walker et al. (Walker et al., 2005) found that in their case (low linear power regime: <
14 - 20 kW/m) only about 23 % of the free oxygen accumulated during the irradiation
had been removed from the fuel to form the oxide layer on the inner surface of the
zircaloy cladding. The term free oxygen used in their work is defined as the
difference between the oxygen to metals ratio, O/M, which is derived from the fuel
composition and the stoichiometric fuel O/M ratio. However, the O/M ratio derived
from the fuel composition in their work has the same meaning as the stoichiometric
fuel O/M ratio but during the calculation, the O/M ratio derived from the fuel
composition excludes Ba, Mo and Cs oxides, whereas the stoichiometric O/M ratio
includes these oxides and in its calculation there are some arithmetic mistakes. That
is why the use of the term free oxygen and the discussion based on the differences
between the O/M ratio derived from the fuel composition and the stoichiometric fuel
O/M ratio in this work is dubious. As a result, what happens to the excess oxygen
remains unknown.

2.3. The effect of dopants on oxidation of the UO2 fuel matrix
The non-volatile fission products are mainly distributed in three distinct
phases in spent nuclear fuel (Kleykamp, 1985):
1. the lanthanides and partially Zr dissolve in the UO2 fluorite lattice,
2. Mo and the noble metals are present as metallic precipitates (ε-phase),
3. and radionuclides unstable in the fluorite lattice (Ba, partially Zr and
etc.) are present in mixed metal oxide precipitates (perovskite-type
grey phase) (Razdan and Shoesmith, 2014; Cobos et al., 1998).
The rare earth (RE) doping of the matrix and development of the nonstoichiometry are considered to be the key aspects that are likely to influence the
chemical reactivity of the UO2 matrix (Razdan and Shoesmith, 2014).
The effect of dopants on the UO2 oxidation process has been studied for
many years (McEachern and Taylor, 1998). As outlined by McEachern et al.
(McEachern et al., 1998) and Razdan and Shoesmith (Razdan and Shoesmith,
2014), the oxidation of UO2 in air is a two-step reaction:
 →   /  →  

(Equation 1).

The first step involves the formation of cubic U4O9 or tetragonal U3O7
controlled by the rate of oxygen diffusion through a discrete layer of the oxide
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product, displaying parabolic kinetic behaviour. The extent of oxidation on a surface
close to stoichiometric appears to be limited by the low O interstitial (Oi) mobility
within the matrix, whereas at higher degrees of non-stoichiometry the formation of
defect clusters enhances the Oi mobility in the matrix providing deeper and more
extensive surface oxidation. The second step involves recrystallisation via a
nucleation and growth mechanism to the orthorhombic U3O8, displaying sigmoidal
reaction kinetics.
The nature of the intermediate phase changes as the doping level is
increased. For plain or lightly doped UO2, oxidation occurs relatively quickly to the
tetragonal U3O7 and subsequent conversion to orthorhombic U3O8 is readily
completed:
 →   →  

(Equation 2).

In contrast, the oxidation of UO2 containing large amounts of dopants is
kinetically slower and proceeds through U4O9, which retains the fluorite structure and
is kinetically more difficult to transform to U3O8:
 →   →  

(Equation 3).

The enhanced stability of doped UO2+x and U4O9, relative to the analogous
undoped structures is manifested in the retention of the cubic phases at higher
temperatures, longer heating times and higher O/M ratios during the oxidation
experiments (McEachern and Taylor, 1998).
A complete mechanistic understanding of the enhanced stability of doped UO2
against oxidation is still not available. For example, McEachern and Taylor
(McEachern and Taylor, 1998) suggested that the enhanced stability of the cubic
phase for the doped materials could result from disruption by dopants of the defectcluster ordering that is thought to be responsible for the tetragonal distortion of the
fluorite lattice in

U3O7. It has also been mentioned that dopants might inhibit

deviation from the cubic symmetry by limiting the number of oxygens that can fit into
the interstitials in the fluorite-type structure. Razdan and Shoesmith (Razdan and
Shoesmith, 2014) suggested that the introduction of trivalent RE dopants results in
the formation of dopant-oxygen vacancy (Ov) clusters that results in a reduction in
the availability of the interstitial sites required for the incorporation of Oi during
oxidation. However, there is also a competition, depending on the dopant content,
between Ov formation and oxidation of U4+ to U5+ in order to ensure charge balance
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within the doped matrix. In addition, it has been suggested that dopants can cause a
lattice contraction in UO2, which results in decreased mobility of the O2- ions into the
Ov sites in the fluorite lattice. Since the initial step in the oxidation reaction ( →


 )

involves the incorporation of O2- ions into Ov in the fluorite lattice, these

effects could be expected to limit oxidation of the UO2 matrix.
Although considerable evidence suggests that spent fuel exhibits oxidation
resistance, similar to that shown by doped UO2, there is not unanimous agreement
that burn-up or doping is associated with increased oxidative resistance (You et al.,
2000; McEachern et al., 1998).
McEachern et al. (McEachern et al., 1998) studied the rate of U3O8 formation
on the surface of flat Nd doped UO2 disks in an air atmosphere, using the XRD
technique, and concluded that Nd doping in UO2 tends to inhibit U3O8 formation.
Cobos et al. (Cobos et al., 1998) examined air oxidation of UO2 based
SIMFUELs containing simulant fission products equivalent to burn-ups of up to 200
GWd/tU. It was observed that the conversion of the SIMFUELs to the U4O9 and U3O8
type phases was strongly delayed when the simulated burn-up exceeded 80
GWd/tU. Also, for samples representing high burn-ups (> 100 GWd/tU), large
factions of the U4O9 type phase remained untransformed to U3O8 after prolonged
exposure to air at 950 - 1000 °C.
You et al. (You et al., 2000) considered air oxidation of plain UO2, UO2 based
SIMFUEL, Gd doped UO2, irradiated UO2 fuel and irradiated Gd doped UO2 fuel. It
was observed that the oxidation rates of SIMFUEL showed a sigmoidal curve and
decreased with the simulated burn-up increase, but the saturation levels were almost
identical. The gadolinium doped UO2 samples showed a faster initial weight gain
than a plain UO2 sample, but the saturation levels were lower and decreased with
dopant increase. The XRD results revealed that 15 wt% of Gd dopant can inhibit the
formation of U3O8 on the surface of UO2. In the case of irradiated Gd doped UO2 fuel
(6 wt% Gd2O3, 10 and 28 GWd/tU), the patterns of oxidation were similar to
unirradiated Gd doped UO2. In the experiments on irradiated UO2 fuels with low
burn-ups (16 and 38 GWd/tU), compared to the results of plain UO2 samples at 300 375 °C, the irradiated samples showed faster oxidat ion than the unirradiated ones,
sigmoidal kinetic curves and the same saturation level. It was suggested that a
minimum burn-up is needed in order to obtain a stabilisation effect against continuing
oxidation.
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2.4. Structural alterations in nuclear fuel from in-reactor irradiation
Spent fuel pellets tend to show cracking patterns – see Figure 7. The cracking
occurs due to thermal stresses in the fuel when the reactor undergoes rapid
temperature changes, for example, on first starting-up or on rapid shut-down. These
cracks provide preferential pathways for fission gases and oxygen to migrate into
and out of the pellets, as well as for water ingress when the fuel pellets are exposed
to it (Janeczek et al., 1996).

Figure 7. A macrograph of a transverse section through a spent AGR fuel rod. The scale bar size is 2
mm. Source: (Morgan, 2011).

Despite the severe damage levels (up to 5000 dpa), UO2 does not become
amorphous (Matzke, 1992b). Instantaneous defect recovery was shown to be very
important in UO2 (Matzke, 1992b). In addition, high fuel operating temperatures
assist the annealing of radiation damage that occurs in the fuel (Janeczek et al.,
1996).
However, fuel pellets with an average burn-up above about 45 GWd/tU
(Matzke, 1992b) show a crystallographic restructuring at the peripheral region, called
the ‘rim structure’ or ‘high burn-up structure’ (HBS) (Sonoda et al., 2010). The high
burn-up structure is believed to extend from the pellet surface to r/r0 = 0.66 (Walker
et al., 2005), based on the work on high burn-up fuel (~100 GWd/tU) by Manzel and
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Walker (Manzel and Walker, 2002). This structure is characterised by the existence
of highly dense small sub-grains with a size of around 100 nm and the accumulation
of small pores with an average size of about 1 µm (Sonoda et al., 2010). This
restructuring can influence the fuel performance by affecting fission gas release, fuel
temperature, hardness, swelling and so forth. (Sonoda et al., 2010). The high burnup structure is shown in Figure 8 and is commonly described as a ‘cauliflower
structure’ (Matzke, 1992b). As observed by Manzel and Walker (Manzel and Walker,
2002) for ~100 GWd/tU burn-up pellets, the gas pores, which are a feature of the
HBS, clearly increase in size and number in the interval between r/r0 = 0.66 and the
fuel rim and the pores in the first 200 µm from the pellet rim are extremely large
compared with those further in. In the first 200 µm from the pellet rim the local burnup is largely increased (by a factor of up to ~2.5 higher than the average value
(Matzke and Spino, 1997; Matzke et al., 1994)) due to the generation of fissile
from

239

Pu

238

U mentioned above (Matzke et al., 1989) – see Figure 3 and Figure 4b.

Hence, a high concentration of damage and fission products, including fission gases,
is formed in this zone (Matzke, 1992b).
The high burn-up structure is a scientifically interesting and technologically
important phenomenon: 1) the high fission rate and, hence, the high heat production
in the rim zone flattens the temperature profile in the fuel pellet, while the increased
burn-up and the high porosity in the rim region reduce its thermal conductivity. This
creates a heat barrier increasing the central fuel temperatures (Matzke and Spino,
1997; Matzke et al., 1994). 2) Increased gas release can be expected as a
consequence (Matzke et al., 1994), but the gas pressure inside the cladding must
not exceed certain critical values (Matzke and Spino, 1997). The gas release from
the fuel also depends on its mechanical properties, i.e., its ability to sustain internal
overpressure in fission gas bubbles without facture (Matzke and Spino, 1997). 3) In
addition, the mechanical properties of the rim structure play a significant role during
power transients, as they determine to a high degree the level of stress relaxation in
the case of pellet-cladding mechanical interaction, i.e., the possibility of the cladding
surviving or failing during a given power ramp (Matzke and Spino, 1997). 4) The high
concentration of fission products and Pu together with the small grain size near the
surface of the fuel pellet are of concern for spent nuclear fuel storage and geological
disposal since in the case of water access, leaching starts in this region, which has
the highest radiotoxicity (Matzke et al., 1994). Thus, the high burn-up structure has
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been studied widely. However, the exact mechanism, the kinetics and the extent of
its formation are still unclear (Baranov et al., 2014; Matzke, 1992b).

Figure 8. An SEM micrograph of the high burn-up structure in high burn-up (~60 Gwd/tU (Matzke et
al., 1989)) UO2 fuel pellet. Source: (Matzke, 1992b).

2.5. Changes of spent nuclear fuel properties with time
As noted by Rondinella et al. (Rondinella et al., 2001), the young spent
nuclear fuel available today is not representative of aged fuel after hundreds or
thousands years of storage. The decay of fission products and actinides will result in
a change in the fuel’s composition. The α-decay will produce increasing amounts of
He, and will also result in the accumulation of microstructural defects at low
temperatures, at which less defect recovery takes place than during in-reactor
irradiation. This will alter the physical properties of the fuel such as its thermal
conductivity, lattice parameter, hardness and so forth, over long time periods. The
decay process will also result in the disappearance of the short-lived radionuclides,
which account for most of the β and γ decays. Beta and gamma decays dominate
the activity of the young spent fuel, but after a few hundred years of storage, α-decay
will dominate the radiation field in and around the spent nuclear fuel (Shoesmith and
Sunder, 1992) – see Figure 9.
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Figure 9. Decay in: a) gamma dose rate at the surface of a Bruce “A” CANDU fuel assembly with a
burn-up of 8 GWd/tU; b) the alpha and beta activity as a function of time in terms of kilograms of
uranium in irradiated CANDU fuel with a burn-up of 8 GWd/tU. Source: (Shoesmith and Sunder,
1992).
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Chapter 3
Literature review of radiation damage by fission fragments in
nuclear fuel
This section will introduce the basics of radiation damage by fission fragments
and what effect it has on the structural, surface, chemical and electrical properties of
nuclear fuel.

3.1. Introduction into fission damage
During the nuclear reaction, a fissile nucleus (e.g.,

235

U) captures a neutron

and forms a compound nucleus that can undergo fission. If the fission event occurs,
the compound nucleus splits into two fragments and some neutrons (illustrated in
Figure 10) that can participate in further fission events.

Figure 10. A schematic of the fission process. Source: (http://galleryhip.com/nuclear-fissiondiagram.html)

About 80 % of the energy liberated in a nuclear fission event is given to these
fission fragments as their kinetic energy:
 

 



 

(Equation 4),

where EKE is the kinetic energy, m is the mass of a fission fragment and v is
the speed of a fission fragment. This kinetic energy is transformed into heat, the
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primary form of fission energy, by the interaction of the fast moving fragments with
the crystal electrons and the crystal atoms in the fuel matrix (Blank, 1972).
As described by Matzke et al. (Matzke et al., 2000), the fission fragments
have mass numbers in the range of 70 to 160 with the most probable values being
around 96 and 135, which gives rise to the conventional classification of light and
heavy fission fragments – see Figure 11. The light fission fragments centred around
Mo have energies of about 100 MeV and the heavy fragments centred around Ba
have energies of about 70 MeV. Their combined nuclear and electronic stopping in
UO2 (initially in the range 18 to 22 keV/nm for the heavy and light fission products,
respectively) produces heat and fission damage inside the fuel pellets. This fission
damage is manifested in a lattice parameter increase and lattice strain, surface
fission tracks, the high burn-up structure, enhanced diffusion, creep and so on.

235

Figure 11. Fission fragments yield for thermal neutron fission of U. Adapted from:
(http://chemwiki.ucdavis.edu/Wikitexts/University_of_Waterloo/Sci270/Nuclear_Fission/Fission_Yield).

The term ‘radiation damage’ is defined by Matzke (Matzke, 1982), in a general
sense as ‘the consequences of the deposition of energy from the primary impacting
particle into the target which are stable for a time scale longer than the time of the
slowing down of the primary particle’. While the impacting particle is slowing down,
its energy is transferred to electrons and displace atoms in the target, of which the
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latter will also slow down depending on the transferred energy and the mass of the
‘knock-on’ atom.
As described by Matzke (Matzke, 1982) for a general case of radiation
damage in solids, at a low irradiation dose (low fission rate in the case of nuclear
fuel), isolated Frenkel pairs are created along the path of the incoming particle (or
fission fragment) that consist of vacancies and interstitials. These can either
recombine instantaneously, or precipitate at sinks (e.g., voids and edge
dislocations). Athermal recombination can occur, if both vacancy and interstitial
remain within a critical volume. The formation of interstitials usually leads to an
increase in the unit cell size, whereas vacancies can lead to lattice contraction. At
increasing irradiation doses, interstitials tend to agglomerate in observable clusters
and in fault-free dislocation loops. In addition, impurities (e.g., fission fragments)
constitute important trapping sites for interstitials. At high enough doses, and
following annealing, the vacancies cluster into observable voids. This explains the
observed changes in the lattice parameters and volume of insulating crystalline
materials under irradiation. The lattice parameter can increase with the irradiation
dose, go through a maximum and then start to decrease, whereas the volume tends
to increase with an increasing dose. This was observed by Nakae et al. (Nakae et
al., 1978a) to be the case for UO2 pellets irradiated in research reactors JRR-2 and
JRR-3 (JAERI) with various thermal neutron fluxes (1.5 × 1011 - 2 × 1013 cm-2s-1) and
a maximum sample temperature below 150 °C – see Fig ure 12. Interestingly, a
recovery of the apparent lattice strain was observed for a fission dose below 1 × 1015
fissions/cm3. After that fission dose, the apparent lattice strain started to increase
with the fission dose. This initial recovery was considered to be due to the relocation
of excess oxygens frequently existing in the lattice matrix of UO2 (Nakae et al.,
1978a).
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Figure 12. A plot of the variation of the lattice parameter and of the apparent lattice strain of UO2 as a
function of the fission dose. 2.5 and 5 µm in the figure refer to the average grain size of the samples.
Adapted from: (Nakae et al., 1978a).

The interaction between the UO2 matrix and high energy fission fragments
consists of an elastic collision with atomic nuclei and high density electron excitation
along the ion path (Ohno et al., 2008). The largest part (95 %) of the energy of the
fission fragments is dissipated via electronic stopping, Se, which causes ionisation
and electronic excitation. The remaining 5 % of the energy is dissipated via nuclear
stopping, Sn, which causes atomic displacements (Matzke, 1992b).
In general, nuclear stopping dominates at low particle energies and electronic
stopping dominates at higher energies – see Figure 13. The maximum of Sn at E1
and of Se at E3 as well as the cross-over point E2, where Se = Sn depend on the
target composition and projectile (Matzke, 1982).
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Figure 13. A schematic representation of electronic and nuclear stopping, Se and Sn. Source:
(Matzke, 1982).

Defect annealing in very dense cascades with high local temperatures of the
fission spikes is highly effective and assisted by the low thermal and electronic
conductivity of UO2 (Matzke, 1992b). These fission spikes can result in the formation
of visible tracks (discussed below). The surviving defects can be charged and the
charge state may affect the defect mobility and clustering (Matzke, 1982). Since U
and O have very different atomic numbers, the displacement energies (Ed = 40 eV
for U and 20 eV for O) and defect mobilities differ greatly (e.g., by > 106 at T > 1400
°C (Matzke, 1982)) between the U and O sublattices (Matzke, 1992b). The partition
of stopping in the nuclear and electronic parts is also largely different between the
sublattices (Matzke, 1982). The mobile oxygen sublattice is believed to be
responsible for the repairing processes of the uranium sublattice that result in the
high radiation stability of the UO2 crystal structure (Kinoshita et al., 2009). The
relatively open UO2 lattice and high oxygen diffusivity assist in radiation damage
recovery (Strehle et al., 2012).
The results of fission damage are important in understanding the performance
and operating behaviour of UO2 at long operating times. The safe extension of the
fuel operating time is currently a technological challenge that needs to be overcome
in order to increase the power extracted from a given amount of fuel and, as a result,
decrease the amount of new fuel required and spent fuel produced (Sonoda et al.,
2010; Matzke et al., 2000). In addition, the effect of fission damage on the leaching
mechanism of spent nuclear fuel is important for the case of direct fuel disposal into
geological repositories (Matzke, 1992a).
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3.2. Ion track formation
Ion tracks can potentially provide local environments for the dissolution
process, when the fuel will come into contact with water. Several concepts have
been suggested in order to explain the formation of ion tracks in solids by the
slowing down of swift heavy ions (SHI) in the electronic stopping regime (Wiss et al.,
1997).
One of the proposed models is the ‘ionic spike’ model for insulators, which
has been described by Fleischer et al. (Fleisher et al., 1975). It assumes a high
ionisation rate of the lattice atoms surrounding the path of the incoming ion, which
leads to a local explosion due to high Coulomb repulsion. However, this model does
not allow scaling of the electronic stopping power threshold by the parameters
governing the model. Instead it can be related to the thermal conductivity of the
material (Wiss et al., 1997).
Another proposed model is the ‘thermal spike’ model, which was originally
described by Seitz and Koehler (Seitz and Koehler, 1956). The basic assumption in
this model is that around the trajectory of the high energy ion a high temperature
region is formed in the solid. It can be the case that the maximum temperature
reached in a cylinder around the ion trajectory may exceed the melting point of the
material, which gives rise to the track formation (Wiss et al., 1997).
Wiss et al. (Wiss et al., 1997) used a revisited thermal spike model by
Toulemonde et al. (Toulemonde et al., 1993) to calculate the radius of the observed
tracks. This model is based on the assumption that energetic ions transfer their
energy in a first step to the target electrons and then to the lattice through electronphonon interactions leading to a heating of the lattice. Figure 14 shows an example
of the calculated lattice temperature as a function of time and radial distance from
the ion path for a uranium ion of 11.4 MeV/u in UO2. A good correlation was found
between the experimentally observed and calculated radii of the tracks, at least for
the few values of Se (29.1, 56 and 59 keV/nm) considered in the study.
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Figure 14. A plot of the calculated evolution of the UO2 radial temperature profile along a track in UO2
as a function of time using the thermal spike model. Source: (Wiss et al., 1997).

Matzke et al. (Matzke et al., 2000) stated that the spike effect is additive to the
specimen temperature. Hence, the molten zone will be correspondingly larger in
operating hot reactor fuel.

3.3. Experimental approach
The effect of radiation damage by fission fragments on the UO2 matrix by
means of external ion irradiations, often using CeO2 as a non-radioactive structural
analogue (which will be discussed below), has been widely studied by a diverse
research community (Baranov et al., 2014; Weisensee et al., 2013; Sonoda et al.,
2010; Kinoshita et al., 2009; Iwase et al., 2009; Ohno et al., 2008; Ishikawa et al.,
2008; Sonoda et al., 2006; Matzke et al., 2000; Wiss et al., 1997; Matzke and Spino,
1997; Matzke, 1992a; Matzke, 1992b). It is common to perform irradiation
experiments with swift heavy ions, using ranges of ion masses, energies and
fluences, at various accelerator facilities. Numerous analytical techniques (TEM,
SEM, XRD, AFM, etc.) are used to characterise the damage produced. Such an
approach permits the study of the effect of fission damage in an explicit way and
avoids the complexity of handling highly radioactive samples of spent nuclear fuel
(Matzke et al., 2000).
As noted by Matzke (Matzke, 1982), to study the effect of radiation damage,
the specific properties of the damage source must be taken into account. It is
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necessary, but not sufficient, to use a common unit of dose, such as displacement
per atom – see Figure 15. Different damage sources can lead to different degrees of
damage, even if normalised to a common unit of dose. The reason for this is that
different partitioning of the energy into nuclear and electronic stopping takes place
(Figure 13) for different damage sources that in turn results in different densities of
the defects along the path of the particles and different defect annealing probabilities
during the lifetime of the spikes. Thus, it is important to choose impact ions with the
right energy and mass to mimic the fission damage that takes place in nuclear fuel.

Figure 15. Lattice expansion of UO2 due to fission, irradiation with α-particles and recoil atoms of the
α-decay, or α-particles alone. Source: (Matzke, 1982).

Below in this section, the work by Wiss et al. (Wiss et al., 1997), Matzke et al.
(Matzke et al., 2000) and Sonoda et al. (Sonoda et al., 2010) will be introduced and
the results will be considered in greater detail and supplemented by the work of
others to give a brief summary of the state of research in this field in Section 3.4.
For example, in the work by Wiss et al. (Wiss et al., 1997), the samples,
consisting of polycrystalline sintered UO2 disks, were irradiated using various
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irradiation conditions – see Table 1. The TRIM code (Ziegler et al., 2008) was used
to calculate the corresponding Se values (denoted as (dE/dx)e in the table). All of
these irradiations were performed at room temperature. The irradiated samples and
unirradiated UO2 were analysed by transmission electron microscopy (TEM). As
noted by Wiss et al. (Wiss et al., 1997), the nuclear stopping for high energy ions is
usually much smaller than the electronic stopping. For example, for 2.7 GeV and 1.3
GeV U ions, Sn is only 0.1 % and 0.2 % of Se, respectively. Hence, the nuclear
stopping contribution can be neglected along most of the track length.
Table 1. Summary of the irradiation conditions for UO2 samples used in the work by Wiss et al. (Wiss
et al., 1997). Source: (Wiss et al., 1997).

The work by Matzke et al. (Matzke et al., 2000) extended the earlier work of
Wiss et al. (Wiss et al., 1997). A wider range of ions (nine different elements) with
broader energies from 72 MeV to 2.7 GeV and fluences in the range
5 × 109 - 1 × 1017 ions/cm2 were used – see Table 2. The sample preparation and
calculation of the corresponding Se values were performed in the same way as in the
work by Wiss et al. (Wiss et al., 1997).
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Table 2. Summary of the irradiation conditions for UO2 samples used in the work by Matzke et al.
(Matzke et al., 2000). Adapted from: (Matzke et al., 2000).

Energy (MeV)

Se (keV/nm)

Fluence (ions/cm2)

173

29.1

7 × 1010 - 9 × 1013

250

32.3

1470

32

5 × 1010

Mo-100

1140

22.2

5 × 1010

Pb-208

2371

55.8

5 × 1010

Zn-70

805

13.2

5 × 1010

Au-197

2638

52

5 × 109

1300

56

5 × 1010

2713

59

5 × 1010

I-127

72

17.5

1 × 1015 - 1 × 1017

Sn-116

403

32.6

5 × 1010 - 3 × 1013

Cd-106

1050

29.3

3 × 1013

Ion

Xe-129

U-238

Most of the irradiations were performed at ambient temperature except for
some irradiations with iodine ions of 72 MeV, where a heating stage kept the UO2 at
500 °C during the irradiation. At a high beam curre nt of
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I ions without the heating

stage, beam heating increased the sample temperature to ~120 °C. The iodine
irradiations were performed to simulate the radiation damage by fission fragments.
As a result, a lattice parameter increase and high burn-up structure were observed.
Laser profilometry, scanning electron and atomic force microscopies were used to
observe possible modifications at the surfaces of the samples irradiated under high
iodine fluences.
Sonoda et al. (Sonoda et al., 2010) studied the properties of the ion tracks
and the microstructural evolution in UO2 by irradiations with 100 MeV Zr10+ and 210
MeV Xe14+ ions at fluences in the range of 5 × 1011 to 1.5 × 1016 ions/cm2 for Xe
ions and at a fluence of 5 × 1011 ions/cm2 for Zr ions. The irradiations were
conducted at temperatures from room temperature to 300 °C. The properties of the
ion tracks, such as their radii and the relationship between the radius of the ion track
and the Se of the incoming ions, and the evolution of the microstructure under
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accumulation of the ion tracks were characterised using TEM and SEM equipment.
Polycrystalline sintered UO2 samples were used. The electronic stopping of the
incoming ions and the accumulated damage in terms of displacements per atom
were calculated by means of the SRIM-2003 code (Ziegler et al., 2008).
It should be noted that almost all of the irradiation experiments mentioned
here were performed at room temperature or temperatures not exceeding 500 °C.
The formation of extended defects such as dislocations and cavities strongly
depends on the temperature (He et al., 2014). The fission damage that takes place
in operating fuel occurs mainly at a higher bulk temperature of the fuel – see Figure
2. This has several implications, such as annealing of the damage produced and
additivity of the spike effect to the specimen temperature mentioned above. As a
result, care should be exercised in the extrapolation of these experimental results to
the real irradiated fuel case.

3.4. Experimental observations
This section will introduce the results obtained by Wiss et al. (Wiss et al.,
1997), Matzke et al. (Matzke et al., 2000) and Sonoda et al. (Sonoda et al., 2010) as
well as the work of others to show what affect radiation damage by fission fragments
has on the structural, surface, chemical and electrical properties of nuclear fuel.
3.4.1. Ion tracks in UO2
Wiss et al. (Wiss et al., 1997) analysed the irradiated samples listed in Table
1 using TEM, including unirradiated UO2. It was observed that unirradiated UO2
shows two types of features: a heterogeneous dislocation structure with dislocation
free areas separated by low-angle grain boundaries, and a low density of
intragranular faceted pores with a heterogeneous distribution.

On some of the

irradiated samples, the ion tracks were observed as bright spots sometimes
possessing a hexagonal shape. The number of tracks correlated quite well to the
applied fluence in all cases. The irradiation with
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U ions, having an energy of 2.71

GeV with the corresponding Se of 59 keV/nm at a fluence of 5 × 1010 ions/cm2,
resulted in the formation of individual tracks with a radius of 4.8 ± 0.5 nm. Uranium238 ions, having a lower energy of 1.3 GeV with the corresponding Se of 56 keV/nm,
at the same fluence, resulted in the formation of individual tracks with a radius of 4.4
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± 0.5 nm. Xenon-129 ions with 173 MeV energy and an Se of 29.1 keV/nm at a
fluence of 7 × 1010 Xe ions/cm2 resulted in discrete tracks with a radius of 1.7 ± 0.2
nm – see Figure 16a. At higher fluences of 7 × 1011 and 7 × 1012 Xe ions/cm2
precipitation of the defects in the loops occurred and individual tracks were not
observed – see Figure 16b and Figure 16c. At an even higher fluence of 7 × 1013 Xe
ions/cm2 it was impossible to observe well-defined features due to the overlap of the
radiation defects in the form of clusters and loops – see Figure 16d.
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Figure 16. TEM micrographs of UO2 samples irradiated with
Xe ions of 173 MeV energy with
10
2
11
2
12
2
13
2
fluences of (a) 7 × 10 ions/cm ; (b) 7 × 10 ions/cm ; (c) 7 × 10 ions/cm ; (d) 7 × 10 ions/cm .
Source: (Wiss et al., 1997).

Matzke et al. (Matzke et al., 2000) reported that visible tracks were observed
in TEM only in the cases when the Se was 29 keV/nm or larger. Figure 17 shows an
example of the observed ion tracks. It was noted that some tracks exhibited an
hexagonal shape, as noted earlier by Wiss et al. (Wiss et al., 1997). The radii of the
tracks increased with Se from ~1.5 nm for Se = 29 keV/nm to 5 nm for Se = 60
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keV/nm. The crystalline or amorphous nature of the tracks could not be defined.
However, even the overlapping regions did not show amorphisation. An increasing
loop density was observed with increasing fluence, as observed earlier by Wiss et al.
(Wiss et al., 1997).

Figure 17. TEM micrograph of UO2 irradiated with U ions of 1.3 GeV energy with Se = 56 keV/nm and
10
2
a fluence of 5 × 10 ions/cm . Tracks are seen as white spots. Source: (Matzke et al., 2000).

Sonoda et al. (Sonoda et al., 2010) used 100 nm thick UO2 samples
fabricated by FIB to study ion tracks. These thin samples were irradiated by 100
MeV Zr10+ and 210 MeV Xe14+ ions at a fluence of 5 × 1011 ions/cm2 at room
temperature with Se = 19.5 keV/nm and 32 keV/nm, respectively. Figure 18a and
Figure 18b show the obtained TEM micrographs of the irradiated samples. The
diameter of the ion tracks was measured as the minor axis of the circle images, as
shown in the top right corner of Figure 18a. The mean diameter of the ion tracks was
measured to be 4.9 nm for Xe ions and 1.8 nm for Zr ions.
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Figure 18. Examples of bright field images of ion tracks in UO2 under irradiation with (a) 210 MeV
14+
10+
10
2
Xe ions and (b) 100 MeV Zr ions to a fluence 5 × 10 ions/cm at room temperature, and (c) the
square of mean diameter of ion tracks in UO2 and CeO2 (Sonoda et al., 2006) as a function of the
electronic stopping Se. The dotted line indicates the estimated value of the square of ion track
diameter from Szenes model (Szenes, 2005). Source: (Sonoda et al., 2010).

In addition, a comparison of the ion track diameters between UO2 and CeO2
as a function of Se was made in Figure 18c. It was concluded that the square of the
diameter of the ion tracks tended to be proportional to Se for the UO2 and CeO2
samples and that the sensitivity of UO2 to the Se values was much less than that of
CeO2.
Wiss et al. (Wiss et al., 1997) reported that previous work on reactor irradiated
UO2 by Blank (Blank, 1972), Ronchi (Ronchi, 1973) and Matzke (Matzke, 1982)
showed that observable tracks of fission fragments were not found in the bulk of the
fuel, but could only be observed at the surface, as if the fission products were
emitted parallel to the surface. From this they concluded that the Se of fission
products is just below the energy loss threshold, Sc, for visible track formation in
UO2, which is in the range of 22 - 29 keV/nm at ambient temperature.
In their work, Matzke et al. (Matzke et al., 2000) reiterated that the Se values
for fission fragments (~18 to 22 keV/nm) are below the observed energy loss
threshold for visible tack formation of 29 keV/nm. They mentioned again the fact that
fission tracks have never been observed in bulk UO2, but only at the surface when
fission products are passing near or parallel to the surface. A shock wave
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mechanism caused by thermal pressure of the hot centre of the fission spike was
given as the explanation for the observed phenomena (Ronchi, 1973). Hence, they
concluded that the threshold for the formation of visible tracks in the bulk UO2 is in
the range of 22 - 29 keV/nm.
However, Sonoda et al. (Sonoda et al., 2010) observed the formation of
visible tracks with a diameter of 1.8 nm at room temperature for Zr ions with an Se of
about 19.5 keV/nm, which is below the threshold values of 22 - 29 keV/nm for visible
track formation in UO2 proposed by Wiss et al. (Wiss et al., 1997) and Matzke et al.
(Matzke et al., 2000). Wiss suggested in a private communication that the most
probable reason for this is the improved resolution of TEM used by Sonoda et al.
(Sonoda et al., 2010).
A hypothesis can be made that observable tracks of fission fragments are not
found in the bulk of the fuel but can be observed at the surface due to annealing in
the bulk and due to quenching at the surface by the cladding. It should also be noted
that the spike effect is additive to the specimen temperature (Matzke et al., 2000)
and that the operating fuel has a centreline temperature of up to 1800 °C (Rossiter
and Mignanelli, 2011). To test this hypothesis two experiments can be suggested:
i)

Annealing of irradiated samples with observable tracks at a set of high
temperatures to see what effect the annealing has on these tracks;

ii)

Irradiation of UO2 samples kept at a set of high temperatures with
subsequent quenching by appropriate ions with Se ~22 keV/nm, which
mimic fission products, to see if observable tracks can be formed.
It was noted by Wiss et al. (Wiss et al., 1997) that the speed, within the limited

range studied, had only a small effect on ion track formation. This conclusion arises
from the fact that although U ions with energies of 2.71 and 1.3 GeV have velocities
that differ by a factor of 1.5, they produce tracks with about the same dimensions
(4.8 ± 0.5 nm and 4.4 ± 0.5 nm, respectively). However, it was advised that to mimic
the Se values for fission products, irradiating ions in the low speed regime similar to
that of fission products should be used. The reason for this is that the same Se value
is valid for different ion energies and, hence, speeds (see Figure 19), but the local
deposition of energy per unit volume is greater at lower speed, as shown by
Toulemonde et al. (Toulemonde et al., 1994), Meftah et al. (Meftah et al., 1994) and
Waligórski et al. (Waligórski et al., 1986).
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Figure 19. A plot of the electronic stopping of U ions in UO2 calculated with the TRIM code. The
energy losses for 1.3 GeV and 2.713 GeV ions are about the same while their speeds differ by a
factor of 1.5 (c is the speed of light in vacuo). Source: (Wiss et al., 1997).

The ion tracks can have an elliptical shape, as observed by Sonoda et al.
(Sonoda et al., 2010), and some tracks can have a hexagonal shape, as observed
by Wiss et al. (Wiss et al., 1997) and Matzke et al. (Matzke et al., 2000). But only
Sonoda et al. (Sonoda et al., 2010) reported how they defined the diameter (the
minor axis of the circle images) for the ion tracks.
Surface ion tracks observed in reactor irradiated UO2 will provide local
environments for the dissolution process when the fuel will be in contact with water.
By analogy with pit and crevice corrosion, it is possible to expect an enhanced rate
of dissolution in these localised environments. The products of radiolytic
decomposition of water, such as O2 and H2O2, will have a chance to build up and
reach higher concentrations and, consequently, enhance the rate of dissolution and
solubility. Hence, dissolution experiments of samples containing ion tracks and ion
tracks plus radioactive dopants can be suggested to assess the effect of these local
environments on dissolution.
3.4.2. Structural changes in UO2 due to ion irradiation
Matzke et al. (Matzke et al., 2000) reported that XRD analysis of iodine
irradiated samples shows an increase in lattice parameter and lattice strain due to
the electronic stopping of ions. At fluences of up to 1016 I ions/cm2 limited expulsion
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of matter at sintering pores and at some locations at grain boundaries was observed.
At the highest fluence of 1017 I ions/cm2, complete polygonisation occurred similar to
that observed for the high burn-up structure. This was observed both in Rutherford
back-scattering/channelling measurements and with SEM. No amorphisation was
observed.
Cross-sectional TEM observations were employed by Sonoda et al. (Sonoda
et al., 2010) to study the inner structure change under an accumulation of ion tracks
and defects. Figure 20 summarises the obtained TEM micrographs. Under irradiation
with 210 MeV Xe14+ ions to a fluence of up to 1 × 1013 ions/cm2 at 300 °C almost no
dislocations were observed, and the shape of the fabricated pores was polygonal –
see Figure 20a and Figure 20b. At a fluence of 5 × 1014 ions/cm2 the fabricated
pores became deformed elliptically with the major axis parallel to the irradiation
direction – see Figure 20c. The deformation zone depth was estimated to be about
6 - 7 µm from the irradiated surface. In addition, the formation and accumulation of
dislocations was observed. At higher fluences - see Figure 20d and Figure 20e some dislocations became tangled and the density of the dislocations did not tend to
increase. It was proposed that the elliptical deformation of fabricated pores and the
formation of dislocation networks were caused by the formation and migration of
interstitial atoms and vacancies under an accumulation of ion tracks.
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Figure 20. Cross-sectional TEM images of UO2 irradiated by 210 MeV Xe
ions at 300 °C to a
13
2
14
2
15
2
fluence of (a) unirradiated, (b) 1 × 10 ions/cm , (c) 5 × 10 ions/cm , (d) 2.7 × 10 ions/cm and (e)
16
2
1.5 × 10 ions/cm . Source: (Sonoda et al., 2010).

In addition, cross-sectional TEM observations near the deformed pores were
performed by Sonoda et al. (Sonoda et al., 2010) to clarify the correlation between
the surface roughness and the inner structure. The obtained TEM micrographs are
summarised in Figure 21. It was observed that the open pore becomes cleaved and
the bottom shape of the cleaves is elliptical; many dislocations are tangled and form
dislocation networks – see Figure 21b. Furthermore, it could be seen that some parts
of the dislocations are glided by ion tracks, as can be seen in the top right corner of
Figure 21c. Hence, it was concluded that the formation of dislocation networks and
the movement of dislocations are caused by the overlapping of ion tracks, which
enhances the diffusion/recombination of point defects and dislocations.
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Figure 21. Cross-sectional TEM images of UO2 irradiated by 210 MeV Xe
ions at 300 °C to a
15
2
fluence of (a) 2.7 × 10 ions/cm . (b) and (c) are high magnification image of the corresponding white
dotted area in (a). Source: (Sonoda et al., 2010).

The dark field image of the white dotted area in Figure 22a indicates that
irradiation at a fluence of 1.5 × 1016 Xe ions/cm2 results in the formation of subgrains with a size of around 1 µm, as can be seen from Figure 22b and Figure 22c.
These sub-grains can be observed for fluences over 1.0 × 1015 ions/cm2. Some
defects are observed in these sub-grains. The observed dislocations are tangled
and appear to diffuse in the direction of the irradiation. The density of dislocations
does not tend to increase over that at a fluence of 2.7 × 1015 ions/cm2 in Figure 21.
This allows for concluding that the sub-grains are formed by the accumulation of
dislocation networks. The existence of damage in the sub-grains suggests that the
sub-grains are formed by polygonisation, not recrystallisation (Sonoda et al., 2010).
Based on these observations, Sonoda et al. (Sonoda et al., 2010) explained the
formation of the HBS in the peripheral region of the fuel pellet as a result of
polygonisation by the accumulation of dislocations caused by low temperature (~500
°C) diffusion/recombination of the radiation damage .
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Figure 22. Cross-sectional TEM images of UO2 irradiated by 210 MeV Xe
ions at 300 °C to a
16
2
fluence of (a) 1.5 × 10 ions/cm . (b) and (c) are dark field images of white dotted area in (a). Source:
(Sonoda et al., 2010).

If, as proposed by Sonoda et al. (Sonoda et al., 2010), the sub-grains are
formed by the accumulation of dislocation networks, and the formation of dislocation
networks is caused by the overlapping of ion tracks, and the diameters of the ion
tracks are a function of Se, then it can be concluded that the threshold fluence for
polygonisation is also a function of Se.
Sonoda et al. (Sonoda et al., 2010) suggested that the sub-grains that were
formed as a result of irradiation by 210 MeV Xe14+ ions at 300 °C at a fluence of 1.5 ×
1016 ions/cm2 can disappear under higher fluence irradiation. This seems to be
unlikely, as Matzke et al. (Matzke et al., 2000) reported complete polygonisation at a
fluence of 1 × 1017 I ions/cm2 with an energy of 72 MeV at a temperature of either
120 or 500 °C. It is tempting to suggest that at hi gher fluences the sub-grains will
undergo an evolution, for example in size and shape, rather than disappear. In
practice, it would be difficult to achieve higher fluences (> 1 × 1017 ions/cm2) due to
technological limitations (Baranov et al., 2014).
Baranov et al. (Baranov et al., 2014) used polycrystalline sintered UO2 based
SIMFUEL samples, doped with inactive characteristic fission products, to represent a
burn-up of 120 GWd/tU. The samples were irradiated with Xe24+ ions to a fluence up
to 5 × 1015 ions/cm2 with an energy in the range of 1 - 160 MeV at room temperature.
The maximum temperature increase on the irradiated surface was about 30 °C.
Grain sub-division was observed for the 90 MeV Xe ions at a fluence of 3.5 × 1015
ions/cm2 with full coverage of the grain body and preservation of the original grain
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boundaries. The size of the sub-grains was found to depend on the local dislocation
density and changed from 200 nm to 400 nm. Beneath the irradiated surface the size
of the sub-grains ranged from 150 to 600 nm. It is interesting to note that the
irradiation by 320 keV Xe16+ ions to a fluence of 1 × 1017 ions/cm2 did not result in
any observable grain subdivision. This was explained by the formation of small gas
bubbles that inhibit polygonisation by slowing down dislocations that happen to pass
by. However, Matzke (Matzke, 1992b) reported that grain subdivision was observed
for single crystal UO2 irradiated by 300 keV Xe ions to a fluence of 5 × 1016 ions/cm2
and annealed at 500 °C in a CO/CO 2 atmosphere (the temperature and estimated
oxygen potential of operating UO2 fuel in the rim region). Similar experiments on
polycrystalline UO2 also confirmed the observation of grain subdivision in the case of
Xe irradiation. Cleavage and fracturing of the damaged irradiated layer due to the
pressure built-up by the Xe precipitates was suggested as the probable mechanism.
However, the latter paper by Matzke and Spino (Matzke and Spino, 1997) reported
that even in the case when Xe ions (500 keV) passed through the UO2 samples (thin
TEM foil) without being stopped, sub-grain boundaries were observed due to the pile
up of a high density of edge dislocations. A possible explanation might be that the
grain subdivision in the work by Baranov et al. (Baranov et al., 2014) was not
observed for 320 keV Xe irradiation due to the dopants, which acted as trapping
sites for interstitial defects (as discussed above) and inhibited their diffusion to form
dislocation networks, which are believed by Sonoda et al. (Sonoda et al., 2010) to be
responsible for grain subdivision. This highlights the fact that the phenomenon of the
high burn-up structure is still not very well understood.
X-ray diffraction analysis performed by Baranov et al. (Baranov et al., 2014)
indicated that the double peaks typical for 200 and 400 reflections in UO2 were
strongly distorted and shifted towards lower 2θ values when the samples were
irradiated by 160 MeV Xe24+ ions to a fluence of 5 × 1015 ions/cm2. The irradiation by
320 keV Xe16+ ions to a fluence of 1 × 1017 ions/cm2 did not change the shape of the
XRD lines much as compared to the unirradiated sample. However, the appearance
of additional peaks at slightly lower angles was observed. The lattice parameter was
observed to show continuous growth with increasing fluence up to 5 × 1015 ions/cm2
under high energy ion irradiation, which is consistent with the observation by Matzke
et al. (Matzke et al., 2000). For a high fluence (5 × 1016 - 1 × 1017 ions/cm2) of 320
keV Xe16+ ions, the lattice parameter value was observed to start to decrease, which
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is consistent with the observation by Nakae et al. (Nakae et al., 1978a) – see Figure
12.
The increased lattice strain caused by the lattice expansion (see Figure 12)
can be expected to increase UO2 dissolution, as dissolution can be seen as a way to
relieve that strain.
3.4.3. Surface modification in UO2 due to ion irradiation
The samples irradiated by iodine ions in the work by Matzke et al. (Matzke et
al., 2000) showed spots with a diameter of about 3 mm on the polished specimen
surfaces. Neither laser profilometry nor profilometry with a stylus detected any
measurable swelling.
Sonoda et al. (Sonoda et al., 2010) used 210 MeV Xe ions at fluences from 1
× 1013 to 1.5 × 1016 ions/cm2 to clarify the effects of an accumulation of ion tracks on
the microstructure change in UO2 samples held at 300 °C. These irradiations
correspond to the accumulated damage at the surface region (up to 200 nm depth)
from about 0.001 to 1.5 dpa, respectively, as calculated by the SRIM-2003 code
(Ziegler et al., 2008). The obtained SEM images are summarised in Figure 23.
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Figure 23. SEM images of UO2 surfaces irradiated by 210 MeV Xe ions at 300 °C to a fluence of
13
2
14
2
15
2
15
(a) unirradiated, (b) 1 × 10 ions/cm , (c) 5 × 10 ions/cm , (d) 1 × 10 ions/cm , (e) 2.7 × 10
2
15
2
16
2
16
2
ions/cm , (f) 5 × 10 ions/cm , (g) 1 × 10 ions/cm and (h) 1.5 × 10 ions/cm . The upper right
image in each picture indicates the high magnification images of fabricated pores. Source: (Sonoda et
al., 2010).

It was observed that the surface morphology, including the shape of the open
pores in UO2, does not change under irradiation to a fluence of up to 1 × 1013
ions/cm2 – see Figure 23a and Figure 23b. The periphery of the open pores
becomes white and the number density and mean size of the pores become higher
and bigger at a fluence of over 5 × 1014 ions/cm2 – see Figure 23c. It is proposed
that the colour change of the pores’ periphery is caused by the transition of the inner
structure, such as the accumulation of point defects, rather than by a typical feature
of ‘charge-up of the observed specimen’ in SEM, as the addition of a carbon coating
did not cause any improvement. The size of the pores became bigger and the
periphery around the pores became rougher up to a fluence of 5 × 1015 ions/cm2, as
shown in Figure 23f. At fluences of over 5 × 1015 ions/cm2, the pores over 2 µm in
size disappeared and the small pores along the grain boundaries became apparent –
see Figure 23g and Figure 23h. It was suggested that these significant morphology
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changes of the irradiated surfaces were caused by mutual interactions of the
radiation damage and high-density electronic excitations.
All of these radiation induced microstructural features affect the fuel’s
performance, especially its thermal transport properties (He et al., 2014). They
should also affect its dissolution behaviour, as the extended networks of pores
observed in Figure 23 and characteristic for the high burn-up structure increase the
contact area between the surface of the fuel and water.
3.4.4. Chemical alternations in UO2 due to ion irradiations
Surprisingly, much less attention has been devoted to studying the effect of
ion irradiations on the chemical alternations in UO2 as compared to the effects on its
microstructure, mechanical and thermal properties.
The work by Ohno et al. (Ohno et al., 2008), which was later extended by
Iwase et al. (Iwase et al., 2009), used thin film (300 nm) and bulk (sintered pellets)
CeO2 as a non-radioactive structural surrogate for UO2 irradiated by 200 MeV Xe14+
ions to a fluence of up to 1 × 1014 ions/cm2 at room temperature to assess the effect
of ion irradiation on cerium oxidation state and oxygen coordination by means of Xray photoelectron spectroscopy at synchrotron source and extended X-ray
absorption fine structure (EXAFS), respectively.
It was found that the relative proportion of Ce3+ increased by up to 13 % (at a
fluence of 6 × 1013 ions/cm2), implying that about 3 % of the oxygen atoms were
displaced from the regular sites – see Figure 24. It was suggested that this amount
of oxygen atom displacements cannot be explained if only the effect of the elastic
interaction between CeO2 and 200 MeV Xe ions is considered, because the value of
dpa near the sample surface is below 0.01 even for a fluence of 1 × 1014 ions/cm2.
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Figure 24. Relative amount of Ce state in bulk CeO2 samples as a function of ion fluence. Open
circles: for CeO2 irradiated with 200 MeV Xe ions, solid circles: CeO2 irradiated with 200 MeV Xe ions
and then slightly sputtered with 3 keV Ar ions. Source: (Iwase et al., 2009).

The Ce-O interatomic distance was observed to be almost constant up to a
fluence of 1 × 1014 ions/cm2 – see Figure 25a. The XRD measurement of the thin film
samples showed that all of the peak positions for the fluorite structure shifted
towards lower angles, but new peaks corresponding to other lattice structures were
not observed even at the maximum irradiation fluence of 1 × 1014 ions/cm2. The peak
shift towards lower angles of Bragg reflections indicated the lattice expansion of
about 0.06 % for a fluence of 1 × 1014 ions/cm2. Since this value is below the
accuracy limit of the EXAFS method, it was concluded that the EXAFS spectra show
a nearly constant Ce-O distance independent of the ion fluence.
The oxygen coordination number around the cerium atoms was observed to
decrease with fluence from eight oxygen neighbours down to 6.3 – see Figure 25b.
This result indicates that some of the O atoms were removed from their locations
around the Ce atoms by the irradiation, which is consistent with the XPS
observations discussed above. Unfortunately, the destiny of the displaced oxygen
atoms is not explained.
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Figure 25. Dependence of (a) interatomic distance, R, and (b) coordination number, CN, on
irradiation fluence. Source: (Ohno et al., 2008).

Kinoshita et al. (Kinoshita et al., 2009) employed the first principle calculation
using the VASP (Kresse and Furthmüller, 1996) code to investigate the ordering of
oxygen in the sub-lattice of UO2. Several meta-stable configurations for the hyperstoichiometric defect structures of UO2+x were found that could have resulted from
the fission tracks. The formation of these defect structures can result in an increased
proportion of uranium in higher oxidation states (5+ and 6+) to ensure charge
balance. This will affect the overall solubility of the material, since uranium in the
oxidation state 6+ is more soluble than in the oxidation state 4+ by almost five
orders of magnitude (He et al., 2009).
He et al. (He et al., 2014) studied the stoichiometry of single crystal UO2
irradiated by 300 keV Xe ion to a fluence of 1 × 1016 ions/cm2 at room temperature
using the method of electron energy loss spectroscopy (EELS). The results
suggested that the stoichiometry of UO2 was unaffected by the Xe irradiation. The
possible explanation for this can be that 300 keV Xe ions lose energy mainly by the
nuclear stopping (3.7 keV/nm) and the electronic stopping value, that is responsible
for the electronic excitations, is only 0.5 keV/nm, based on the SRIM-2013.00
software calculation (Ziegler et al., 2008). Hence, the work involving low energy ions
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is not directly relevant for studying the effect of fission damage, since the main
energy transfer mechanism is different for low (nuclear stopping) and high (electronic
stopping) energy particles, as discussed above.
3.4.5. The effect of radiation damage on the electrical conductivity of UO2
According to He et al. (He et al., 2009), hyper-stoichiometry is expected to
have a considerable influence on the electronic conductivity of UO2 as follows.
Stoichiometric UO2 is a Mott-Hubbard insulator. It has a filled narrow U5f band
containing two electrons per U atom, located in the ~5 eV gap between the filled
valence band and the empty conduction band. However, the introduction of nonstoichiometry, for e.g., in the form of O2- interstitials, requires the creation of U5+ ions
to maintain the charge balance that creates holes in the 5f band. These holes can
migrate via a hopping process with a low activation energy (~0.2 eV). This makes the
electrical conductivity, σ, of UO2+x very sensitive to the degree of hyperstoichiometry, x, as given by:
  3.8 × 10" #
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(Equation 5)

where T is the temperature in K, k is the Boltzmann constant and σ is in S/cm.
Hence, the introduction of hyper-stoichiometry converts insulating UO2 to a
UO2+x p-type semiconductor, increasing its electronic conductivity (He et al., 2010).
Oxygen interstitial-vacancy complexes associated with U5+ ions play an important
role in the fast transport of the positive holes (Nakae et al., 1978b). As a result, the
rate of dissolution increases (Shoesmith and Sunder, 1992). However, the increase
in UO2 conductivity with non-stoichiometry is limited due to hole localisation and the
trapping of the charge carriers by the formation of defect clusters (Shoesmith and
Sunder, 1992).
Nakae et al. (Nakae et al., 1978b) studied the effect of in-reactor irradiation on
the electrical conductivity and thermoelectric power in UO2+x. Two sets of samples,
named A and B, respectively, with an average grain size of 2.5 µm (sample A) and 5
µm (sample B) and an O/U ratio of ~2.01 for both samples, were irradiated in
research reactors JRR-2 and JRR-3 (JAERI) with various thermal neutron fluxes (1.5
× 1011 - 2 × 1013 cm-2s-1) and a maximum sample temperature of below 150 °C. It
was noted that the electrical conductivity of sample A was one order of magnitude
higher than that of sample B before the irradiation experiment. It was observed that
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the electrical conductivity decreased sharply in the dose range up to 1 × 1015
fissions/cm3, and then it gradually increased in the dose range 1 × 1015 to 1 × 1018
fissions/cm3. This was followed by an abrupt increase at doses of more than 1 × 1018
fissions/cm3 – see Figure 26.

Figure 26. A plot of the variation of the electrical conductivity of UO2 as a function of the fission dose.
2.5 and 5 µm in the figure refer to the average grain size of the samples. Source: (Nakae et al.,
1978b).

The thermoelectric power also showed a decrease in the dose range up to 1 ×
10

15

fissions/cm3, then it remained almost constant in the dose range 1 × 1015 to 6 ×

1017 fissions/cm3, followed by an abrupt decrease at doses above 6 × 1017
fissions/cm3.
The observed behaviour was explained as follows. 1) The initial decreases in
conductivity and thermoelectric power were caused by decomposition of oxygen
interstitial-vacancy complexes and trapping of the positive holes at primary defects.
The decomposition of these complexes was confirmed by the lattice strain
measurements (Nakae et al., 1978a), as discussed in Section 3.1 (initial strain
recovery due to the relocation of excess oxygens). 2) The thermoelectric power
measurements suggest that p-type conduction contributes to the electrical
conductivity in UO2+x irradiated up to 1.90 × 1018 fissions/cm3. The observed abrupt
increase in conductivity at higher doses (above 1 × 1018 fissions/cm3) was suggested
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to be due to the change in the conduction mechanism from p-type extrinsic to
intrinsic behaviour.
Since the calculation performed by Kinoshita et al. (Kinoshita et al., 2009),
discussed in Section 3.4.4, predicts the formation of hyper-stoichiometric defect
structures of UO2+x by the fission tracks, it could be suggested that low doses of
radiation damage by energetic particles can result in an increase in the electronic
conductivity of the uranium dioxide matrix. It is possible to draw an analogy between
an increased local hyper-stoichiometry due to uptake of oxygen as a result of the
oxidation process, for example, in air and an increased local hyper-stoichiometry due
to oxygen interstitials as a result of a collision cascade induced by a passing
energetic particle.
The electrical conductivity is also affected by grain sizes, lattice strains and
impurities (Nakae et al., 1978b).
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Chapter 4
Literature review of the UO2 dissolution processes
The first three sections of this chapter will introduce the basic principles of
dissolution, as well as the dissolution behaviour characteristic for minerals and metal
oxides to provide the basis for understanding the dissolution of spent nuclear fuel in
contact with water.

4.1. Underlying principles of dissolution
Dissolution is a complex physiochemical process. The destruction of the
solute structure and distribution of its species between the solvent molecules is a
physical process. Simultaneously, the interaction of the solvent molecules with the
dissolved species takes place, which is a chemical process. The evidence of the
physical and chemical nature of the dissolution process comes from the thermal
effects of dissolution, i.e., the release or absorption of heat. The thermal effect of
dissolution is equal to the sum of the thermal effects of the physical and chemical
processes. The physical process takes place with the absorption of heat and the
chemical process takes place with the release of heat. If the solvation process
produces more heat than is absorbed by the destruction of the structure of the
solute, then the dissolution is an exothermic process. Heat release is observed, for
example, when substances such as NaOH, AgNO3 and ZnSO4 are dissolved in
water. If the destruction of the structure of the solute requires more heat than is
formed by hydration, then the dissolution is an endothermic process. This occurs, for
example, when NaNO3, KCl, and NH4Cl are dissolved in water (Egorov, 2002).
If the Gibbs free energy of a system is reduced by a process, then this
process will occur spontaneously. Hence, the change in the Gibbs free energy can
be written as:
∆2  2 − 2& < 0

(Equation 6).

where G1 is the initial Gibbs free energy of the system and G2 is the Gibbs
free energy of the system achieved by a spontaneous process.
The Gibbs free energy, G, is defined as:
2 ≡ 6 − 78

(Equation 7).

where H is enthalpy, T is temperature and S is entropy of the system.
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Hence, for a system changing its state one can write:
∆2  ∆6 − 7∆8

(Equation 8).

where ∆H and ∆S are the changes in enthalpy and entropy, respectively, of
the system achieved by a process at a constant temperature T of the system.
Therefore, whether a process is spontaneous or not is determined by the
values of the right hand side terms in Equation 8.
For a dissolution process the T term is always non-negative as it is the
absolute temperature; the ∆H term can be either positive or negative, as discussed
above, depending on whether the dissolution process is endothermic (∆H positive) or
exothermic (∆H negative); and the ∆S term for dissolving a solid in a liquid solvent is
expected to be positive, as the dissolved particles in the liquid are expected to have
more degrees of freedom than in the solid. As a result, dissolution can be
spontaneous, even if the process is endothermic, provided that the T∆S term is large
enough to outweigh the ∆H term.
It is well known that some substances dissolve readily whereas others are
almost insoluble. During the dissolution, saturated and unsaturated solutions are
formed. A saturated solution is a solution that contains the maximum amount of a
solute at a given temperature. An unsaturated solution is a solution that contains less
solute than the saturated solution at a given temperature.
Solubility can be quantitatively characterised by the solubility coefficient. The
solubility coefficient shows the maximum amount of the substance that can be
dissolved in a unit volume of the solvent at a given temperature. Water soluble
substances can be divided into three groups:
i)

highly soluble: > 10 g of substance in 1 l of H2O;

ii)

sparingly soluble: from 0.01 to 10 g of substance in 1 l of H2O;

iii)

virtually insoluble: < 0.01 g of substance in 1 l of H2O (Egorov, 2002).

Uranium dioxide falls into category iii and its solubility values discussed in
Section 4.4.1.2.

4.2. Dissolution of minerals
When a mineral is dissolved in water, the dissolution process happens at the
mineral-water interface. Stumm (Stumm, 1997) described three models of the
interaction and reactivity at the mineral-water interface: 1) electric double layer, 2)
the surface coordination model and 3) the crystal surface.
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1. At the mineral-water interface there is a separation of electric charge. The
distribution of ions (charges) in the vicinity of a charged surface is idealised as an
electrochemical double layer. One layer is considered as a fixed charge or surface
charge attached to the solid surface while the other layer is distributed more or less
uniformly in the electrolyte in contact with the charged surface. The surface is
assumed to be a structure-less continuum that interacts with the solution only by its
electric charge. The rates of adsorption and desorption of reactive species and the
rates of dissolution and precipitation depend of the surface charge of the mineral
surface.
2. The basic concept in the surface coordination model is the surface
functional groups formed on all inorganic solids. The surface functional group of
greatest abundance on minerals is the hydroxyl group. Specific adsorption occurs
through ‘coordinative interactions’ (Stumm’s term). The dissolution (and formation) of
a mineral phase are characterised by a change in the coordinative environment. On
dissolution (or crystal formation) the coordinative partner of the crystal constituents
changes, i.e., in dissolving an oxide or silicate, the oxide or silicate ligands are
replaced by H2O or by other ligands. The most important reactants participating in
the dissolution of a solid mineral are H2O, H+ (or H3O+), OH-, ligands and in the case
of reducible and oxidisable minerals, reductants or oxidants.
3. The basic processes that occur during dissolution or crystal growth on the
crystal surface are presented in Figure 27. Transport and surface reactions take
place usually in series and the slowest step controls the overall rate of mineral
dissolution or crystal growth. The surface layers are easily attacked at kink sites.
These sites are of special relevance because they self-generate, i.e., in the removal
of an ion from a kink site or when an ion or molecule arrive at such a site the kink
site is regenerated. Hence, dissolution and crystal growth occur preferentially at kink
sites and surface steps (e.g., screw dislocations). Other preferred sites are:
dislocations,

domain

boundaries,

crystal

intergrowths

and

twin

planes

(Schwertmann, 1991). At equilibrium the integration rate of ions to the crystal surface
is equal to the detachment (dissolution) rate from the surface. The precipitation
(crystal growth) and dissolution of a solid phase together establish an equilibrium
when all of the elementary processes have equal forward and reverse rates. The
adsorption of crystal-foreign substrates (impurity ions) especially at reactive sites
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(such as a kink or screw dislocation site) plays an important role in the surface
dynamics, especially in inhibiting crystal dissolution or growth.

Figure 27. A schematic of the basic processes taking place at the mineral surface during crystal
dissolution or growth. Source: (Stumm, 1997).

4.3. Dissolution of metal oxides
As outlined by Shoesmith and Sunder (Shoesmith and Sunder, 1992), the
dissolution of metal oxides is characterised by a wide range of dissolution rates,
which can vary by many orders of magnitude even for the same oxide. The rate
controlling step for the sparingly soluble semi-conducting oxides is either charge
transfer to the surface to form surface ionic species (Mn+, O2-) before the interfacial
ion transfer to the solution, or surface alternations to produce these surface ionic
species. As a result, properties such as solid-state conductivity, ion formation at the
surface defect sites and the solution redox potential are the main factors that affect
the kinetics of dissolution. The dissolution rates depend strongly on the conditions of
the preparation and subsequent treatment of substances. That can affect both the
degree of non-stoichiometry, and hence, the conductivity, and the concentration of
reactive sites on the surface.
It is believed that the main difference between slow and fast dissolving oxides
is the intrinsic conductivity that makes the solid-state charge transfer rate-limiting for
slowly dissolving oxides, such as NiO, as opposed to the more readily dissolvable
51

oxides like CoO – see Figure 28. Uranium dioxide is classified as a slowly dissolving
oxide.

Figure 28. Classification of oxides according to their conductivity and dissolution behaviour. Source:
(Shoesmith and Sunder, 1992).

4.4. Dissolution of UO2 based spent nuclear fuel under geological
disposal conditions
Experimental studies on the leaching and dissolution of spent fuel show that
the rate of release of radionuclides depends heavily on their location within the fuel
element. It is possible to distinguish three main release mechanisms:
1) the rapid release of volatile fission products (Cs, I, etc.) from the fuelcladding gap;
2) the leaching of fission products (Cs, I, Tc, etc.) from the fuel grain
boundaries;
3) the slow release of radionuclides from the fuel matrix as a result of the
dissolution of the fuel grains (Shoesmith and Sunder, 1992).
The majority of radioactive elements are contained within the grains of the fuel
pellets and will be released at a rate governed by the dissolution rate of the uranium
oxide matrix (Shoesmith and Sunder, 1992). Therefore, the dissolution of UO2 and
the various conditions and parameters affecting its dissolution will be considered
below.
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4.4.1. Dissolution of UO2
4.4.1.1. Mechanisms of UO2 dissolution
The dissolution of the UO2 matrix is strongly influenced by the variable
oxidation states of uranium. It can be conveniently considered in terms of the
oxidative dissolution threshold concept, which corresponds to the -100 mV potential
versus the saturated calomel electrode (SCE) at the surface of the dissolving
sample, proposed by Shoesmith and Sunder (Shoesmith and Sunder, 1992) as
follows.
Oxidation at potentials above this threshold results in dissolution as uranyl
(  ) ions (U6+). Dissolution processes under these oxidative conditions can be
termed oxidative dissolution and represented by the following reactions:
  0.336  → 


.

 0.666  → 

.


 0.666   0.66: '

(Equation 9),

 0.336   1.34: '

(Equation 10).

When surface oxidation occurs at potentials below the threshold potential, the
fluorite structure is maintained and oxidation occurs by the uptake of oxygen as O2at interstitial sites within UO2+x. This gives rise to mobile holes in the 5f band and an
increased transfer of charge to the oxide surface where the formation of defect
surface states in the form of U5+/U6+ occurs prior to dissolution. Oxidative dissolution
via the reactions shown by Equations 9 and 10 will be extremely slow at redox
potentials more negative than -100 mV (SCE). The process is still mainly oxidative
in nature and further oxidation, by reaction with available oxidants, must occur to
maintain the surface composition. In this case, the surface oxidation must be close to
the redox equilibrium with its environment. The dissolution process becomes
controlled by the slower ion transfer of U(IV) and U(VI) containing species across the
solid/solution interface and can be described by the following equations:
  <6  → 






 2<6   2<: '

(Equation 11),
('?)

 >(1 − <)6 '  (< − 2)6  → (1 − <)(6)?

 



 (2< − 4)6 
(Equation 12).

Under non-oxidising conditions and in the absence of oxidants to maintain the
surface composition, an oxidised layer initially present on the UO2 surface will
dissolve and dissolution will become fully non-oxidising in nature, involving only the
ion transfer of U(IV) species across the interface. The overall reaction in this case
can be written as:
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('?)

  (> − 2)6  → (6)?

 (> − 4)6 

(Equation 13).

Figure 29 summarises the chemistry of UO2 dissolution as a function of
applied electrochemical potential. Note that the potential scale in this figure
represents the redox condition established at the UO2+x surface (0 ≤ x ≤ 1), not the
redox potential in the surrounding solution (Shoesmith and Sunder, 1992).

Figure 29. The chemistry of UO2 dissolution as a function of applied surface potential. Source:
(Shoesmith and Sunder, 1992).

As described by Shoesmith (Shoesmith, 2000), the above discussion holds for
pH in the range 5 ≤ pH ≤ 10, which is likely to prevail in all repositories except those
filled with saturated Mg-containing brines, when a pH < 5 is expected. There is no
significant influence of pH on corrosion rate and the solubility of U(VI) corrosion
product is broadly at a minimum and independent of pH (see Figure 31) in this
range. The UO2.33 (U3O7) layer (see Figure 29), which develops as a precursor to
dissolution in neutral to alkaline solutions, is not observed for pH ≤ 5. As a result, an
increase in dissolution rate with pH is observed. The absence of an oxidised surface
layer indicates that the proton-mediated transfer of U(VI) species to solution is too
fast to allow the incorporation of O2- species in the UO2 lattice. The rate equation has
fractional reaction orders with respect to [O2] and [H+], which indicate that O2 and H+
species compete for key surface sites and complexed surface species are involved
in the dissolution step.
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Potential-pH diagrams, also known as Pourbaix diagrams, are a convenient
method of representing the behaviour of aqueous systems for a wide variety of
different pH and potential conditions. They show the predominant aqueous species
in equilibrium with the thermodynamically stable solids as a function of pH, potential
and concentration (Paquette and Lemire, 1981). A Pourbaix diagram for uranium for
the uranium/water system is shown in Figure 30.

Figure 30. A Pourbaix diagram for uranium for the uranium/water system at 25 °C and dissolved
-9
species activity of 10 . The dashed lines represent the limits of stability of water. Source: (Paquette
and Lemire, 1981).

Opel et al. (Opel et al., 2007) studied colloid formation and the solubility of
U(IV) in acidic HClO4/NaClO4 solutions by coulometric titration in a nitrogen
atmosphere (O2 < 1 ppm). The results indicated that crystalline UO2(cr) is formed at
low pH ~1, whereas the amorphous hydrous oxide UO2·xH2O(am) is formed at pH
~3. The occurrence of these different phases was confirmed by EXAFS, XRD and
REM (Reflection Electron Microscopy) techniques.
The amorphous phase of U (IV) precipitates as an inhomogeneous hydrated
oxyhydroxide, which is called either amorphous hydroxide U(OH)4(am) or
amorphous hydrous oxide UO2·xH2O(am). This phase is assumed to be in
equilibrium with the neutral aqueous species U(OH)4(aq):
(

'@) (6) @

∙ <6  ⇌ (6) (C)  (<  D − 2)6 

(Equation 14)
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with 0 ≤ y ≤ 2; x ≥ (2 – y).
The crystalline phase of U (IV) precipitates as UO2(cr) and is in equilibrium
with the free U4+ ions:
 (EF)  26  ⇌    46 '

(Equation 15).

U(IV) also shows a strong tendency to hydrolyse even at low pH. The
formation of mononuclear hydroxide complexes as a result of the hydrolysis can be
written as:
(')

   <6 ' ⇌ (6)

(Equation 16).

Although the solubility of U(IV) was studied quite extensively, there is still a
wide scatter in the available data. There are several challenges to the accurate
determination of UO2 solubility data (Opel et al., 2007):
1) U(IV) is readily oxidised to U(VI) when the reducing conditions are not
maintained properly; U(VI) is more soluble than U(IV) by almost five orders
of magnitude (He et al., 2009);
2) If insufficient methods of phase separation (filtering) are applied, colloidal
particles can be misattributed to the liquid phase resulting in a higher
solubility. All of the colloidal particles have to be treated as part of the solid
phase;
3) Aging of UO2·xH2O(am) leads to phases with higher crystallinity.
Crystalline phases are less soluble than amorphous ones. If crystalline
UO2 fractions are involved in the investigation of UO2·xH2O(am) solubility,
the solubility product of the amorphous phase is not affected as it is
controlled by the amorphous fractions. However, in studies with UO2(cr)
the solubility can be raised by small amorphous fractions or by amorphous
surface layers;
4) Very small particles (d ≤ 15 nm) show a higher solubility than the bulk of
the same solid. This is a result of an increase in surface energy with
decreasing size of a particle.
Ulrich et al. (Ulrich et al., 2009) suggested that under reducing and anoxic
conditions UO2 dissolution takes place as:
 (G)  4H  ⇌    2H O

(Equation 17).

They also claimed that the surface oxidation to 7 - 10 % U(VI) and ~20 %
U(V) takes place under the reducing dissolution (5 vol% H2, 95 vol% N2 atmosphere
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in the solution vessel headspace) based on an XPS analysis of UO2 samples after
the leaching that initially had only U(IV) in the bulk and on the surface. As a result,
the sequential oxidation mechanism of U(IV) to U(V) to U(VI) by water molecules,
similar to the one proposed by Shoesmith and Sunder (Shoesmith and Sunder,
1992) for UO2 dissolution below the threshold potential (Equations 11 and 12), was
proposed:
'
  6  → ( J  6)KLM  6   :(KN)

(Equation 18),

'
( J  6)KLM  6  → ( JO  (6) )KLM  6   :(KN)

(Equation 19).

In addition, disproportionation of U(V) was proposed as another potential
reaction pathway that can limit the accumulation of U(V) and explain the presence of
U(VI) on the UO2+x surface under reducing conditions:
2( J  6)KLM →  OJ   ( JO  (6) )KLM

(Equation 20).

However, it was noted that U(V) does not readily disproportionate and
sequential oxidation was suggested as the most likely reaction pathway.
However, no detectable U(VI) was observed in the solution using a kinetic
phosphorescence analyser (KPA), although U(VI) should be more soluble than
U(IV). In addition, Cui et al. (Cui et al., 2008) reported that no oxidation of the UO2
surface could be detected by XPS in UO2 samples doped with

238

Pu after leaching in

hydrogen saturated solution under 10 bar pressure. It can be suggested that
although the sample transfer occurred with minimal exposure to oxygen in the work
by Ulrich et al. (Ulrich et al., 2009), that short exposure was enough to induce
surface oxidation and lead to the observed U(VI) and U(V) at the surface.
Ulrich et al. (Ulrich et al., 2009) proposed that the dissolution of UO2 under
oxidative conditions proceeds via the formation of a near-surface layer of
approximate composition U4O9 coated by an outer layer of a metaschoepite-like
coating, passivating the UO2.0 core by controlling the uranium solubility and
dissolution kinetics, based on XPS, XANES (X-ray Absorption Near-Edge
Spectroscopy), EXAFS and KPA analyses.
4.4.1.2. Characteristic solubility values for UO2 dissolution
The characteristic values for the uranium concentration in solutions modelling
ground water under oxic dissolution of UO2 lie in the range 10-2 - 10-5 mol/l (Guilbert

57

et al., 2002) and depend on the pH, Eh and composition of the solution (Shoesmith,
2000).
Neck and Kim (Neck and Kim, 2001), in their review, proposed that the
solubility of UO2(cr) in neutral and alkaline solutions (pH > 5) under non-oxidising
conditions, where U(OH)4(aq) is the predominant aqueous species, becomes equal
to that of the amorphous phase. Hence, if dissolution starts with crystalline UO2, its
surface undergoes amorphisation.
The equilibrium concentration of U(OH)4(aq) with UO2·xH2O(am) was reported
to be about 10-8 mol/l. The equilibrium concentration of U(IV) in equilibrium with
UO2(cr) can be estimated as 2 × 10-12 mol/l, based on the solubility product at
infinite dilution value reported by Neck and Kim (Neck and Kim, 2001), and the
activity coefficients reported by Opel et al. (Opel et al., 2007).
Figure 31 summarises the characteristic solubilities of UO2 under oxidising
and reducing conditions as a function of pH.

Figure 31. Solubilities of uranium dioxide (UO2) and schoepite (UO3·2H2O) as a function of pH at
25 °C. Source: (Shoesmith, 2000).
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4.4.1.3. The role of surface oxidation in UO2 dissolution
Pierce et al. (Pierce et al., 2005) noted than initial surface oxidation of UO2
samples can have a significant effect on its dissolution. The dissolution behaviour of
as-received UO2(cr) powder specimens and of the same powder specimens after
calcination at ~900 °C in a reducing atmosphere (8 vol% H2, 92 vol% Ar) was
compared using a single pass flow-through leaching experiment under oxic
conditions. The results (see Figure 32) indicated that a transient effect, manifested
as an initial rapid release of uranium, was not observed in the tests using calcined
material (see Figure 32b), in comparison to the tests conducted with as-received
UO2 (see Figure 32a). It was suggested that this transient effect, followed by a slow
decrease in uranium concentration until steady-state was achieved, was caused by
an oxidised U(VI) coating at the surface of the as-received samples. It is known that
aging of UO2 in ambient air might cause the formation of a thin coating of highly
oxidised material – UO3 or one of its hydrates (McEachern and Taylor, 1998). In
addition, it was noted that a 30 °C increase in tem perature resulted in the uranium
effluent concentration increasing by a factor of ~6 (see Figure 32b). Hence, uranium
dioxide dissolution is temperature sensitive.

Figure 32. Uranium concentration as a function of time: a) using as received UO2(cr) powdered
specimens at 23 °C; b) using the calcined UO 2(cr) powdered specimens at 30 °C (circles) and 60 ° C
(triangles). Source: (Pierce et al., 2005).

He et al. (He et al., 2010; He et al., 2009) showed that the grain stoichiometry
of the polycrystalline UO2 surface is non-uniform using EDX elemental spot analysis.
It was noted that nearly stoichiometric UO2.002 had little variation in stoichiometry
between different grains (see Figure 33a), but as the overall sample’s hyper59

stoichiometry was increased, the variation in the grain stoichiometry and grain
topography also increased (see Figure 33b). The hypo-stoichiometric (O/U = 1.96)
and close to stoichiometric grains (O/U = 2.07) were found to be smooth. For grains
with the O/U ratio of 2.13 (UO2+x) and 2.25 (U4O9) both smooth and faceted areas
were observed and for the O/U ratio of 2.33 (U3O7) grains were extensively faceted.

Figure 33. SEM grain morphologies and the grain stoichiometry from EDX compositional point
analysis for the uranium oxide surface with the overall stoichiometry: a) UO2.002 and b) UO2.1. Source:
(He et al., 2010).

It was also observed using AFM analysis of the surface of UO2.1 samples
before and after the scanning electrochemical microscopy (SECM) that the corrosion
damage by the electrolyte solution was mainly located on the faceted areas and
grain boundaries – see Figure 34 (He et al., 2009).
The fact that the surface of UO2 is non-uniform in terms of its stoichiometry,
topography and corrosion resistance means that characterisation of the surface and
its corrosion is a challenging task.
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Figure 34. AFM images of the UO2.1 samples before (a and b) and after (c and d) the scanning
electrochemical microscopy experiments. Source: (He et al., 2009).

4.4.2. UO2 dissolution under different conditions
Once contact between the spent fuel and groundwater is established, the
dissolution process will be affected by several factors.
The radiation field around the fuel surface will result in water radiolysis, which
will lead to numerous possible reactions such as hydrogen peroxide formation and
decomposition, radical recombination, surface oxidation and reduction, radical
recombination catalysed by redox active species in solution (e.g., Fe2+/Fe3+), etc.
(Shoesmith and Sunder, 1992). Molecular species such as H2O2, H2, O2 and radicals
'
such as OH• and :KN
will be formed. These species have either oxidising (H2O2, O2,
'
OH•) or reducing (H2, :KN
) properties. Even if the geochemical conditions of a

disposal facility are expected to be reducing, the oxidising species near the fuel
surface can create locally oxidising conditions. The dissolution rate of the uranium
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dioxide matrix and consequently the release of fission products may be enhanced
under these oxidising conditions (Mennecart et al., 2004).
Some of the main cases affecting UO2 dissolution are considered below.
4.4.2.1. UO2 dissolution in oxygenated solutions
Oxygen can come from water radiolysis directly or as a result of the
decomposition of hydrogen peroxide (H2O2). Shoesmith and Sunder reported that
the dissolution rate for UO2 at oxygen concentrations above 10-6 mol/l is first order
with respect to the oxygen concentration, i.e., it increases linearly with the increase
in oxygen concentration – see Figure 35 (Shoesmith and Sunder, 1992).

Figure 35. A plot of dissolution rates for UO2 as a function of dissolved oxygen concentration in 0.1 M
NaClO4 (pH 9.5). The data points marked A were obtained in aerated solutions. The shaded range of
values, marked B, are taken from Bruno et al. (Bruno et al., 1991). The dashed line C represents an
estimate for the chemical dissolution rate of UO2, obtained by assuming the behaviour of UO2 will be
similar to that of NiO. Source: (Shoesmith and Sunder, 1992).

4.4.2.2. UO2 dissolution in hydrogen peroxide solutions
Hydrogen peroxide is one of the main products of water radiolysis. Shoesmith
and Sunder (Shoesmith and Sunder, 1992) suggested that there are three distinct
regions in the UO2 dissolution rate plot as a function of hydrogen peroxide
concentration – see Figure 36:
1) For H2O2 concentration > 5 × 10-3 mol/l, the dissolution rate has
approximately first-order dependence on the peroxide concentration;
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2) For 2 × 10-4 < [H2O2] < 5 × 10-3 mol/l, the dissolution rate is independent of
the

peroxide

concentration.

The

oxidative

dissolution

occurs

simultaneously with the peroxide decomposition into oxygen and water. It
is believed that peroxide decomposition dominates on surfaces of
composition UO2+x, where x ≤ 0.33. On more oxidised surfaces
decomposition appears to be blocked and oxidative dissolution dominates;
3) For [H2O2] < 2 × 10-4 mol/l, the dissolution rate is strongly dependent on
the H2O2 concentration and falls rapidly as the threshold for oxidative
dissolution is approached.
The effect of H2O2 on dissolution is complicated by strong pH dependence.

Figure 36. A plot of dissolution rates for UO2 as a function of H2O2 concentration in 0.1 M NaClO4
(pH ≈ 9.5). The line at high concentrations represents a first-order dependence but is not a fit to the
data. The vertical bar shows the dissolution rates measured chemically by Christensen et al.
(Christensen et al., 1990) at a pH of 8.0 ± 0.2. The different data points represent individual
experimental series. Source: (Shoesmith and Sunder, 1992).

4.4.2.3. Impact of gamma and beta radiolysis on UO2 dissolution
The oxidative dissolution rate due to gamma radiolysis in Ar-purged solutions
is predicted to fall below the threshold for oxidative dissolution after about 200 years
and is related to the absorbed dose rate – see Figure 37. However, the effect of
gamma radiolysis in O2-purged solutions could be pronounced for about 1000 years
(Shoesmith and Sunder, 1992).
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Figure 37. A plot of dissolution rates for UO2 as a function of the logarithm of gamma dose rate: (○)
Ar-purged solutions; (●) O2-purged solutions. A is the range of dissolution rates measured in
unirradiated but aerated solutions (Shoesmith et al., 1989). The time axis represents the times at
which such dose rates would be achieved at the surface of a CANDU fuel bundle after being
discharged from reactor. Source: (Shoesmith and Sunder, 1992).

Oxidative dissolution due to beta radiolysis of anaerobic water could be
important for 300 to 500 years. Beyond that period, the rate of oxidative dissolution
due to β-radiolysis is expected to become negligible in comparison with that of the
chemical dissolution (Shoesmith and Sunder, 1992).
4.4.2.4. Impact of alpha radiolysis on UO2 dissolution
It is not expected that spent nuclear fuel in a geological repository will
establish contact with groundwater before a storage time of the order of one hundred
to one thousand years has elapsed (Rondinella et al., 2001).
Figure 38 shows a plot of the dissolution rate as a function of alpha source
strength. The predicted dissolution rates vary by two orders of magnitude because of
the variability in the measured values of corrosion potential, Ecorr. Oxidative
dissolution due to alpha radiolysis of water could be important over a period of 500 to
10 000 years for CANDU fuel with a burn-up of 8 MWd/kgU. For LWR fuel (burn-up
45 MWd/kgU) this period is ~ 500 to < 30 000 years (Shoesmith and Sunder, 1992).
As a result, after a few hundred years, when the beta and gamma radiation strongly
decrease, alpha activity will become dominant in the radiation field in and around the
spent nuclear fuel (Mennecart et al., 2004; Rondinella et al., 2001).
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That is why the impact of alpha radiation on the dissolution of uranium dioxide
has such great importance and is widely studied, for example, by Cui et al. (Cui et
al., 2008), Mennecart et al. (Mennecart et al., 2004), Rondinella et al. (Rondinella et
al., 2001), etc.

Figure 38. A plot of dissolution rates for UO2 as a function of the logarithm of alpha source strength.
The time axis shows the time at which such activity levels are achieved on the surface of CANDU fuel
with a burn-up of 8 MWd/kgU. Source: (Shoesmith and Sunder, 1992).

Mennecart et al. (Mennecart et al., 2004) considered the effect of alpha
radiation on the dissolution of UO2 under reducing conditions by preparing uranium
dioxide colloids doped with a short-lived α emitter,

225

Ac, using a coprecipitation

procedure at a fixed pH. Lanthanum was also used as a dopant to favour actinium
incorporation in UO2 and to act as a tracer to monitor the UO2 dissolution. It was
observed that the dissolution rate increases as a function of the average alpha dose
– see Figure 39. The dissolution rate with alpha radiation under reducing conditions
was in the same order of magnitude as the values obtained under oxidising
conditions by other researchers. Hence, a hypothesis was made that the α-radiation
induced oxidising conditions near the surface of the solid despite the reducing
conditions in the bulk solution.
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Figure 39. A plot of the dissolution rate as a function of the dose rate. Adapted from: (Mennecart et
al., 2004).

Rondinella et al. (Rondinella et al., 2001) used three materials (UO2
containing 10 wt% (labelled UO2-10) and 0.1 wt% (labelled UO2-01) of an oxide
constituted mainly of

238

Pu and undoped UO2 (labelled UO2-0)) to study the leaching

behaviour and accumulation of α-decay damage. A sol-gel technique was used to
ensure thorough mixing of the Pu oxide within the UO2 matrix. Table 3 summarises
some properties of the α-doped materials used in this work.
Table 3. Summary of some properties of the α-doped materials. Source: (Rondinella et al., 2001).

The α-activity of the UO2-01 corresponds to the same order of magnitude as
irradiated PWR fuel with a burn-up of ~35 GWd/tU less than 10 years after
discharge, or irradiated MOX (Mixed Oxide) fuel after up to 1000 years of storage.
The amount of He accumulated in UO2-10 after fabrication corresponds to the
amount of He produced in spent PWR fuel with 40 GWd/tU after about 1000 years of
storage, or in irradiated MOX fuel after 10 - 100 years, depending on the burn-up.
The handling and the experimental procedures and setup were the same for
all three materials. The samples were annealed for several hours at 1000 °C in the
sintering atmosphere to reduce the composition to the stoichiometry ratio and to
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recover α-decay damage and the mechanical stresses accumulated during the
sample preparation prior to the leaching experiments. A static batch leaching at room
temperature in deionised water was performed in a glove box with a nitrogen
atmosphere. The leachant was stirred during the test to homogenise the solution.
Nitrogen was bubbled through the leachant to purge the leaching reactor from
oxygen. The redox potential and pH were continuously monitored.
The pH did not show significant variations during the leaching experiment. In
the case of UO2-0, the pH increased from ~6.1 to ~6.5 during the contact time. The
pH decreased slightly in the case of the α-doped samples during the experiment: for
UO2-01, the pH decreased from ~6.1 to ~5.8, and the lowest pH values were
measured for UO2-10, with initial and final values of ~5.7 and ~5.6, respectively.
It was observed in the leaching tests that with time, higher redox potential
values, i.e., more oxidising conditions were established in the solutions for the αdoped samples – see Figure 40. Therefore, it can be concluded that the α-radiolysis
of water provided a constant source of oxidising agents. A clear correlation between
the increase in redox potential and the activity of the samples was observed. The
redox potential behaviour for the undoped UO2 was consistent with the gradual
production of anoxic conditions in the experimental configuration and with the
absence of additional sources of oxidising species.

Figure 40. A plot of redox potential as a function of leaching time for the solutions in contact with
UO2-01, UO2-10 and UO2-0. Source: (Rondinella et al., 2001).
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The proportion between the amounts of U and Pu measured in the leachates
indicated congruent dissolution of the sample matrix, i.e., the dissolution of U
controls the release of Pu. This agrees with the observation by Mennecart et al.
(Mennecart et al., 2004) that UO2 doped with Ac and La showed congruent release
of La, Ac and U.
After 100 h of leaching, the concentration values of U measured in the
leachates for the low activity α-doped material were close to those for the undoped
UO2. The observed evolution of the Eh is consistent with the observation that lower
amounts of dissolved U were found in the leachates with the lower doped sample
than with the higher doped sample. These observations were different from the
results of the previous sets of leaching experiments with the α-doped samples.
In the earlier work (Rondinella et al., 1999), almost no differences were
observed between the concentrations of U released from the two α-doped materials,
despite the difference in activity. As a result, there was a difference of up to two
orders of magnitude between the values of the dissolved U concentration for UO2-01
and those for UO2-0. In general, this more recent work (Rondinella et al., 2001)
showed lower concentrations of U and Pu in the leachates for all types of material
compared to the previous work (Rondinella et al., 1999).
A possible explanation of these apparent discrepancies could lie in the
different experimental set-up used in the more recent work (Rondinella et al., 2001).
The previous tests (Rondinella et al., 1999) were performed in closed vessels
without bubbling inert gas during the contact time. The sample’s surface to solvent
volume ratios for the previous tests were about one order of magnitude higher than
those used in the more recent work.
This indicates again the importance of keeping the appropriate experimental
conditions to obtain an accurate determination of the UO2 dissolution data, as
outlined above by Opel et al. (Opel et al., 2007).
Shoesmith and Sunder speculated that it is likely that the behaviour of UO2 in
the presence of alpha radiolysis will be similar to its behaviour in H2O2. Hence, the
effect of pH on the oxidative dissolution rate is likely to be significant (Shoesmith and
Sunder, 1992).
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4.4.2.5. Dissolution of spent nuclear fuel under geological disposal conditions
Fanghänel et al. (Fanghänel et al., 2013) summarised the main aspects of
geological disposal of spent nuclear fuel, and these are described below.
Spent nuclear fuel disposed of in a geological repository may come into
contact with water tens or hundreds of thousands of years after the repository
closure. The corrosion behaviour will depend on the fuel’s properties and on the
conditions characterising the near field surrounding the spent fuel at the time of
contact with water. Hence, the current challenge lies in reducing the uncertainties
associated with the extrapolation of corrosion data obtained from short time scale
laboratory tests on relatively young spent nuclear fuel to a geological time scale.
It is important to understand the envelope of conditions defining the safe
performance of spent fuel and to assess any relevant mechanism that may cause
release from the fuel and transport of radionuclides through the natural and
engineered barriers. Most repositories in Europe are planned to be located at 300 500 m depth in granitic bedrock or sedimentary materials such as Opalinus, CalloOxfordian or Boom clays. Both granite and sedimentary materials have relatively low
water permeability, and it is much lower for clays than for granitic bedrocks. A
ground water redox potential of -100 to -300 mV and a pH range of 7 - 8.5 are
expected in the repositories. The local groundwater composition will depend on the
type and location of the repository.
The solubility of uranium dioxide is low under reducing conditions (see Figure
31). This is a very beneficial condition for the safe performance of the repository. All
of the factors and processes that may alter this benign configuration deserve special
attention and investigation. Specific conditions developing in the near field of the
repository over long time periods may also affect the corrosion behaviour of the
spent fuel. In particular, the establishment of hydrogen overpressure conditions
generated by iron corrosion in groundwater under anoxic conditions is expected to
strongly inhibit the fuel matrix dissolution process.
4.4.3. The effect of radiation damage on the dissolution of UO2
The preceding literature review showed that there is only one work in the
public domain that considers the effect of radiation damage on UO2 dissolution in
water. It is the work by Matzke (Matzke, 1992a) entitled: ‘Radiation damage69

enhanced dissolution of UO2 in water’, in which the effect of radiation damage by 40
keV Kr and 45 keV Rb ions on the dissolution of polycrystalline UO2 was studied.
Although the work by Rodinella et al. (Rondinella et al., 1999) is entitled: ‘αRadiolysis and α-Radiation Damage Effects on UO2 Dissolution under Spent Fuel
238

Storage Conditions’, all of the UO2 samples doped with

Pu were annealed to

recover the α-decay damage prior to the leaching experiments. Hence, the radiation
damage was annealed and only the effect of the α-radiolysis was studied.
Matzke (Matzke, 1992a) expected that the high burn-up structure would
increase the leaching rates due to the large porosity and the small grain size (high
specific grain boundary area). It is generally known that irradiated fuel shows larger
amounts of U in solution compared with unirradiated UO2, but this could be due to a
number of possible reasons:
i) an intrinsic increase in leaching rate (the UO2 matrix becomes more
soluble),
ii) gamma-radiolysis occurring with the more active high burn-up fuel,
iii) alpha-radiolysis since higher actinides (238Pu, Am, Cm, etc.) are formed
in UO2 during long irradiations,
iv) increased surface area to unknown extent due to cracks, porosity, etc.
of the high burn-up fuel.
The aim of Matzke’s work was to study the effect of radiation damage on the
dissolution of UO2 in an explicit way. For this purpose, polycrystalline sintered UO2
and UO2-based SIMFUEL samples were used for ion implantation and leaching. The
samples were labelled with the radioactive isotopes
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Rb or

85

Kr by irradiating the

samples to low fluences – 5 × 1012 or 5 × 1013 ions/cm2, respectively, to trace the
UO2 dissolution. Then, a part of the samples labelled with the radioactive isotopes
was implanted with inactive 40 keV
of 1.0 or 1.3 ×10

16

84

Kr ions and 45 keV

85

Rb ions at high fluences

2

ions/cm , respectively, to induce radiation damage. Leaching

experiments were performed in doubly-distilled water at 20 and 90 °C with a water
volume to UO2 surface ratio of 20 : 1 cm3/cm2. At different time intervals, the
specimens were removed from the leaching containers and the remaining tracer
activity was measured using a proportional counter.
The typical results obtained for Rb-implanted UO2 and Kr-implanted UO2based SIMFUEL are shown in Figure 41. The UO2 specimens that were traceimplanted showed hardly any loss of tracer at 20 °C , whereas significant amounts of
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Rb were leached at the high dose-implanted UO2. The Kr-implanted SIMFUEL
showed the same trend. Increasing the water temperature to 90 °C caused a
pronounced Kr loss from the high dose-implanted SIMFUEL as well. Hence, solution
temperature strongly affects the dissolution of UO2, as already noted above in the
work by Pierce et al. (Pierce et al., 2005).

Figure 41. Fractional loss of (a) Rb from UO2 and (b) Kr from UO2-based SIMFUEL implanted to a
high dose or trace-labelled only upon leaching in H2O at 20 and 90 °C. Adapted from: (Matzke,
1992a).

Scanning electron microscope investigations before and following leaching
showed that, besides matrix attack, much more pronounced grain boundary attack
took place in the implanted area than in the undamaged part of the UO2 and of the
SIMFUEL – see Figure 42. Grain subdivision was not achieved in this work.
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2

Figure 42. SEM micrograph of SIMFUEL implanted with 1.3 × 10 Kr-ions/cm showing implanted
(right) and unimplanted (left) area following leaching at 90 °C for 4013 h. The sample is that used fo r
obtaining the data shown in Figure 41b. Source: (Matzke, 1992a).

Matzke concluded that the ion irradiations caused enhanced UO2 and
SIMFUEL dissolution in water and that this is an intrinsic property of crystalline UO2
at such levels of damage and such concentrations of insoluble fission products.
Matzke also suggested that to estimate the possible importance of radiation damage
for actual spent fuel, the effect of temperature during damage formation should be
investigated.
However, there are three main improvements that could be made to this work.
1) The use of more energetic ions with energies representative of fission fragments.
Ions with energies of only 40 and 45 keV were used in this work, but fission
fragments have energies in the range of 70 - 100 MeV – three orders of magnitude
higher. As discussed above, this implies that the low energy ions will transfer their
energy almost completely through nuclear stopping, whereas the high energy fission
fragments transfer their energy mainly through electronic stopping. Hence, the
radiation damage produced in this work is not representative of what happens during
fission (except at the end of the fission track). 2) The use of a direct indication of
uranium dissolution, for example, by ICP-MS. Uranium dissolution was assessed
indirectly via the remaining tracer activity in the solution of implanted radioactive
isotopes that were leached from the samples. For this approach to be valid no
preferential leaching of the tracers should take place and the tracers should
distribute evenly throughout the deposition depth. It is well-known that the ion
distribution profile in a material due to irradiation is not uniform. Figure 43 shows the
ion distribution profile for 40 KeV

85

Kr ions in UO2 obtained from the SRIM-2013.00
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software simulation. Retention of the radioactive

85

Kr (noble gas) tracer in the

solution should also be considered. 3) The use of anoxic conditions. Although it is
not stated explicitly whether oxic or anoxic conditions were used in this work, it can
be suggested that the dissolution experiment took place in an air (an oxygen
containing) atmosphere.

Hence, alteration of the samples due to oxidative

dissolution took place, which could have interfered with the effect of irradiation
damage.

Figure 43. Ion distribution profile for 40 KeV
software simulation.
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Kr ions in UO2 obtained from the SRIM-2013.00

4.4.4. The effect of dopants on the dissolution of the UO2 fuel matrix
Razdan and Shoesmith (Razdan and Shoesmith, 2014) suggested that
electrochemical oxidation in an aqueous environment follows a similar sequential
process to that observed in air oxidation (as discussed in Section 2.3):
 → 



→  ∙ >6 /



(Equation 21).

They studied the electrochemical reactivity of plain UO2.002, a SIMFUEL doped
to 1.5 at% and two RE doped UO2 (6 wt% Gd-UO2 and 12.9 wt% Dy-UO2) samples
in an aqueous environment. The rare earth dopants were observed to show a
homogenous distribution in the UO2 matrices. The reactivity was observed to
decrease in the order UO2.002 > SIMFUEL > Dy-UO2 > Gd-UO2.
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Razdan et al. (Razdan et al., 2014) also studied the electrochemical reactivity
of a set of UO2 based samples in an aqueous environment. The samples were: plain
UO2, SIMFUEL, UO2 doped with Y2O3 (0.3 wt%), UO2 doped with Pd (1 wt%) and
UO2 doped with Y2O3 and Pd (0.3 wt% and 1 wt%, respectively). The rare earth
dopants in this case were observed as being unevenly distributed in the host matrix
and were present as individual particles of different sizes and shapes. The reactivity
based on the current density at longer times decreased in the order UO2-Pd > UO2Y2O3-Pd > UO2-Y2O3 > UO2 > SIMFUEL. Hence, the rare earth dopants (Pd and Y)
increased the reactivity of the UO2 matrix, as compared to plain UO2 and the
SIMFUEL used in this study and the Dy, Gd dopants used in another study by
Razdan and Shoesmith (Razdan and Shoesmith, 2014).
Fanghänel et al. (Fanghänel et al., 2013) reported experimental dissolution
results for powder samples taken from the central part of the in-reactor irradiated fuel
pellet (labelled CORE – see Figure 44a) and from the outer part, including the high
burn-up structure (labelled OUT – see Figure 44b). The presented results were for
UO2 pellets from PWR with an average rod burn-up of 48 and 60 GWd/tU. The
experiments were performed in air using the static leaching set-up with stirring at
room temperature and replenishing the vessel after each aliquot sampling.

Figure 44. Uranium concentration as a function of the leaching time form static leaching experiments
performed in bicarbonate water (1 mM NaHCO3 + 19 mM NaCl) on UO2 fuels with burn-ups of 48 and
60 GWd/tU. Powder fuel samples that were leached originated from (a) the central pellet region and
(b) the pellet’s rim region. The horizontal dashed line represents the solubility limit for schoepite.
Source: (Fanghänel et al., 2013).

The horizontal dashed line on the diagrams represents the solubility limit for
schoepite ((UO2)8O2(OH)12·12H2O), which is the controlling solid phase under the
adopted experimental conditions. Qualitative evidence for the formation of the
secondary phase on the surface of the leached specimens was obtained by visual
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inspection. In all cases, the measured concentration values as a function of time
increased until the solubility limit of schoepite was reached. The data on both
diagrams show no difference in the dissolution behaviour between the two fuels in
spite of the different average burn-up values. However, there is a difference in the
concentration evolutions between the CORE and OUT samples. This can be
explained by noting that the differences in the properties between the pellet rim and
the central pellet region are significantly higher than those associated with the
different average burn-up values of the two fuels. The uranium concentration values
for the OUT specimens were lower than the corresponding concentration values for
the CORE samples throughout the duration of the experiment. In the case of the
samples from the central pellet region, the solubility limit of schoepite, at which the
uranium concentration reaches the equilibrium value, was achieved after 3 months of
leaching, whereas the concentration increased more slowly for the specimens from
the outer part of the fuel pellets. Fanhänel et al. (Fanghänel et al., 2013) concluded
that the fuel samples containing the high burn-up structure (OUT samples) showed
higher resistance against water penetration and oxidative dissolution compared to
the CORE samples, contrary to the expectation of Matzke (Matzke, 1992a). Hence, it
was concluded that the HBS is not an open structure and the large amount of
stabilising tri- and tetravalent fission products may buffer the oxidation of the fuel
matrix.
Based on the reviewed material it is possible to conclude that the effect of
dopants and burn-up on the oxidation and dissolution of the UO2 matrix will depend
on the type and extent of doping or the burn-up level, respectively.
4.4.5. Coprecipitation of radionuclides with UO2
As mentioned by Rousseau et al. (Rousseau et al., 2006; Rousseau et al.,
2002), coprecipitation can be considered as a potentially significant radionuclide
retention mechanism for disposed spent nuclear fuel. It can be defined in
accordance with the IUPAC recommendation as the ‘simultaneous precipitation of a
normally soluble component with a host component from the same solution’. As
noted above, once the containers fail and contact with groundwater is established,
the fuel will undergo leaching and dissolution. The re-precipitation of the initially
dissolved uranium under oxidising or reducing conditions may result in the
coprecipitation of some radionuclides, which were released from the corroded
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fraction of the spent fuel. In the case of radiolysis-enhanced fuel oxidation, local
oxidising conditions may be present at the fuel-groundwater interface, but at some
distance from the fuel surface the reducing conditions of the disposal location may
again dominate. Hence, this could lead to oxidative dissolution of the fuel at the fuelgroundwater interface and subsequent coprecipitation of radionuclides at some
distance from the interface.
Rousseau et al. (Rousseau et al., 2009; Rousseau et al., 2006; Rousseau et
al., 2002) have established a new method of preparing nanometric powders of
uranium oxide using the wet process of the electrochemical reduction of U(VI) into
U(IV) and the precipitation of UO2 under reducing anoxic conditions at a constant
pH. This technique can be used to obtain UO2 powders with different grain sizes,
doped with tetravalent and trivalent radionuclide elements with a predefined
composition as necessary. It was shown that the particle composition can be defined
by the initial solute ratios in solution and the particle size can be controlled by
varying the solution pH. Their work was focused on studying the coprecipitation of
thorium and lanthanum with UO2+x as the host phase.
The earlier work by Rousseau et al. (Rousseau et al., 2002) reported that for
pH values below 4, the final concentration of Th was found to be significantly lower
than expected if the pure phase, Th(OH)4(s), was formed and for pH values above 4,
the final concentrations in the U/Th coprecipitation system were similar to the pure
phase solubility. However, the later work (Rousseau et al., 2006) stated that a
relatively high decrease in the solubility of Th and La was observed at pH values
between 3 and 9 – see Figure 45. An attempt was made to contact Rousseau to
clarify this issue but the contact e-mails provided have expired.

76

Figure 45. A plot of thorium and lanthanum concentrations as a function of pH obtained for pure
phase precipitation and coprecipitation with UO2+x(s). Comparison of data with model results (lines)
using an ideal solid solution model with UO2(am) and either La(OH)3 or Th(OH)4 as end-members.
Source: (Rousseau et al., 2006).

The coprecipitation phenomena and formation of the solid solutions ThyU1yO2+x(s)

and (U,La)O2+x(s) are expected to be responsible for the observed decrease

in solubility (Rousseau et al., 2006).
As mentioned above, Mennecart et al. (Mennecart et al., 2004) also used the
coprecipitation technique to prepare actinium and lanthanum doped UO2 colloidal
particles to study the effect of alpha radiation on the dissolution of UO2. Several
interesting observations were made during this study:
1. The experiments with undoped UO2 showed that there was no
variation in [U]aq as a function of time during the study. This could
possibly be explained by the short duration of the experiments – 45
minutes only. However, it was noted that the concentration of
dissolved uranium increased upon increasing the amount of solid UO2.
The observed behaviour was explained by remaining oxygen traces
and residual U(VI) in the U(IV) stock solution;
2. UO2 doping with La resulted in an increase in the dissolved U
concentration by a factor of 5. The incorporation of La influences the
solubility of the doped material. For the doped samples, a relation
between the final concentration of dissolved uranium and the quantity
of solid was not observed in contrast to the experiments with undoped
UO2;
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3. In the coprecipitation of the lanthanum doped material, about 85 % of
the initially dissolved La was incorporated into UO2, which is in
qualitative agreement with the work by Rousseau et al. (Rousseau et
al., 2006; Rousseau et al., 2002). Without uranium under the same
conditions, lanthanum did not precipitate;
4. The experiments with UO2 doped with Ac and La showed a congruent
release of La, Ac and U. This tendency towards congruent behaviour
shows that La, Ac and U are homogeneously distributed throughout
the particles.
It was suggested by Rousseau et al. (Rousseau et al., 2009) that the
established method of preparing nanometric powders of uranium oxide with possible
doping with tetravalent and trivalent elements can be relevant for simulating the
influence of elements, such as fission products, in irradiated fuel.
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Chapter 5
Experimental work
To study the effect of radiation damage by fission fragments on the structural
stability and dissolution of the uranium dioxide fuel matrix irradiations with energetic
ions of bulk and thin films of uranium and cerium dioxide samples were conducted.
The irradiated and unirradiated samples were characterised using various
techniques and dissolution experiments were performed. Some post-dissolution
characterisation of the samples was also conducted.

5.1. Sample production
Since real spent nuclear fuel is a highly radioactive and complicated system, it
is common to use less radioactive or non-radioactive substitutes for various multi or
single effect studies. Cerium dioxide and natural or depleted uranium dioxides are
also commonly used. Simulant fuels have been developed (Baranov et al., 2014;
Lucuta et al., 1991; Strausberg and Murbach, 1963) to study fuel with higher burnups. They are produced by doping the natural or depleted uranium dioxide matrix
with a series of non-radioactive elements in appropriate proportions that can
replicate the chemical and microstructural effects of in-reactor irradiation on UO2 fuel
at various degrees of burn-up. The non-radioactive elements in SIMFUEL can
represent most of the fission products present in irradiated nuclear fuel and form
various metallic or oxide precipitates or remain dissolved in the UO2 matrix (Hiezl et
al., 2015).
5.1.1. Bulk UO2 and SIMFUEL
Bulk samples of UO2 and SIMFUEL were prepared by Hiezl et al. (Hiezl et al.,
2015) for the UK spent nuclear fuel research consortium. The motivation was to
prepare and characterise SIMFUEL that replicates the chemical state and
microstructure of spent nuclear fuel discharged from UK advanced gas-cooled
reactors after a cooling time of 100 years. However, the relative differences in the
radionuclide inventory over longer time periods are expected to be small; hence, the
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SIMFUEL produced is also representative of spent fuel up to 1000 years after it
comes out of reactor.
International research on spent nuclear fuel is mainly focused on spent fuel
from light water reactors, since LWRs are the most common type of reactors in the
world. However, due to differences between AGR and LWR designs, such as higher
operating temperatures and the use of a graphite moderator, CO2 coolant and
stainless steel cladding in AGRs rather than zircaloy and water as a coolant and
moderator in LWR (Rossiter and Mignanelli, 2011), research on AGR specific SNF is
needed (Hiezl et al., 2015). This work was carried out by a consortium of
researchers from the University of Cambridge, Lancaster University and Imperial
College London.
The sample fabrication procedure described by Hiezl et al. (Hiezl et al., 2015)
was as follows. Thirteen stable elements were added in the form of oxides and
carbonates to depleted UO2 to simulate the composition of spent fuel after burn-ups
of 25 and 43 GWd/tU and, as a reference, pure UO2 samples were also prepared
and investigated. The fission product distribution was calculated using the FISPIN
code provided by the UK National Nuclear Laboratory (NNL). Only the isotopes with
a concentration of more than 0.1 mol per tonne of SNF were taken into
consideration. Table 4 lists the added oxides and carbonates and their
concentrations in the SIMFUEL. The depleted UO2 (0.3 wt%

235

U) was provided by

NNL. The sample fabrication was conducted at NNL, Springfields. Each blend
composition had a mass of 60 g, including the pure reference UO2. The fission
product surrogates were ball milled for 12 h using ZrO2 milling media to achieve a
submicron particle size and good mixing. The dopant blends were then homogenised
with depleted UO2. The powder was precompacted to produce granules to achieve a
good flow of the material by applying ~75 MPa pressure and 0.2 wt% of zinc stearate
as a granulate lubricant. The granules were uniaxially pressed at 400 MPa to
produce cylinders (length: ~10.3 mm, diameter: ~11.5 mm). The pellets were
sintered at a heating rate of 5 °C/min to 300 °C an d then 15 °C/min to 1730 °C. The
sintering time was 300 min in an atmosphere of 99.5 vol% H2 and 0.5 vol% CO2 and
the cooling rate was 15 °C/min to room temperature. As a result, 10 pure UO2
reference pellets, 9 low doped and 9 high doped pellets were prepared.
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A part of the produced pellets were cut using a diamond saw into slices with a
thickness of ~1 mm for subsequent experimental work. The activity of each slice was
in the range 6 - 10 kBq.
Table 4. SIMFUEL composition after 100 years of cooling for 25 and 43 GWd/tU burn-up. Source:
(Hiezl et al., 2015).

SIMFUEL composition after 100 years of cooling
(at%)
Compounds

25 GWd/tU (low doped)

43 GWd/tU (high doped)

UO2

97.587

95.870

Nd2O3

0.483

0.827

ZrO2

0.369

0.602

MoO3

0.334

0.566

RuO2

0.257

0.454

BaCO3

0.244

0.435

CeO2

0.193

0.329

PdO

0.090

0.199

Rh2O3

0.038

0.056

La2O3

0.096

0.160

SrO

0.032

0.050

Y2O3

0.041

0.064

Cs2CO3

0.191

0.309

TeO2

0.044

0.079

5.1.2. Thin films of UO2
Uranium dioxide samples in the form of thin films can offer two main
advantages:
1. the ability to produce single crystal UO2, as shown in the work by
Strehle et al. (Strehle et al., 2012), to deal with a simplified idealised
system;
2. having a low amount of radioactive material, which greatly simplifies
handling of the samples. For example, for a target film thickness of 250
nm the radioactivity is only 3.4 Bq for a 10 × 10 mm sample.
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The intention was to produce single crystal UO2 films with (001), (110) and
(111) crystallographic orientations to study the response of these different
crystallographic orientations to ion irradiation and dissolution.
For these reasons, a set of uranium dioxide thin films was produced using the
reactive magnetron sputtering method onto LSAT (Lanthanum Strontium Aluminium
Tantalum oxide, Al10La3O51Sr14Ta7) and YSZ (Yttria-Stabilsed Zirconia, 8 mol%
Y2O3, 92 mol% ZrO2) substrates with three different crystallographic orientations:
(001), (110) and (111) by R. Springell at the University of Bristol (Bao et al., 2013).
Figure 46 shows a schematic of the thin film samples and Table 5 lists the samples
produced.

Figure 46. A schematic of the thin film sample. No buffer layer between the film and substrate was
used.

Table 5. List of the samples produced on LSAT and YSZ substrates.

Sample

substrate

name

(hkl)

SN489

LSAT (111)

SN490

LSAT (001)

SN491

LSAT (001)

SN492

LSAT (110)

SN551

YSZ (001)

SN552

YSZ (001)

SN553

YSZ (110)

SN554

YSZ (110)

SN556

YSZ (111)

SN557

YSZ (111)
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The rationale behind the samples on the LSAT substrates was to produce
single crystal UO2 films that would replicate the substrate crystallographic orientation
and would have low lattice stress due to a lattice mismatch between the film and the
substrate. LSAT has a cubic perovskite structure with PQR( = 3.868 Å
(Chakoumakos et al., 1998) and UO2 has a cubic fluorite structure with  = 5.469
Å, both at room temperature (Bao et al., 2013). This results in the epitaxial
relationship in which the (001) plane of UO2 is rotated by 45° in relation to the (001)
plane of LSAT, as illustrated in Figure 47, so that the (110) plane of UO2, with a dspacing  /√2 = 3.867 Å, fits the LSAT (001) plane, with a d-spacing of 3.868 Å (=
PQR( ) (Bao et al., 2013). This causes the UO2 lattice to be only at a slight tension of
+0.03% with respect to the substrate in-plane spacing.

Figure 47. A schematic of the 45° rotation epitaxial relations hip between UO2 lattice and LSAT lattice.

It was expected that the 45° rotation epitaxial rel ationship between the LSAT
and UO2 (001) planes would be sufficient to promote epitaxial growth in two other
crystallographic orientations. No published material was found that describes this
work being done previously.
The target film thickness was 250 nm. A deposition time of 1250 s to achieve
this thickness was estimated from past experience. This was the maximum practical
film thickness that could be achieved using the film growth method. The idea behind
this was to produce UO2 film as close to bulk single crystal as possible to be
representative of the UO2 matrix in nuclear fuel.
The XRD analysis conducted of the UO2 films on the LSAT substrates
showed that for the case of the (110) and (111) substrates either unexpected or
multiple growth domains were observed. Thus, it became apparent that the
83

assumption that the 45° rotation epitaxial relation ship between the LSAT and UO2
(001) planes would be sufficient to promote epitaxial growth in two other
crystallographic orientations was invalid. Hence, it was decided to use YSZ
substrates to produce the second batch of samples. The target film thickness was
120 nm, which was a compromise between the achievable film thickness and reliable
operation of the film growth method. A deposition time of 1000 s to achieve this
thickness was estimated from past experience.
It was known from the work by Strehle et al. (Strehle et al., 2012) that high
quality single crystal UO2 films in (001) crystallographic orientation can be grown on
(001) YSZ by reactive magnetron sputtering despite a -6.4 % lattice mismatch
between the UO2 and YSZ lattices. YSZ has a cubic fluorite structure with TQU =
5.139 Å (Strehle et al., 2012). This results in a plane-to-plane epitaxial match in
which the (001) plane of UO2 is put in compression of -6.4 % by the (001) plane of
YSZ. Since the lattice mismatch for the (110)/(110) and (111)/(111) planes of the
UO2 and YSZ is the same as for the (001) planes, it was assumed that it would be
possible to produce single crystal UO2 that mimics the crystallographic orientation of
the underlying YSZ substrate. No published material was found describing the
production of UO2 single crystals on YSZ (110) and (111) substrates at the time
when this work was performed (December 2013). The work by Lin et al. (Lin et al.,
2014), which considers the structure and properties of uranium oxide thin films
deposited by pulsed direct current magnetron sputtering onto (110) YSZ substrates
became available online only in February 2014.
A dedicated direct current magnetron reactive sputtering facility with ultra high
vacuum (UHV) base pressure (10-9 mbar) was employed to grow the films. The
LSAT substrates were kept at a temperature close to 750 °C and the YSZ substrates
were kept at a temperature close to 600 °C. A deple ted uranium metal target was
used as a source of uranium. It was kept at a power of 50 W by a controlled direct
current of 0.11 - 0.14 A and the corresponding voltage of 350 - 450 V, giving a
growth rate of 0.9 - 1.1 Å/s, for the films on the LSAT substrates, and by a controlled
direct current at an average value of 0.15 A and the corresponding voltage of 330 V,
giving a growth rate of about 1.5 Å/s, for the films on the YSZ substrates. Argon was
used as the sputtering gas at a pAr in the range of 7 to 8 × 10−3 mbar. Oxygen was
used as the reactive gas at a pO2 in the range of 3.4 to 4.4 × 10−5 mbar for the films
on the LSAT substrates and at a pO2 of 2 × 10−5 mbar for the films on the YSZ
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substrates, except for sample SN553 for which the pO2 was 3 × 10−6 mbar. The
substrates were one side polished single crystal LSAT or YSZ with dimensions of 10
× 10 × 0.5 mm supplied by MTI Corp.
The intention was to produce samples in duplicate for comparison purposes to
ensure reproducibility of the results. Unfortunately, the duplicates for the samples on
LSAT (111) and LSAT (110) were not produced due to technical issues with the
sample growing facility. The LSAT substrate films were cut in half using a diamond
saw. One half was used for ion irradiation and the other half was left as a control for
the comparison measurements. It was not possible to cut the samples on the YSZ
substrates prior to ion irradiation. As a result, only one sample from each YSZ
substrate orientation was irradiated at a given fluence and the other sample was left
as a control.
5.1.3. Cerium dioxide bulk and thin film samples
Cerium dioxide is widely used as a non-radioactive structural analogue to UO2
for studies of its dissolution (Stennett et al., 2013; Horlait et al., 2012) and the effect
of radiation damage on its chemical (Kumar et al., 2012; Kinoshita et al., 2009; Iwase
et al., 2009; Ohno et al., 2008) and structural (Kishino et al., 2013; Ishikawa and
Takegahara, 2012; Edmondson et al., 2012; Tahara et al., 2011; Ohhara et al., 2009;
Sonoda et al., 2008; Ishikawa et al., 2008; Sonoda et al., 2006) stability.
The use of CeO2 is justified by the fact that it has the same Fm-3m fluorite
type structure with a similar lattice parameter and cation radius as UO2 (Strehle et
al., 2012) – see Table 5.
Table 6. Summary of lattice type, lattice parameter and cation radius for UO2 and CeO2

Parameter

UO2

CeO2

lattice type (Strehle et al., 2012)

Fm-3m fluorite structure

Fm-3m fluorite structure

lattice parameter (Å)

5.469 (Bao et al., 2013)

crystal cation radius, rcr (Å)
(Shannon, 1976)

1.14

5.411 (Whitfield et al.,
1966)
1.11
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However, there are important differences that should be remembered. First of
all, U is an actinide whereas Ce is a lanthanide. Although there are some similarities
in chemical behaviour between actinides and lanthanides, there are no ideal
chemical analogues among lanthanides for Th, Pa, U, Pu and Np (Burakov et al.,
2011). Uranium has the [Rn]5f36d17s2 ground state electronic configuration, whereas
Ce has the [Xe]4f26s2 configuration. Uranium has six outer electrons, whereas Ce
has only four. As a result, uranium has a greater variety of the oxidation states – it
can exist in the oxidation states 0, +3, +4, +5 and +6 (Ilton and Bagus, 2011).
Cerium can only exist in three oxidation states: 0, +3 and +4. Uranium in UO2 is
present in the oxidation state +4; hence it can either oxidise to the higher oxidation
states (e.g., on exposure to air (McEachern and Taylor, 1998)) or reduce to the lower
oxidation states (e.g., due to ion beam sputtering (Idriss, 2010)). Cerium in CeO2 is
also present in the oxidation state +4, but it can only decrease in oxidation state
(excluding forced ionisation). Therefore, it is reasonable to expect that chemical
behaviour of UO2 and CeO2 will be different, and this is indeed the case. The surface
of uranium dioxide tends to oxidise in air to UO2+x (x ≤ 1) (McEachern and Taylor,
1998), which means that some U4+ converts to U+5 and U+6. In contrast, in CeO2
under an air atmosphere, a trace amount of Ce3+ tends to be present (Stennett et al.,
2013), leading to CeO2-x composition. Very little information on the dissolution
mechanism of CeO2 is available in the literature, but it is widely accepted that CeO2
dissolves via reduction of Ce4+ to Ce3+ in an air atmosphere, whereas UO2 dissolves
via oxidation of U4+ to U6+ (see Section 4.4.1). The work by Ohno et al. (Ohno et al.,
2008) and Iwase et al. (Iwase et al., 2009), discussed in Section 3.4.4, and the work
by Kumar et al. (Kumar et al., 2012) showed that the ion irradiation of CeO2 results in
an increased proportion of Ce3+ ions, leading to CeO2-x, whereas the modelling work
by Kinoshita et al. (Kinoshita et al., 2009), discussed in Section 3.4.4, showed that
the fission tracks in UO2 can cause several meta-stable configurations for hyperstoichiometric defect structures of UO2+x. In addition, the work by Sonoda et al.
(Sonoda et al., 2010) showed that the diameter of the ion tracks in UO2 is much less
sensitive to the electronic stopping values than those in CeO2, which indicates that
UO2 has a higher kinetic recovery from radiation damage than CeO2. Weber (Weber,
1984) reported that UO2 has a better recovery from radiation damage than CeO2: it
was observed that UO2 irradiated by alpha particles showed 12 % recovery of the
lattice parameter compared to 10 % recovery for CeO2 following almost two years of
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post-irradiation storage at room temperature. In addition, the thermal recovery study
showed that complete recovery of the lattice parameter was observed by 500 °C for
UO2 and by 700 °C for CeO 2.
The electrical properties, which determine the rate of corrosion, of UO2 and
CeO2 are also different. Stoichiometric UO2 is a Mott-Hubbard insulator that converts
to a p-type semiconductor UO2+x due to oxygen incorporation, for example, during
oxidation in air. (He et al., 2010). Close to stoichiometric UO2 has electrical
conductivity values in the range 10-3 - 10-4 S/cm at room temperature (Nakae et al.,
1978b). Stoichiometric CeO2 is a dielectric (Lappalainen et al., 2004) and tends to
convert into CeO2-x in air, which is an oxygen deficient n-type semiconductor (Tuller
and Nowick, 1979). Polycrystalline thin film CeO2 with a close to stoichiometric ratio
of Ce to O has electrical conductivity values of ~10-10 S/cm at room temperature
(Kek-Merl et al., 2006).
All of these differences put into question the suitability of using CeO2 as an
UO2 analogue. To explore this subject further, experimental work with CeO2 samples
along with the UO2 samples was conducted and the obtained results were
compared.
The bulk samples of CeO2 were obtained from Sigma-Aldrich in the form of
fused pieces, 3 - 6 mm in size and 99.9 % purity on a trace metal basis, as claimed
by the supplier. The pieces were ground using sandpaper to produce two flat faces.
One face was irradiated with Xe or U ions, and the other face was used for the pellet
attachment onto the sample holder. The face that was attached to the sample holder
was later ground with sandpaper and used for comparative analyses with the
irradiated face.
The CeO2 thin films were grown by pulsed laser deposition (PLD) in a
Neocera PLD system with a Lambda Physik KrF laser (λ = 248 nm) with a pulse
duration of 50 ns on three (001) oriented p-doped Si substrates with dimensions of
10 × 10 × 0.5 mm, secured by silver paste onto the stainless-steel resistive heater,
by our collaborators (P.K. Petrov and his research group) at Imperial College
London. The target for the PLD system was made in-house from CeO2 powder
(Sigma Aldrich, 99.9 % purity, < 5 µm grain size). The powder was dry-milled
overnight in order to achieve a finer grain size. Then the powder was pressed into a
pellet with a diameter of 25 mm and a thickness of 5 mm using a uniaxial press. It
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was then sintered under 1400 °C for 4 hours (at a h eating rate of 10 °C per minute).
X-ray diffraction was used to confirm that there was no change in the structure from
powder to pellet, both of which presented a unit cell size a of 5.41 Å. Before the
deposition, the silicon substrates were treated in an ultrasonic bath of acetone for 5
minutes to remove organic residues, followed by iso-propanol for 3 minutes and
finally deionised water for 3 minutes to remove inorganic contaminants. The thin
films were deposited from a 20 mm diameter stoichometric CeO2 target in an oxygen
pressure of 100 mTorr. The substrate temperature (Ts = 800 K) during deposition
was controlled using a thermocouple embedded in the heater. The energy density of
the laser spot (2 × 10 mm2) was 1.5 J/cm2. From the sample thickness measured
using a Dektak 11A, the film growth rate was estimated to be approximately
0.05 nm/pulse. The total number of pulses was 5000 with a repetition rate of 8 Hz.
Once the ablation was over, the samples were then cooled at a rate of 10 °C/min in
an oxygen rich environment (760 Torr).
Although it was expected that the thin films of CeO2 would have the same
thickness as they were deposited by the same amount of laser pulses, the three
samples produced were all of different colours. This probably indicates that the thin
films had different thicknesses. It was not possible to cut the samples in half in order
to have one half for irradiation and the other half as a reference sample.

5.2. Sample irradiation
The intention was to irradiate part of the samples with 71 MeV Xe ions at the
GANIL accelerator, France, available at a relatively high flux (2 × 1010 ions/(cm2 s) to
a high (3 × 1015 ions/cm2) total fluence in an attempt to replicate the high burn-up
structure observed by Matzke et al. (Matzke et al., 2000) and Sonoda et al. (Sonoda
et al., 2010). Xenon is a typical fission product (Kleykamp, 1985) and the proposed
energy is representative of that of fission products (Matzke, 1982). Hence, the
induced radiation damage was expected to be representative of that caused by
fission fragments in nuclear fuel. In addition to that, it was proposed to perform
irradiations at a series of fluences (5 × 1010, 5 × 1012 and 5 × 1013 ions/cm2) with the
available higher energy (130 MeV) U ions. The motivation was:
1. to have an Se large enough for visible track formation;
2. to explore the evolution of the microstructure as a function of fluence;
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3. not to introduce any different elements into the bulk UO2 samples to
eliminate any potential signal from these elements during the sample
analysis stage, for example, by NMR.
The xenon irradiation was performed with 92 MeV 129Xe23+ ions to a fluence of
4.8 × 1015 ions/cm2. The energy of the available ions was higher than the expected
value but still within the range for fission products. The flux was kept at around 1.3 ×
1010 ions/(cm2 s), which caused heating of the samples to a temperature not
exceeding 150 °C. The irradiation was performed at an ambient temperature of
around 19 °C. Treating the thin films of UO 2 as a non-radioactive material allowed
the irradiation schedule to be optimised, and thus the target fluence was exceeded
despite the fact that the available flux was lower than expected. The samples were
allowed to cool to an ambient temperature before the beam line was brought to
atmospheric pressure using nitrogen gas to minimise the surface oxidation of the
samples. The bulk UO2 samples were irradiated first, using the sample holder and
irradiation chamber for the radioactive samples, followed by the bulk CeO2 samples
and thin films of UO2 on the LSAT substrates and the thin films of CeO2 on the silicon
substrate, using the sample holder and chamber for the non-radioactive materials.
Table 7 summarises the xenon irradiated samples.
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Table 7. The list of samples irradiated by 92 MeV

129

23+

Xe

15

2

ions to a fluence of 4.8 × 10 ions/cm .

Type of sample
Sample

Sample description

holder and
irradiation chamber

p2-5-U404

plain bulk UO2

p10-2-U404

plain bulk UO2

p2-3-U405

p2-2-U405

p2-5-U406

p2-4-U406

doped bulk UO2, 25 GWd/tU
(SIMFUEL)
doped bulk UO2, 25 GWd/tU
(SIMFUEL)

for radioactive
material

doped bulk UO2, 43 GWd/tU
(SIMFUEL)
doped bulk UO2, 43 GWd/tU
(SIMFUEL)

SN489

UO2 thin film on LSAT (111)

SN490

UO2 thin film on LSAT (001)

SN491

UO2 thin film on LSAT (001)

SN492

UO2 thin film on LSAT (110)

Ce-AP2

CeO2 thin film

Ce-AP3

CeO2 thin film

Ce-AP4

Bulk CeO2

Ce-AP5

Bulk CeO2

for non-radioactive
material

The uranium irradiation was performed with 110 MeV

238

U31+ ions to fluences

of 5 × 1010, 5 × 1011 and 5 × 1012 ions/cm2. The energy of the available ions was
lower than the expected value but still sufficient (Se = 27.4 keV/nm), according to
Sonoda et al. (Sonoda et al., 2010) to cause visible track formation in UO2. The flux
was kept at around 1 × 108 ions/(cm2 s). The irradiation was conducted at an
ambient temperature of 16 - 17 °C. No heating of th e samples was observed. The
available flux was lower than expected. Hence, a lower maximum fluence than
expected was achieved (5 × 1012 ions/cm2). The samples were irradiated in three
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batches (one batch at each fluence), using the sample holder and irradiation
chamber for the radioactive material. Table 8 summarises the uranium irradiated
samples and the corresponding fluences.

Table 8. The list of samples irradiated by 110 MeV

Sample

238

U

Sample description

31+

ions and the corresponding fluences.

Fluence (ions/cm2)

p10-1-U404

plain bulk UO2

5 × 1010

SN551

UO2 thin film on YSZ (001)

5 × 1010

Batch no.

1st

10

CeO2-1

Bulk CeO2

5 × 10

CeO2-2

Bulk CeO2

5 × 1010

p3-5-U404

plain bulk UO2

5 × 1011

SN553

UO2 thin film on YSZ (110)

5 × 1011

CeO2-3

Bulk CeO2

5 × 1011

CeO2-4

Bulk CeO2

5 × 1011

p10-6-U404

plain bulk UO2

5 × 1012

SN556

UO2 thin film on YSZ (111)

5 × 1012

CeO2-5

Bulk CeO2

5 × 1012

CeO2-6

Bulk CeO2

5 × 1012

2nd

3rd

Where possible, duplicate samples were irradiated for comparison purposes
to ensure reproducibility of the results. Unfortunately, not enough samples were
produced to achieve this and no blank substrates were irradiated.
The beam line base vacuum was 6 × 10-7 mbar during the xenon and uranium
irradiations. The temporal structure of the ion beam was 1 ns ion pulse every 100 ns
and the beam was swept across the surface of the samples with a frequency of 400
Hz in the horizontal direction and 4 Hz in the vertical direction to ensure
homogenous irradiation.
Table 9 summarises the corresponding nuclear and electronic stopping and
projected range for 92 MeV

129

Xe23+ and 110 MeV

238

U31+ ions in UO2 and CeO2

according to the SRIM-2013.00 calculation. A theoretical density value of 10.96
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g/cm3 for UO2 (Wiss et al., 1997) and the density value of 7.13 g/cm3 provided by
Sigma-Aldrich for the CeO2 bulk samples were used in the SRIM calculation for the
UO2 and CeO2 materials, correspondingly. The SRIM results indicated that the Xe
and U ions completely penetrate the thin films of UO2 and CeO2 (250 nm max) and
that the electronic stopping regime dominates the dissipation of ion energy
throughout the entire film.
Table 9. The corresponding nuclear, Sn, and electronic stopping, Se, and projected range values for
129
23+
238 31+
92 MeV Xe and 110 MeV U ions in UO2 and CeO2 according to the SRIM-2013.00 software.

Material

UO2

CeO2

Projected range

Irradiation ions

Sn (keV/nm)

Se (keV/nm)

92 MeV 129Xe23+

0.26

24.6

6.5

110 MeV 238U31+

0.96

27.4

6.7

92 MeV 129Xe23+

0.20

20.9

7.5

110 MeV 238U31+

0.76

23.2

7.7

(µm)

5.3. Sample characterisation
5.3.1 Bulk UO2 and SIMFUEL
Characterisation of the as-produced bulk samples was conducted and
described by Hiezl et al. (Hiezl et al., 2015) as follows.
After sintering, the length and diameter of the pellets produced were
measured along with the bulk density using Archimedes’ method. One pellet from
each composition (pure UO2 pellet, low doped and high doped pellet) was mounted
in a resin, and polished and prepared for characterisation. The surface topography
was examined using SEM and optical microscopy. The average grain size was
calculated using the grain boundary interception method. An FEI Quanta
Environmental SEM operated in low vacuum mode at 0.6 torr with a backscattered
electron detector (BSED) and a large field detector (LFD) for secondary electrons
was used. The low vacuum mode enabled the insulating materials to be imaged
without the need to deposit a conductive layer (e.g., a carbon or gold film). For
optical characterisation, a Leica DMRX light microscope was used in reflected light
mode to collect images via a compatible Leica CCD (Charge-Coupled Device)
camera. The images obtained by the optical microscope were used to determine the
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porosities using the ImageJ image analyser software. The surface composition of the
samples was examined using EDX spectroscopy analysis performed with an Oxford
Instruments INCA system unit with a silicon drift detector (SDD). In addition, the
irradiated and unirradiated bulk UO2 samples were characterised at the
Environmental Molecular Sciences Laboratory (EMSL), USA, using XRD, XPS and
AFM techniques.
The aim of the XRD analysis was to examine the effect of the dopants and ion
irradiation on the lattice parameter and lattice strain in UO2. The XRD measurements
and data analysis were performed by M.E. Bowden. A Rigaku Miniflex II BraggBrentano diffractometer equipped with Cu Kα radiation and a post-diffraction graphite
monochromator was used. The unit cell dimensions, crystallite size and strain
parameters were obtained by whole-pattern (Pawley) fitting of the data with the
Topas software (v4.2, Bruker AXS). The peak shapes were modelled using the
fundamental parameters: the receiving-slit width, the receiving-slit length, the X-raysource size, the angle of divergence of the incident beam, the X-ray attenuation
coefficient of the specimen and the crystallite size (Cheary and Coelho, 1992); the
crystallite size and strain were obtained from line broadening through a double-Voigt
procedure (Balzar, 1999). The parameters fitted in the least-squares refinements
were:
i) background (Chebychev polynomial, 4 coefficients),
ii) specimen height,
iii) cubic lattice parameter (space group Fm-3m),
iv) line broadening (4 parameters – Lorentzian and Gaussian for each of
crystallite size and strain),
v) intensities for each of the 10 peaks in the diffraction range.
The aim of the XPS analysis was to examine whether the ion irradiation
caused any permanent U4+ ionisation to the higher oxidation states due to electronic
excitation during the electronic stopping of the ions in UO2. The XPS measurements
and data analysis were performed by E.S. Ilton. A Kratos Axis Ultra DLD
spectrometer with a monochromatic Al Kα X-ray (1486.7 eV) source at 10 mA, 15 kV
was used for excitation. The high collection efficiency was obtained using a magnetic
immersion lens. The instrument work function was calibrated to give a binding
energy (BE) of 83.96 eV ± 0.05 eV for the Au 4f7/2 line for metallic gold and the
spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line
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of metallic copper. High resolution analyses were carried out with an elliptical
analysis area with 300 and 700 µm minor and major axes, respectively, using pass
energies of 20 or 40 eV with a step size of 0.1 or 0.125 eV. These conditions
produced a full width at half maximum (FWHM) for the Ag 3d5/2 line of 0.54 or 0.77
eV, respectively. Regional scans of the U 4f, O 1s and C 1s region were recorded,
and the energy scale was referenced to adventitious C 1s at 285.0 eV. The C 1s line
was fitted and the lowest energy component was used as the energy reference. The
standards for U(VI), U(V) and U(IV) were used to determine the satellite structures
and primary peak parameters. Both the primary and satellite peaks for U4f were
used in the fitting procedure following the methodology outlined in Ilton et al. (Ilton et
al., 2012). The U(IV) and U(VI) standards were synthetic stoichiometric UO2(cr), as
used by Schofield et al. (Shchofield et al., 2008) and schoepite, respectively. The U
4f parameters for U(V) were derived by fitting the U 4f spectrum of a synthetic U(V)U(VI) oxyhydroxide phase, U(H2O)2(UO2)2O4(OH)(H2O)4, with the U(VI) standard.
The derived parameters are similar to those for monovalent U(V) alkali uranates (Liu
et al., 2009). The synthesis and characterisation (including XPS and X-ray
absorption spectroscopy (XAS) of this U(V) containing compound has been
described previously (Belai et al., 2008). The U 4f spectra were best fit after using
Shirley background (Shirley, 1972) subtractions by non-linear least squares fitting
using the CasaXPS curve resolution software – for example, see Figure 48. The
identification of the U oxidation states is best determined by the satellite structures,
not the U 4f binding energies, as discussed in Ilton and Bagus (Ilton and Bagus,
2011).
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Figure 48. An example of X-ray photoelectron spectra from the 4f7/2 and 4f5/2 transitions of uranium
4+
5+
6+
reveal the amount of U , U and U on the surface of a bulk sample to derive the oxidation factor x
in UO2+x.

The aim of the AFM analysis was to characterise the effect of the ion
irradiations on the surface topography of the samples. The AFM study and data
analysis were performed by A.S. Lea. A Digital Instruments Bioscope II AFM with a
NanoScope IV controller was used. Prior to the measurements, the surfaces of the
uranium oxide samples were cleaned first using acetone and subsequently with
methanol using cotton swabs. The surface topography was measured by utilising the
intermittent contact (tapping) mode using silicon cantilevers (K-Tek Tetra15) with a
nominal spring constant of 40 N/m, a scan size of 5 × 5 µm and a scan rate of 1.2
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Hz. The image data were subjected to first order flattening, which removes the Z
offset and tilt between the scan lines prior to the roughness measurements.
5.3.2. Thin films of UO2 on LSAT substrates
To assess the crystallographic orientations of the as-produced films and the
structural rearrangements caused by the ion irradiation, XRD and EBSD techniques
were applied. The samples were analysed in Bragg-Brentano geometry on a D8
Bruker diffractometer equipped with a primary Ge monochromator for Cu Kα1 and a
Sol-X solid state detector at the Department of Earth Sciences, University of
Cambridge. The irradiated samples were also investigated using standard BraggBrentano geometry on an Empyrean (Panalytical) diffractometer with a Ni-filter and
X’Celerator detector and on a Rigaku D/MAX 2500 diffractometer with a rotating
copper anode and curved graphite [002] monocromator for Cu Kα1,2 installed on the
secondary beam. The samples were spun during the signal collection in all cases. In
addition, the irradiated samples were also studied using grazing incidence geometry
(GIXRD) with incident angles between 0.5 and 2.5 degrees. XRD and GIXRD
measurements on an Empyrean (Panalytical) diffractometer were performed by A.A.
Shiryaev at the Frumkin Institute of Physical Chemistry and Electrochemistry RAS,
Russia. The Mercury v.3.3 software was used to assign reflections in XRD patterns
using appropriate reference files. EBSD instrumentation from AMETEK-EDAX
associated with a Carl Zeiss Sigma™ Variable Pressure SEM fitted with a Gemini™
field emission electron column and Digiview 3 high-speed camera were used. The
EBSD measurements and SEM (Carl Zeiss Sigma™) images were taken by P.G.
Martin at the Interface Analysis Centre, University of Bristol. The diffraction data
acquired from the EBSD analysis were recorded and processed using the OIM™
TSL software, which produced crystallographic orientation and phase maps from
predefined surface areas using an automated mapping routine. For EBSD mapping
of the samples, the accelerating voltage of the system was 30 kV, with the sample
rotated from horizontal – to 70° (20° from vertical ). A working distance of 8 - 10 mm
was used to ensure the correct pattern centre for the detector along with the best
signal for the Kikuchi band mapping. Orientation maps were made for areas typically
5 × 5 µm with a regular step of 0.025 µm using an automated mapping routine that
first recorded and then indexed the diffraction patterns. A conductive bridge was
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formed with a silver paste between the surface of the samples and the sample stage
to mitigate surface charging.
The surface morphology of the films was examined by means of SEM, optical
microscopy and AFM. SEM images were obtained using a Zeiss Leo Supra 50VP
scanning electron microscope equipped with an X-Max 80 mm2 EDX detector
(Oxford Instruments). Since no conductive coating was used to preserve the surface
of the films intact for subsequent studies and the samples have very low electric
conductivity, the SEM study was performed in low-vacuum conditions, with a
nitrogen pressure of 39 Pa to reduce the charging effects, and the signal was
collected by a variable pressure secondary electron (VPSE) detector. A Nikon
Eclipse E600 POL light microscope was used in reflected light mode to collect
images via a compatible Olympus digital camera. The AFM study was performed on
an NT-MDT N'Tegra Aura atomic force microscope with the use of diamond ART300 tips (Artech Carbon) with a radius of < 10 nm and cantilever resonance
frequency of ~300 kHz. XYZ tip movements were performed using a pre-calibrated
closed-loop piezotube scanner with capacity sensors. The errors, caused by scanner
geometry and non-linearities, were less than 3 % for the XY-directions, and 5 % for
the Z direction. Most areas of the images were measured in the intermittent contact
mode with a free cantilever oscillation amplitude in the range 100 - 200 nm for flat
surfaces and up to 500 nm in cases of highly damaged surfaces. A feedback loop
with a set point at 60 - 75 % of the initial amplitude was used. The lateral probe
movement rate was lower than 10 µm/min. The obtained AFM images were analysed
using the Gwyddion v2.3.3 stoftware (Nečas and Klapetek, 2012).
The thickness of the films was measured using transverse SEM (Zeiss Leo
Supra 50VP) at the cut cross sections – see Figure 54.
The surface composition was examined using the EDX (Oxford Instruments)
technique. Before every series of EDX measurements, the signal intensity was
recalibrated in low-vacuum mode using a Co standard sample.
The analyses of the samples by means of XRD (Rigaku D/MAX 2500
diffractometer) SEM (Zeiss Leo Supra 50VP), optical microscopy, EDX and AFM
were performed by V.A. Lebedev at the Department of Chemistry, Lomonosov
Moscow State University, Russia.
XPS analysis was performed to examine whether the ion irradiation caused
any permanent U4+ ionisation to the higher oxidation states. A Kratos Axis Ultra DLD
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spectrometer with monochromatic Al-Kα X-ray radiation (1486.6 eV) at 150 W X-ray
gun power under a pressure of 1.3 × 10–7 Pa at room temperature was used. The
analysed area was an ellipse with 300 and 700 µm minor and major axes,
respectively. The binding energy scale of the spectrometer was preliminarily
calibrated by the position of the peaks of core levels for pure gold and copper
metals: Au 4f7/2 (83.96 eV) and Cu 2p3/2 (932.62 eV). The spectra were acquired in
the constant analyser energy mode using a pass energy of 20 eV and a step size of
0.05 eV. The device resolution measured at the full width of the half maximum of the
Au 4f7/2 peak was less than 0.65 eV. The binding energies were measured relative to
the BE of the C 1s electrons from the hydrocarbons absorbed on the sample surface,
which was accepted as being equal to 285.0 eV. The FWHMs are given relative to
that of the C 1s XPS peak from hydrocarbon on the sample surface being at 1.3 eV
(Teterin and Teterin, 2002). The error in the determination of the BE and the peak
widths did not exceed ± 0.05 eV, and the error of the relative peak intensity did not
exceed – ± 5 %. The background related to inelastically scattered electrons was
subtracted with the Shirley method. The quantitative elemental analysis of a several
nanometer-deep layer of the studied samples was carried out. This was based on
the fact that the spectral intensity is proportional to the number of atoms in the
sample. The following ratio was used: ni/nj = (Si/Sj)(kj/ki), where ni/nj is the relative
concentration of the studied atoms, Si/Sj is the relative core-shell spectral intensity,
and kj/ki is the relative experimental sensitivity coefficient. The following coefficients
relative to the C 1s were used: 0.25 (C 1s); 0.70 (O 1s); 1.75 (Nb 3d5/2); 9.0 (U 4f7/2;
(Gouder and Havela, 2002)).
The XPS measurements were performed by K.I. Maslakov and analysed by
Yu. A. Teterin and his research group at Lomonosov Moscow State University and
the National Research Centre ‘Kurchatov Institute’, Russia.
The solutions obtained from the leaching of the irradiated and unirradiated
thin film samples were analysed on a Perkin Elmer SCIEX Elan DRC II quadrupole
ICP-MS at the Department of Earth Sciences, University of Cambridge. The
calibration standards for U, La, Sr, Al and Ta were prepared as an external
calibration using serial dilutions of standards (blank, 0.01, 0.05, 0.1, 1, 10, 100 ppb
(mass basis)) prepared from single element high purity standards (CPI, California,
USA) in high purity 1 vol% HNO3 (quartz distilled in house). The ICP-MS internal
standards were 10 ppb Rh and In in 1 vol% HNO3, added online with a t-piece and
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mixing tube prior to the nebuliser. An independently prepared quality control
standard, containing uranium among other elements at 0.25 ppb (mass basis), (SPSSW2, LGC Standards, UK), was repeatedly analysed throughout the run to check for
calibration accuracy (approx. 5 %) with similar precision. The instrumental drift was
less than 5 % measured for the raw intensity of the internal standards during the
entire analytical run. The solutions were analysed using a Micromist FM05
microconcentric nebuliser using a pumped flow rate of 80 µl/min (Glass Expansion,
Australia) and a quartz cyclonic baffled spray chamber with a platinum sampler and
skimmer cones. The ICP-MS sensitivity in this configuration was 5 × 104 cps/ppb In
with CeO/Ce ratios = 3 %. The concentration results were calculated using the Elan
v3.4 software with a simple linear calibration line and the intercept set to zero. The
raw intensities were blank subtracted and internal standard normalised before the
calibration calculations were performed. The obtained results are presented in
Section 7.1.
5.3.3. Thin films of UO2 on YSZ substrates
The crystallographic orientations of the as-produced UO2 films and the effect
of the irradiation damage on UO2 single crystal morphology were characterised using
the XRD and EBSD techniques. A D8 Bruker diffractometer equipped with a primary
Ge monochromator for Cu Kα1 and a Sol-X solid state detector operating in standard
Bragg-Brentano geometry was used for the XRD analysis at the Department of Earth
Sciences, University of Cambridge. Again, the Mercury v.3.3 software was used to
assign reflections in the XRD patterns. The same EBSD equipment as for the
analysis of the thin films of UO2 on the LSAT substrates was used.
The surface topography of the films was examined by means of high
resolution SEM (FEI Helios NanoLab 600) and high speed AFM. Again, no
conductive coating was used to preserve the surface of the films for other studies. To
reduce the surface charging, a silver paint was used to form conducting bridges
between the SEM stage and the edges of the film in each case. The contact mode
high speed AFM used in this work was custom built at the University of Bristol
(Klapetek et al., 2013; Payton et al., 2012).
The thickness of the films was measured using a coupled SEM and FIB (dual
beam) set-up and the results were verified using the SIMS technique. The dual beam
measurement was performed by depositing a protective platinum coating to act as
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an impingement plate (see Figure 71) followed by ion milling to a depth of 2 - 3 µm
using Ga+ ions (30 keV) and the thickness of the revealed UO2 film was measured
using high resolution SEM. The FIB was a FEI FIB Strata 201 and the SEM was a
FEI Helios NanoLab 600 with a three-axis micromanipulator. The equipment used in
the SIMS study was custom built at the University of Bristol. The sample stage was
kept at 3.93 kV. Ga1+ ions with an energy of 25 keV and an incidence angle of 45°
were used. The beam current was 1nA. The sputtering rate for UO2 was estimated to
be 0.3 nm/s based on the sputter ratio obtained from the SRIM-2013.00 software
and the calculation method developed at the University of Bristol, which was
experimentally verified. The SIMS study also allowed for assessing the stability of
the film-substrate interface before and after the irradiation.
The surface composition of the samples was assessed using the EDX technique.
An Octane-Plus™ silicon drift EDX detector with accompanying TEAM analytical
software from EDAX was used. Throughout, a consistent 20 kV accelerating voltage,
120 µm aperture and 2.3 nA current were used. The samples were positioned
horizontally at a working distance of 9 mm, to ensure that the maximum count rates
were received by the inserted detector.
The EBSD, SEM (Carl Zeiss Sigma™) and EDX measurements were performed
by P.G. Martin. The SEM (FEI Helios NanoLab 600) images were taken and the FIB
milling was performed by A.M. Adamska. The HSAFM images were taken and
processed by O.D. Payton. The SIMS measurements were performed by L. Payne at
the Interface Analysis Centre, University of Bristol.
The XPS analysis was performed in the same way as described above for the
UO2 thin films on the LSAT substrates.
5.3.4. Bulk and thin film samples of CeO2
The surface morphology of the CeO2 samples was studied using JEOL 820
SEM operating at the accelerating voltage of 20 kV, with a beam current of ~1 nA
and a working distance of 15 mm. No conductive coating was used for the thin film
samples to preserve the surface for subsequent studies. A bulk sample of CeO2 was
gold-coated to improve the surface conductivity.
The orientation of the as-produced thin film samples was analysed using a
PANalytical X'Pert MRD diffractometer with X’Celerator detector by our collaborators
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(P.K. Petrov and his research group) at Imperial College London. The Mercury v.3.3
software was used to assign reflections in the obtained XRD patterns.
The composition of two bulk samples was examined using a Cameca SX-100
electron microprobe analyser (EMPA). The analyser was equipped with 5
wavelength dispersive spectrometers capable of automated quantitative analysis.
Prior to the analysis, the samples were embedded in a resin, polished and carbon
coated to ensure conductivity for the analysis. The quantitative analysis was
performed using an accelerating voltage of 20 kV and a 1 µm beam size. Two
current conditions were employed with 100 nA being used for the trace elements
(Eu, Pr, Nd, Sm, Tb, La, Gd, Dy) and 10 nA being used for the major element, Ce.
Calibration of the equipment was performed using a set of rare earth elements.
A bulk sample of CeO2 was powdered using a mortar and pestle and
analysed in Bragg-Brentano geometry on a D8 Bruker diffractometer equipped with a
primary Ge monochromator for Cu Kα1 and a Sol-X solid state detector to verify the
identity of the sample and check for other phases.
The pH values of the CeO2 leaching solutions were measured using a FE20FiveEasy™ pH Mettler Toledo device with LE438 3 in 1 electrode, which uses the
Ag|AgCl reference system with a nylon reference junction.
The sampled solutions were analysed on a Perkin Elmer SCIEX Elan DRC II
quadrupole ICP-MS. The calibration standards for Ce and the other rare earth
elements (blank, 0.1, 0.25, 1, 10, 100 ppb (mass basis)) were prepared as an
external calibration using serial dilutions of a mixed rare earth element standard (CPI
International, California, USA) and also a multi element standard (SPS-SW2, LGC
Standards, UK) in high purity 1 vol% HNO3 (quartz distilled in house).
Following dissolution, the irradiated and unirradiated thin film samples were
analysed using JEOL 820 SEM.
The experimental techniques used in this work are described in Appendix 1.
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Chapter 6
Characterisation of the unirradiated and irradiated samples: results
and discussion
6.1. Bulk UO2 and SIMFUEL
6.1.1. Density and surface characterisation of the as-produced samples
As described by Hiezl et al. (Hiezl et al., 2015), the measured density values
suggest that the sintering method gave uniformly dense samples in the case of pure
UO2, but when dopants were added to the system, the density of the samples
decreased significantly – see Table 10. This density change possibly arises from the
second phase formation and the increase in porosity due to carbon dioxide liberation
from the carbonates and water vapour generation during the oxide reduction with
hydrogen.
Table 10. Immersion density values for the bulk UO2 samples. Source: (Hiezl et al., 2015).

Sample

Immersion density (g/cm3)

plain bulk UO2

10.69

doped bulk UO2, 25 GWd/tU

9.82

doped bulk UO2, 43 GWd/tU

9.74

The porosity data indicated that the presence of dopants increased the mean
pore diameter and area covered by pores, as compared to the case of the plain UO2
samples – see Table 11. This is consistent with the decreasing density trend as the
dopants are introduced. In addition, holes and voids can be found more frequently in
the doped samples and these are significantly larger than those in the plain samples.
However, highly porous regions were observed within the plain samples. The reason
for such highly porous regions could be air trapped between the granulates upon
final compaction. Figure 49 shows an example of an SEM image of the polished cut
cross-section of a plain bulk UO2 sample, where the grains and pores can be clearly
observed.
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Table 11. Mean pore diameters and percentage porosity area for the bulk UO2 samples. Source:
(Hiezl et al., 2015).

Sample

mean pore diameter (µm)

Area covered by pores
(%)

plain bulk UO2

0.8 ± 0.4

4.3 ± 0.6

doped bulk UO2, 25 GWd/tU

1.1 ± 0.6

15 ± 2

doped bulk UO2, 43 GWd/tU

1.2 ± 0.6

14 ± 2

Figure 49. An SEM image of the polished cut cross-section of a plain bulk UO2 sample. Source:
(Hiezl, 2014).

The addition of the dopants resulted in a grain size reduction – see Table 12.
Real spent AGR fuel has the grain size in the range of 3 - 30 µm with mode values in
the range of 10 - 20 µm (Morgan, 2011).
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Table 12. Average grain size at the surface and in the bulk of the bulk UO2 samples. Source: (Hiezl et
al., 2015).

Average grain size (µm)
Sample

Surface

Bulk

5±1

10 ± 2

doped bulk UO2, 25 GWd/tU

2.3 ± 0.6

4.2 ± 0.6

doped bulk UO2, 43 GWd/tU

1.7 ± 0.5

3±1

plain bulk UO2

The SEM-EDX analysis revealed that generally spherical submicron (0.8 ± 0.7
µm) Mo-Ru-Rh-Pd metallic precipitates and the grey-phase ((Ba, Sr)(Zr, RE)O3 oxide
precipitates, > 5 µm) formed within the UO2 matrix of the doped samples – see
Figure 50.

a

b

Figure 50. An SEM image of the secondary phases formed in the UO2 matrix of the doped samples:
(a) the grey-phase; (b) metallic particles. Source: (Hiezl, 2014).

The most pronounced change in density, pore size, porosity area and grain
size was observed when going from the plain UO2 to the low doped UO2. The
change in these parameters was moderate when going from the low doped to the
high doped UO2.
The smaller grain size of the doped samples was explained by Hiezl et al.
(Hiezl et al., 2015) in terms of different sintering mechanisms for the pure UO2 and
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doped samples. For the pure UO2 pellets solid state sintering takes place as the
melting point of UO2 is ~3150 K (Matzke et al., 2000). For the doped samples the
sintering mechanism is more complicated as a number of reactions occur between
numerous compounds. It is assumed that noble metal oxides are reduced to metals
in an H2 atmosphere. Binary, ternary and quaternary systems may form eutectics
and so melting can occur, which leads to liquid phase sintering.
6.1.2. AFM and XPS characterisation
The bulk UO2 samples used for the irradiations and reference comparison
were unpolished. The AFM study revealed high surface roughness (up to 2.4 µm) of
the samples – for example, see Figure 51. Hence, it is not possible to assess the
effect of the ion irradiations on the surface topography. In addition, large variations in
the surface roughness (up to 3 times) were observed between different regions of
the same sample.

Figure 51. An AFM image of an unirradiated doped UO2 (43 GWd/tU) sample.

The depth of the XPS measurement is such (~3 nm) that the study performed
on the irradiated and unirradiated bulk samples indicated that the samples were
subjected to significant surface oxidation and it is impossible to assess the effect of
the ion irradiations and doping on the oxygen coefficient. The oxygen coefficient
values were in the range 2.22 - 2.33, which corresponds to the surface composition
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from UO2+x (where x < 0.25) to U3O7. The proportion of U(IV), U(V) and U(VI) was in
the range 60 - 44, 36 - 47, 4 - 9 %, correspondingly.
6.1.3. XRD characterisation
The XRD study (see Figure 52 for an example of the XRD data) showed that
the average lattice parameter for unirradiated plain UO2 between the three samples
was measured to be 5.474 Å. This value is slightly higher than the value given in the
literature, of 5.469 Å (Bao et al., 2013). The unirradiated low and high doped
samples had a lattice parameter value of 5.472 Å, based on the analysis of one
sample for the low doped case and three samples for the high doped case. This
value is slightly smaller than for the unirradiated plain UO2 samples, as expected,
since dissolved fission products in UO2 were observed to decrease its lattice
parameter (Walker et al., 2005).
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Xe irradiated plain UO2
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Figure 52. An example of XRD results for bulk plain unirradiated and Xe irradiated samples.

The ion irradiation resulted in a lattice parameter increase – see Figure 53, as
expected (Matzke et al., 2000). The ion irradiation of the plain UO2 samples by U
ions resulted in a 0.01, 0.02 and 0.07 % increase in the lattice parameter for
irradiation fluences of 5 × 1010, 5 × 1011 and 5 × 1012 ions/cm2, respectively, as
compared to the average unirradiated value, based on the analysis of one irradiated
sample for each fluence. The ion irradiation of the plain UO2 samples by Xe ions
resulted in a 0.2 % increase in the lattice parameter based on the average value
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between two irradiated samples as compared to the average unirradiated value. The
Xe ion irradiation of the low and high doped samples resulted in a 0.2 % increase in
the lattice parameter for each level of doping based on the analysis of two samples
for each doping level as compared to the unirradiated samples.
High variation in the microstrain and crystallite size values for some samples
of the same type and lack of comparison measurements for other samples of the
same type suggested that only qualitative comparison is possible between the plain
and doped, irradiated and unirradiated samples. It can be concluded that by going
from the plain to the low and high doped samples, the microstrain and crystallite size
tended to increase. The increase in the microstrain can possibly be explained by
dopant interstitials and the size mismatch of the substitutional dopant atoms. The
increase in crystallite size could possibly result from melting and liquid sintering, as
discussed above. By going from the unirradiated to the irradiated samples, the
microstrain tended to increase and the crystallite size tended to decrease. The
increase in the microstrain is caused by the irradiation introduced defects, as
discussed in Section 3.1. The decrease in the crystallite size can be explained by
fragmentation of the original crystallites into smaller ones due to the impacts of high
energy ions.

Lattice Parameter (Å)

5.488
5.486
5.484
5.482
5.480
5.478

unirradiated plain UO2
U irradiated plain UO2
Xe irradiated plain UO2
Xe irradiated medium doped UO2
Xe irradiated highly doped UO2
unirradiated low doped UO2
unirradiated highly doped UO2

5.476
5.474
5.472
5.470
5.468
1.E+00

1.E+03

1.E+06

1.E+09

1.E+12

1.E+15

Fluence (ions/cm2)
Figure 53. Summary of the XRD results for the bulk irradiated and unirradiated UO2 samples.
2
Irradiation fluence of 1 ion/cm was assigned to the unirradiated samples to make the logarithmic plot
possible.
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6.2. Thin films of UO2 on LSAT substrates
6.2.1. Film thickness
Film thickness is one of the key parameters for thin films and this was
measured using transverse SEM on a cross section of the sample – see Figure 54.
Table 13 summarises the measured film thicknesses.

Figure 54. An example of secondary electron SEM image of the sample cross section for determining
film thickness, sample SN489 (UO2 film on LSAT (111)).

Table 13. Summary of the UO2 film thicknesses on the LSAT substrates measured using transverse
SEM on a cross section of the sample.

Sample

LSAT

Film thickness

name

(hkl)

(nm) (± 10%)

SN489

(111)

110

SN490

(001)

140

SN491

(001)

120

SN492

(110)

140

The depleted uranium target in the film growing set-up was replaced by a new
one that was about twice as thick as the previous one before growing these samples.
The deposition time was estimated based on the results for the previous thinner
target. Hence, this could possibly explain why the obtained film thicknesses were
smaller than the target one of 250 nm. The applied current to the target was
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fluctuating during the deposition process. This could possibly explain the variation in
the film thickness between the samples.
6.2.2. Surface topography and composition
The unirradiated samples all showed similar surface topography in both the
SEM and AFM studies. The samples were generally flat and the AFM measurements
(see Figure 55) give a root mean square (RMS) roughness as low as 0.4 nm, which
is close to the instrumental limit, and an average height variation of 5.8 nm over the
area of 40 × 40 µm of a contamination-free region of the sample. Particulate
contamination was observed at the surface of the samples and can be seen in
Figure 56. These contaminant particles were densely populated and had dimensions
as small as 30 nm. It is likely that they persisted throughout the entire film volume.

Figure 55. An AFM image of the surface topography of sample SN492 (UO2 film on LSAT (110)). The
regular fluctuations are attributed to instrumental effects for a very flat surface.
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Figure 56. A secondary electron SEM image of the surface topography of sample SN490 (UO2 film on
LSAT (001)) showing the presence of contaminants.

A contaminant film was observed on the uranium dioxide surface during the
SEM and AFM studies. The results of the EDX and XPS studies indicated that this
film was carbonaceous in nature. AFM imaging of the surfaces was complicated by
the cantilever having to penetrate through this contaminant film in order to reach the
UO2 surface below. As a result, adequate AFM images of the UO2 film were
produced only for samples SN491 and SN492.
A contamination assessment with the EDX technique of samples SN489 and
SN490 indicated that carbon (~15 wt%) and niobium (~3.5 wt%) were present in the
films. Chlorine containing particles were observed on the surface of sample SN489,
possibly from sample handling – see Figure 57 and Table 14. Trace amounts of
aluminium (~0.4 wt%) were also observed in the films.
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Figure 57. A secondary electron SEM image showing the EDX analysis points and area on the
surface of sample SN489 (UO2 film on LSAT (111)), with the quantification results shown in Table 14.

Table 14. Summary of the EDX results for sample SN489 (UO2 film on LSAT (111)) at the points
shown in Figure 57 (accelerating voltage 10 kV).

in wt%
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Spectrum 6
Spectrum 7
a
bdl – below detection limit

C

O

Al

Cl

Nb

U

16
25
23
23
14
14
8

5
12
7
13
8
8
15

bdla
bdl
bdl
bdl
bdl
0.4
0.5

16
bdl
16
bdl
9
1
bdl

3
3
2
3
3
4
3

60
60
52
61
67
73
73

The XPS study confirmed the presence of carbon and niobium contamination
and indicates that Nb is present in the Nb5+ oxidation state. Hence, it is likely that
niobium is present as Nb2O5 and located mainly in the particulate contaminants
distributed throughout the UO2 films. The work by Fu et al. (Fu et al., 2003) also
showed that regions of UO2 and Nb2O5 form during the oxidation of uranium-niobium
alloy with oxygen. Substitution of Nb5+ ions is not expected into the UO2 lattice, as
Nb5+ ions are smaller than U4+ by 23 % (Shannon, 1976).
A contamination layer on the UO2 film surfaces is most likely to have
originated from the adsorption of atmospheric CO2 and oil vapour from the vacuum
pumps used in the SEM, EBSD and XPS instruments. The UO2 surface becomes
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heavily charged under electron beam irradiation and this facilitates oil vapour
deposition.
The niobium contamination probably came from a niobium heating wire used
in the heater in the film growing chamber. The particulate contamination probably
came from the deposits on the walls of that chamber.
Aluminium incorporation into the UO2 films was also observed by Strehle et al.
(Strehle et al., 2012), when uranium dioxide films on sapphire (Al2O3) substrates
were produced. It seems to be the case that aluminium containing substrates are not
stable in terms of Al incorporation into uranium dioxide films. Aluminium ions are
smaller than uranium ions by ~40 % (Shannon, 1976); this might explain their
mobility in the UO2 lattice.
The irradiated samples are denoted by * throughout the text. The ion
irradiation caused significant restructuring of the films – see Figure 58. A discrete
circular microstructure was formed, with typical features for sample SN489* being 1 6 µm, for SN491* (SN490* behaves identically to SN491*) 2 - 10 µm and for SN492*
0.5 - 5 µm. This circular microstructure produced in sample SN492* exhibits a more
regular shape and is smaller in size compared to the other samples. All of the
samples exhibit greater circular features. The microstructure produced is similar to a
thin slice through the high burn-up structure in actual spent nuclear fuel (see Figure
8). However the scale of these features is significantly higher.

a

Continued on the next page

112

b

c

Figure 58. Secondary electron SEM images of irradiated samples: (a) SN489* (UO2 film on LSAT
(111)), (b) SN491* (UO2 film on LSAT (001)), (c) SN492* (UO2 film on LSAT (110)).

A high magnification SEM image of the circular feature and the surrounding
area for irradiated sample SN492* is shown in Figure 59. The microstructural
features produced that are linked to each other can be viewed as grains in
conventional polycrystalline materials.
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Figure 59. A high magnification secondary electron SEM image of the circular feature and the
surrounding area for irradiated sample SN492* (UO2 film on LSAT (110)).

The lower magnification SEM images (see Figure 60) show that the UO2 films
on the substrates with different crystallographic orientations exhibit different
microstructural patterns at the surface after irradiation. Samples SN490* and SN491*
(both with UO2 on LSAT (001)) exhibit densely populated regular lines intersecting at
right angles. Sample SN492* (UO2 on LSAT (110)) possesses fewer of these lines,
which intersect but not at right angles. For sample SN489* (UO2 on LSAT (111))
these lines were not observed at all. This difference and the origin of the lines are
difficult to explain without the irradiated blank substrates. Substrate restructuring
might have affected the microstructure of the uranium dioxide films.
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Figure 60. Low magnification secondary electron SEM images of irradiated samples: (a) SN489*
(UO2 film on LSAT (111)), (b) SN491* (UO2 film on LSAT (001)), (c) SN492* (UO2 film on LSAT
(110)).

The surface profiles from the AFM study (see Figure 61) indicated the
formation of a characteristic ‘cauliflower’ microstructure. In addition to forming
discrete small grains (~3 µm), larger circular (up to 40 µm) and linear formations
were observed. The RMS roughness increased to 60 - 70 nm and the average height
variation to 320 - 400 nm for the measurements over the area of 50 × 50 µm for
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sample SN489*, 80 × 80 µm for sample SN490* and 100 × 100 µm for sample
SN492*. Note that some of these features were observed even in a conventional
optical microscope – see Figure 62.

Figure 61. AFM images of irradiated samples: (a) SN489* (UO2 film on LSAT (111)), (b) SN490* (UO2
film on LSAT (001)), (c) SN492* (UO2 film on LSAT (110)).

a

Continued on the next page

116

b

Figure 62. Optical microscope images at ×100 magnification for irradiated samples: (a) SN489* (UO2
film on LSAT (111)) and (b) SN490* (UO2 film on LSAT (001)). The green bar in each image has a
length of 75 µm.

The results from the EDX study of samples SN490* and SN492* indicated
that the microstructure is not uniform in terms of elemental composition – see Figure
63 and Table 15. Hence, significant substrate-film mixing is indicated as a result of
the ion irradiations. In the grey regions around the grains (for example, spectra 2, 5,
8) the calculated uranium content is about 2.5 times higher than in the central
regions of the grains (for example, spectra 1, 6, 7), with niobium and carbon
contamination still persisting. The uranium content for irradiated sample SN492*
(UO2 film on LSAT (110)) is about twice that of irradiated sample SN490* (UO2 film
on LSAT (001)), at the corresponding points of analysis. This suggests that the UO2
film of sample SN492 is more resistant to mixing with the LSAT substrate than the
film of sample SN490 as a result of the ion irradiation.

117

Figure 63. A secondary electron SEM image showing the EDX analysis points on the surface of
irradiated sample SN492* (UO2 film on LSAT (110)), with the quantification results shown in Table 15.

Table 15. Summary of the EDX results for irradiated sample SN492* (UO2 film on LSAT (110)) at the
points shown in Figure 63 (accelerating voltage 20 kV).

in wt%

C

O

Al

Sr

Nb

La

Ta

U

Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Spectrum 6
Spectrum 7
Spectrum 8

8
14
11
14
7
10
8
9

19
16
18
17
17
19
19
17

5
3
3
3
4
5
5
4

19
8
11
8
11
17
19
13

1
2
2
2
2
1
1
2

14
7
9
8
8
13
13
11

19
8
11
9
12
17
18
14

14
41
36
40
40
18
17
29

The unirradiated films were characterised with EDX using an accelerating
voltage of 10 kV whereas the irradiated films were characterised using an
accelerating voltage of 20 kV. That is why a direct comparison between the EDX
results for the irradiated and unirradiated films is impossible.
Lozano et al. (Lozano et al., 1998) reported that two types of subgrains are
observed in the rim area of a high burn-up fuel (> 60 GWd/tU, locally): polyhedral
and round. The polyhedral subgrains, up to 0.8 µm in size, were attributed to be
characteristic of the high burn-up structure, whereas the round subgrains, of about
0.1 µm in size, were associated with free surface rearrangement, for example, inside
a pore. In the light of the results reported by Lozano et al. (Lozano et al., 1998),
118

Baranov et al. (Baranov et al., 2014) and Sonoda et al. (Sonoda et al., 2010), the
obtained results were somewhat unexpected. The irradiation conditions used in this
work in terms of the energy and mass of the ions and the attained fluence were very
similar to the irradiation conditions used in the work by Baranov et al. (Baranov et al.,
2014) and Sonoda et al. (Sonoda et al., 2010) (reviewed in Section 3.4.2). Hence, it
would be reasonable to expect very similar results from the ion irradiation, although
thin film samples were used instead of bulk polycrystalline UO2-based SIMFUEL or
plain UO2. Subdivision of the originally continuous film into discrete features was
observed, similar to the grain subdivision observed in the work by Baranov et al. and
Sonoda et al. (Baranov et al., 2014; Sonoda et al., 2010). However, the scale of the
features obtained in this work was significantly higher: the small grains are ~3 µm
and the larger circular formations are up to 40 µm. It can be suggested that in this
work local overheating and recrystallisation of the films took place as a result of the
pulsed nature of the beam.
6.2.3. Crystallographic analysis
The results of the XRD studies for the unirradiated samples indicated that, in
the experimental geometry employed, sample SN489 (UO2 film on LSAT (111)) had
only one peak from the UO2 film at 2θ = 77.9°, which can be identified as a 420
reflection – see Figure 64. Samples SN490 and SN491 (UO2 films on LSAT (001),
see Figure 65) showed 200, 400 and 600 UO2 reflections. In addition to that, there
was a weak reflection at 39.9° which can be assigne d to a 910 reflection from Nb2O5.
The diffraction patterns from samples SN490 and SN491 were the same. Sample
SN492 (UO2 film on LSAT (110)) showed strong 111, 222 and 333 and much weaker
220 and 311 UO2 reflections – see Figure 66.
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Figure 64. XRD results for sample SN489 (UO2 film on LSAT (111)) and LSAT (111) substrate
analysed on a D8 Bruker diffractometer and sample SN489* analysed on a Rigaku D/MAX 2500
diffractometer. The peaks at ~33 and 47 degrees can correspond to 200 and 220 reflections from the
UO2 film or 220 and 400 reflections from the LSAT substrate. XRD intensity for irradiated sample
SN489* was shifted upwards for clarity.
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Figure 65. XRD results for sample SN491 (UO2 film on LSAT (001)) and LSAT (001) substrate
analysed on a D8 Bruker diffractometer and sample SN491* analysed on an Empyrean (Panalytical)
diffractometer. The peak at ~42 degrees from sample SN491* is unidentified. XRD intensity for
irradiated sample SN491* was shifted upwards for clarity.
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Figure 66. XRD results for sample SN492 (UO2 film on LSAT (110)) and LSAT (110) substrate
analysed on a D8 Bruker diffractometer and sample SN492* analysed on a Rigaku D/MAX 2500
diffractometer. XRD intensity for irradiated sample SN492* was shifted upwards for clarity.

Niobium oxide was not generally observed in the XRD scans of the samples,
possibly due to its low concentration in the films. This observation is consistent with
the results obtained in the work by Strehle et al. (Strehle et al., 2012) where the codeposition of U and Nd was performed on YSZ substrates in the form of a uniform
distribution of Nd (UxNdyOz samples) and as a discrete layer at the film mid-plane
(UO2 + NdxOy samples). The XRD scans did not show any difference between pure
UO2 and the UxNdyOz, UO2 + NdxOy samples, which was explained in terms of the
dissolution of Nd in UO2 without phase separation for the UxNdyOz samples. The
observed behaviour of the UO2 + NdxOy samples could potentially be related to the
lack of crystallinity in the neodymium phase.
Only for samples SN490 and SN491 was it possible to obtain EBSD maps of
the samples’ surface (see Figure 67). The inverse pole figure (IPF) maps and IPF
triangular diagrams for samples SN490 and SN491 indicated that the surface of
these samples had (001) crystallographic orientation. The inverse pole figure map
shows distribution of crystallographic orientations on the surface of a sample. The
triangular inverse pole figure diagram shows crystallographic orientations of the
scanned points on the surface of a sample and is complementary to the IPF map.
The EBSD results for samples SN490 and SN491 were the same. The diffraction
signal from samples SN489 and SN492 was too weak to construct a diffraction map
of the surface, most likely due to a carbonaceous film deposit at the surface of the
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UO2 films. For sample SN489 the diffraction pattern was identical from different
points at the surface of the UO2 film, which implies the same crystallographic
orientation between the points. This is characteristic for single crystals. For sample
SN492 considerable variation was observed in the diffraction pattern at the different
points studied, which implies different crystallographic orientations between the
points. This is characteristic for polycrystalline materials.

a

b

Figure 67. EBSD results for sample SN491 (UO2 film on LSAT (001)): (a) the inverse pole figure map
and (b) the corresponding inverse pole figure triangular diagram.

Based on the expected epitaxial relationship for a UO2 film on the LSAT (001)
substrate and the results obtained from the XRD and EBSD studies, it could be
suggested that the UO2 films in samples SN490 and SN491 can be considered as
single crystals. However, in-plane φ XRD scans should be conducted to verify a
single growth domain as described by Strehle et al. (Strehle et al., 2012).
Unfortunately, the available equipment did not allow for conducting this work.
Sample SN489 can be described as preferentially oriented in (210) and sample
SN492 is most likely to be polycrystalline with a (111) preferred orientation. The
experiment reported by Lander et al. (Lander et al., 2013a) stated that a UO2 film
grown on the (001) LSAT substrate results in a high quality (001) single crystal UO2
film.
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From the XRD data for the irradiated samples it becomes evident that the ion
irradiation resulted in noticeable structural rearrangements. The diffraction pattern
from sample SN489* (see Figure 64) showed that the UO2 420 reflection
disappeared and new ones appeared: UO2 111, 311 and possibly 200 and 220. UO2
reflections 200 and 220 overlap with LSAT reflections 220 and 400, respectively.
Reflection 111 from the substrate disappears but reflections 222, 333, 444 and 555
persist. An amorphous hump between 20 and 37 degrees was also formed, which
was ascribed to partial amorphisation of the substrate. Samples SN490* and SN491*
(see Figure 65) retained the 200 and 400 UO2 reflections. In addition to that, 111 and
311 UO2 reflections appeared. Reflection 200 from the substrate disappeared but
reflection 400 persisted. An unidentified reflection at ~42 degrees and an amorphous
hump between 21.5 and 36 degrees were also observed. The diffraction pattern from
samples SN490* and SN491* were the same. Sample SN492* retained the UO2
reflections 111, 220 and 311 – see Figure 66. The UO2 reflection from 222
disappeared. The reflections from the substrate persisted. An amorphous hump
between 20.5 and 33.5 degrees was also observed. The widths and positions of the
reflections from the UO2 films and substrates for the corresponding unirradiatedirradiated pairs remained largely unchanged, although the data were obtained on
different diffractometers.
The new reflections that were observed in the XRD study and the associated
changes in the surface morphology of the irradiated samples could possibly be
explained by local overheating and recrystallisation of the films caused by the pulsed
nature of the beam.
Disappearance of the reflections from the low indexed planes (small 2θ,
shallow X-ray penetration) of the substrates and the persistence of the reflections
from the high indexed planes (greater 2θ, deeper X-ray penetration) can be
rationalised in terms of greater damage occurring to the top layer of the substrates,
which is responsible for the low indexed reflections and smaller degree of damage to
the deeper layer of the substrates, which is responsible for the higher indexed
reflections.
Since the xenon ions have a penetration depth of about 6.5 µm in UO2 and
the uranium dioxide films have a maximum thickness of 140 nm, the LSAT
substrates were also subjected to irradiation damage. Unfortunately, no clean
substrates without a UO2 film were irradiated to assess the crystallographic
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rearrangements in the single crystal LSAT substrates alone. In addition, some
reflections from LSAT and UO2 do overlap in the XRD analysis. Hence, it is not
possible to distinguish between some possible LSAT and UO2 reflections that can
result from the ion irradiation.
Grazing incidence XRD measurements conducted over the irradiated samples
showed that samples SN490* (see Figure 68) and SN491* did not produce virtually
any diffraction pattern, which indicates that the films were severely damaged.
Sample SN489* showed a weak diffraction pattern from the film, which is consistent
with the bulk XRD result – see Figure 69. Sample SN492* showed a well-defined
diffraction pattern from the film, which is consistent with the bulk XRD results – see

Intensity

Figure 70.

500
450
400
350
300
250
200
150
100
50
0
10

30

50

70

2θ (degrees)
Figure 68. GIXRD result for sample SN490* (UO2 film on LSAT (001)): virtually no diffraction pattern
can be identified. Ω = 2.5°.
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Figure 69. GIXRD result for sample SN489* (UO2 film on LSAT (111)): a weak diffraction pattern can
be identified. Ω = 2.5°.

124

Intensity

UO2
111

500
450
400
350
300
250
200
150
100
50
0

LSAT
220
UO2
220

15

25

35

45

UO2
311

55

65

2θ (degrees)
Figure 70. GIXRD result for sample SN492* (UO2 film on LSAT (110)): a well-defined diffraction
pattern can be observed. Ω = 2.5°.

For sample SN492*, the GIXRD result is consistent with the EDX analysis,
where it was observed that the UO2 film of sample SN492 was more resistant to
irradiation induced mixing with the LSAT substrate than the film of sample SN490.
No diffraction pattern was observed in the EBSD study from the irradiated
samples. This was attributed to the considerable surface roughness caused by the
ion irradiation.

6.3. Thin films of UO2 on YSZ substrates
6.3.1. Film thickness
The dual beam (SEM-FIB) measurements performed for irradiated samples
SN553* (Figure 71) and SN556* indicated that the films had a thickness of ~150 nm
(± 10%). The film thickness for samples SN551, SN554 and SN557 is assumed to be
the same as for samples SN553* and SN556*, as these films were deposited for the
same amount of time (1000 s), except for sample SN552 (600 s), under similar
conditions. The deposition time for sample SN552 was 600 s due to malfunctioning
of the equipment. This resulted in an average film growth rate of 1.5 Å/s and allows
the film thickness for sample SN552 to be estimated as ~90 nm. For unirradiated
sample SN554 it was not possible to resolve between the UO2 film and the substrate
in the SEM image, possibly due to low electrical conductivity of the film.
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Figure 71. An SEM image of the film cross section cut with FIB for irradiated sample SN553* (UO2
film on YSZ (110)). The UO2 film can be clearly observed.

Verification using SIMS resulted in a film thickness for samples SN553* and
SN554 of ~160 nm (see Figure 88), which is in good agreement with the dual beam
measurements.
6.3.2. Surface topography and composition
As no conductive coating was used and UO2 has low electrical conductivity
(Shoesmith and Sunder, 1992), the unirradiated films showed severe surface
charging. As a result, difficulties were encountered with focusing to produce resolved
images. The only exception was sample SN554, where regular nano-scale ripples
can be observed (see Figure 72) similar to that observed in the work by Bao et al.
(Bao et al., 2013) for a UO2 film grown on a LaAlO3 substrate.
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Figure 72. A secondary electron SEM image of the surface topography of unirradiated sample SN554
(UO2 film on YSZ (110)). A nano-scale regular wave pattern can be observed.

The high speed AFM study showed that the unirradiated films all have very
flat surfaces (for example, see Figure 73a) with RMS roughness values of 2.0, 1.4
and 1.0 nm for samples SN552, SN554 and SN557, respectively.

Figure 73. A 3D surface topography and its projection obtained by HSAFM for (a) unirradiated
sample SN552 (UO2 film on YSZ (001)) and (b) the corresponding irradiated sample SN551* (UO2
10
2
film on YSZ (001), 5 × 10 ions/cm ).
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In contrast, the irradiated samples were much less prone to surface charging.
Hence, it was easier to produce well-resolved images. SEM images taken normal to
the surface of the irradiated samples are shown in Figure 74. Sample SN551* (see
Figure 74a) showed a rectangular shaped grain structure with dimensions of ~30 40 × 5 nm and circular features with a diameter of ~10 nm. Sample SN553* (see
Figure 74b) showed regular nano-scale ripples similar to those observed in sample
SN554 (see Figure 72) and circular features similar to those observed in sample
SN551* with a diameter of ~10 nm. Sample SN556* (see Figure 74c) showed similar
features to sample SN551* – shorter rectangular shaped grain structure with
dimensions of ~10 - 20 × 6 nm and circular features with a diameter of ~10 nm.
The fact that the irradiated samples showed less surface charging can be
attributed to an increase in the UO2 conductivity as a result of the defects produced
by the low fluence irradiations.

a

Continued on the next page
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Figure 74. Secondary electron SEM images perpendicular to the surface of the irradiated samples by
10
2
U ions to a fluence of: (a) SN551* (UO2 film on YSZ (001)), 5 × 10 ions/cm ; (b) SN553* (UO2 film on
11
2
12
2
YSZ (110)), 5 × 10 ions/cm ; (c) SN556* (UO2 film on YSZ (111)), 5 × 10 ions/cm . The circular
features are seen as light circles.

Nano-scale grains for the unirradiated samples were not observed due to
surface charging, but it is expected that the unirradiated samples also have this
nano-scale structure in the same way as samples SN553* and SN554 have the
nano-scale ripple structure. A speculative suggestion can be made that the formation
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of this nano-structure is caused by the compression stress in the UO2 film due to the
lattice parameter mismatch between the UO2 film and the substrate. Hence, the
observed elongated grains and ripples can be seen as the film folds to accommodate
the strain, thus relieving the unit cells from the compressive strain. Hence, single
crystal UO2 can grow on YSZ substrates despite the 6.4 % lattice mismatch.
SEM images taken at an angle of 52° to the surface of the irradiated samples
are shown in Figure 75. Hillock features with diameters in the range of 10 - 15 nm
can be identified for sample SN551* (see Figure 74a). Sample SN553* (see Figure
74b) also showed hillock features over the ripple structure with diameters in the
range of 10 - 15 nm. Sample SN556* (see Figure 74c) showed similar surface
topography to sample SN551* – more densely populated hillock features with
diameters in the range of 10 - 15 nm. It was noted that when the surface of the
samples was inclined to the electron beam, it was easier to obtain focused SEM
images as opposed to when the surfaces were perpendicular to the beam.
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Figure 75. Secondary electron SEM images at an angle of 52° to the surface of the irradiated
10
2
samples by U ions to a fluence of: (a) SN551* (UO2 film on YSZ (001)), 5 × 10 ions/cm ; (b) SN553*
11
2
12
2
(UO2 film on YSZ (110)), 5 × 10 ions/cm ; (c) SN556* (UO2 film on YSZ (111)), 5 × 10 ions/cm .
The hillock features are seen as light spots.

The HSAFM study showed that the ion irradiations resulted in hillock features
with heights in the region of 10 nm – see Figure 73b. The root mean square
roughness values increased to 4.4 (by 120 %), 7.6 (by 450 %) and 4.9 (by 390%) for
samples SN551*, SN553* and SN556*, respectively.
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By combining the SEM analysis at different imaging angles with the HSAFM
study it is possible to conclude that the circular features observed in the SEM images
taken perpendicular to the surface are the hillock features observed in the SEM
images taken at an angle to the surface and the HSAFM study. In addition, it can be
suggested that these hillock features form as a result of individual ion impacts.
However, the observed hillock density does not correlate with that expected from the
irradiation fluences: analysis of the HSAFM data showed that the hillock density
increased only by a factor of two (not 10, as would be expected) by going from
sample SN551* (5 × 1010 ions/cm2) to sample SN553* (5 × 1011 ions/cm2). Further
work is needed to clarify this observation. For example, irradiations of the films on
the same substrate at consecutive fluences could be performed.
An increase in electrical conductivity (due to irradiation induced defects) and
surface area (due to hillock structures) might increase the dissolution rate of the UO2
matrix (Matzke, 1992a). Hence, electrical conductivity measurements of the films
and subsequent dissolution experiments to test these hypotheses are suggested.
As in the case with the UO2 films on the LSAT substrates, a contaminant film
was observed on the uranium dioxide surface during the HSAFM study. The results
from the EDX and XPS studies indicated that this film is carbonaceous in nature.
HSAFM imaging of the surface was complicated in the same way as for the UO2
films on the LSAT substrates. Micron and sub-micron scale contamination particles
were also observed at the surface of the films – see Figure 76.
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Figure 76. A secondary electron SEM image of surface contamination of sample SN556* (UO2 film on
YSZ (111)). Note the linkage between the contaminant particle and the film.

The film composition was examined using EDX. Because of the penetration
depth of the electrons the signals obtained contained a significant contribution from
the substrate elements. However, some useful information about the surface of the
samples could still be deduced. The EDX point analysis at the surface of the films
free from particulate contamination provided two observations: 1) a high level of
carbon contamination – 30 - 45 atomic %; 2) high signal contribution from the
substrate elements (see Figure 77a). When the analysis point was located at a
contaminant particle on the surface of the film, this indicated that the particle mainly
consists of oxides of U, Ta and Nb (see Figure 77b). Carbon contamination was
again observed.
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b

Figure 77. Images of the EDX analysis points and the corresponding elemental composition for
sample SN552 located at: (a) the surface of the film free from particulate contamination, (b) a
contaminant particle on the surface of the film.

The XPS study again confirmed the presence of carbon and indicated niobium
contamination at the surface of the films. The origins of the carbon, niobium and
particulate contamination are more likely to be the same as for the UO2 films on the
LSAT substrates. The contaminant particle composition (U, Nb, Ta) supports the
suggestion that they originate from the walls of the growing chamber (tantalum target
is used in that chamber). It could be suggested that these contaminant particles
might act as local catalytic sites – they might increase or decrease the corrosion rate
of the UO2 film in the vicinity.
6.3.3. Crystallographic structure
The results of the XRD studies for the unirradiated samples indicated that, in
the experimental geometry employed, sample SN552 had three reflections
originating from the UO2 film that can be identified as 200, 400 and 600 reflections –
see Figure 78. Sample SN554 showed 220 and 440 UO2 reflections – see Figure 79.
The diffraction pattern from sample SN557 showed 111, 222 and 333 UO2
reflections – see Figure 80.
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Figure 78. XRD results for samples SN551*, SN552 (UO2 films on YSZ (001)) and YSZ (001)
substrate.
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Figure 79. XRD results for samples SN553*, SN554 (UO2 films on YSZ (110)) and YSZ (110)
substrate.
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Figure 80. XRD results for samples SN556*, SN557 (UO2 films on YSZ (111)) and YSZ (111)
substrate.

Niobium oxide was not observed again in the XRD scans of the samples,
possibly, due to its low concentration in the films or because it does not form
crystalline phases.
Williamson-Hall and Scherrer analyses were performed to provide an estimate
of the crystallite sizes in the as-produced UO2 thin films and their irradiated
counterparts (see Appendix Section A1.12.3). The Scherrer equation alone was not
expected to provide a reasonable estimate due anticipated high microstrains caused
by the lattice mismatch between the substrate and the film and the ion irradiations,
but it was used for completeness of the discussion. Results are presented in Figure
81 - Figure 83 and summarised in Table 16. To perform the Williamson-Hall plots
(Figure 81 - Figure 83), the instrumental broadening (βinstrumental(2θ)) was corrected
as:
V(2W)  ((VXKMYXL (2W)) − (VZ?M[YX?[K\ (2W)) )&/

(Equation 22).

Integral peak width, defined as the width of a rectangle with the same height
and area as the diffraction peak, was used in the analysis. Gaussian peak fitting in
the OriginPro 9.0 software was used to estimate the integral peak width. In the
Scherrer analysis, the shape factor K was assumed to be 1 and the crystallite size
was evaluated at reflection 200 for pair SN551*/SN552, 220 for SN553*/SN554 and
111 for SN556*/SN557.
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Figure 81. A Williamson-Hall plot for sample pair SN551*/SN552 (UO2 films on YSZ (001)).
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Figure 82. A Williamson-Hall plot for sample pair SN553*/SN554 (UO2 films on YSZ (110)).
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Figure 83. A Williamson-Hall plot for sample pair SN556*/SN557 (UO2 films on YSZ (111)).

Table 16. Summary of the Williamson-Hall and Scherrer analyses results for the thin films of UO2 on
the YSZ substrates: microstrain, crystallite size estimation from the Williamson-Hall and Scherrer
analyses.

Sample
name
SN551*

UO2
film
(hkl)

Fluence
(U ions/cm2)
5 × 1010

Microstrain
0.007

0
5 × 1011

0.005
0.006

0
5 × 1012

0.003
0.004

0

0.004

(001)
SN552
SN553*

Crystallite size
(nm),
WilliamsonHall
negative
intercept
500
60

Crystallite size (nm),
Scherrer
20
30
10

(110)
SN554
SN556*
(111)
SN557

260
60
negative
intercept

30
20
50

The estimates of the crystallite size for the unirradiated samples from the
Williamson-Hall analysis are unrealistic, since they exceed the film thickness of the
samples (90 nm SN552, 150 nm SN554, respectively) or show a negative intercept
with the y-axis (SN557). This indicates that the Williamson-Hall analysis is not strictly
applicable for this system but can be used to determine some trends. The Scherrer
equation underestimated heavily the crystallite size since it does not take account of
the microstrain broadening. Hence, it can be concluded that the microstrain
broadening dominates over the crystallite size broadening for these films.
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The inverse pole figure maps and the corresponding inverse pole figure
triangular diagrams from the EBDS study for samples SN552, SN554 and SN557
indicated that the surface of these samples have (001), (110) and (111)
crystallographic orientations, respectively – see Figure 84. Kernel average
misorientation (discussed in Appendix Section A1.2.2.) was used to assess the effect
of the ion irradiations on the structural alterations in the films. The EBSD results are
summarised in Table 17.
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a

b

c

Figure 84. Image quality and the inverse pole figure overlapped maps and the corresponding
triangular IPF diagrams for unirradiated samples: (a) SN552 (UO2 film on YSZ (001)); (b) SN554 (UO2
film on YSZ (110)); (c) SN557 (UO2 film on YSZ (111)).
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Table 17. Summary of the EBSD results for the thin films of UO2 on the YSZ substrates: (hkl) of the
as-produced and the irradiated UO2 films and the corresponding average values of the kernel average
misorientation angle.

Sample
name

YSZ substrate
(hkl)

UO2
film
(hkl)

Fluence
(ions/cm2)

Average value of kernel
average misorientation
angle (°)

SN551*
SN552

(001)
(001)

(001)
(001)

5 × 1010
0

0.3
0.2

SN553*

(110)

(110)

5 × 1011

0.8

SN554

(110)

(110)

0

0.2

SN556*

(111)

(111)

SN557

(111)

(111)

12

5 × 10
0

0.7
0.2

The XRD and EBSD results indicated that the sputtering of UO2 onto the YSZ
substrates results in epitaxial growth of the UO2 films, where UO2 matches the
crystallographic orientation of the YSZ substrates. Based on the expected epitaxial
relationship for the UO2 films on the YSZ substrates and the results obtained from
the SEM, XRD and EBSD studies it could be suggested that the UO2 films on the
YSZ substrates can be considered as single crystals. However, in-plane φ XRD
scans should be conducted to verify a single growth domain as described by Strehle
et al. (Strehle et al., 2012). Unfortunately, the available equipment did not allow for
conducting this work. Uranium dioxide films on (001) YSZ substrates, produced
under similar conditions, were thoroughly characterised by Strehle et al. (Strehle et
al., 2012) and it was shown that these films are single crystals. The experiment
reported by Lander et al. (Lander et al., 2013b) stated that UO2 films grown on YSZ
substrates are high quality (001), (110) and (111) single crystals. Lin et al. (Lin et al.,
2014) reported that single phase, close to stoichiometric UO2 thin films with a (220)
preferential orientation were formed by using middle frequency pulsed direct current
magnetron sputtering onto (001) Si and (110) YSZ substrates. Unfortunately, it was
not stated explicitly for which substrate (YSZ or Si, or both) the (220) preferential
orientation was observed.
From the XRD data for the irradiated samples it became evident that the ion
fluence was not sufficient to cause structural rearrangements that alter the
crystallographic orientation of the thin film. The damage, in terms of displacements
per atom, accumulated in the irradiated UO2 films was low: ~5 × 10-5 dpa in sample
SN551* (5 × 1010 ions/cm2), ~5 × 10-4 dpa in sample SN553* (5 × 1011 ions/cm2) and
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~5 × 10-3 dpa in sample SN556* (5 × 1012 ions/cm2) as estimated by the SRIM2013.00 software. It is also known that UO2 is very efficient in recovery of the
radiation damage: 80 % of the defects produced during a fission event recombines
within the life-time of the displacement cascades of the fission spike (Matzke, 1982).
As a result, the diffraction pattern from sample SN551* showed no noticeable
changes to what was observed for the corresponding unirradiated sample SN552 –
see Figure 78. This indicates that the irradiation fluence was too low to cause any
observable structural alterations. Sample SN553*, irradiated to a fluence of 5 × 1011
ions/cm2, showed peak broadening with a slight shift towards lower values of 2θ for
the UO2 reflections, as compared to the corresponding unirradiated sample SN554 –
see Figure 79. The reflections from the substrate in sample SN553* remained
virtually unchanged as compared to the reflections from the substrate in sample
SN554. The most pronounced peak broadening with a shift towards higher values of
2θ for UO2 was observed for sample SN556*, irradiated to the maximum fluence of 5
× 1012 ions/cm2 used in this study, as compared to the corresponding unirradiated
sample SN557 – see Figure 80. Sample SN556* also showed minor peak
broadening with a slight shift towards lower values of 2θ for reflections from the
substrate.
As discussed in Appendix Section A1.12.3, the observed peak broadening is
caused by the size reduction in the coherent crystallite domains and microstrain
induced by the ion irradiation. A shift in the 2θ position arises from a variation in the
lattice plane separation caused by the ion irradiation. Shifts towards lower values of
2θ, observed for most of the cases, indicates an increase in the lattice plane
separation (unit cell swelling), which is the expected response to radiation damage –
see Figure 12. The shift towards higher values of 2θ observed for the UO2 reflections
in sample SN556*, indicating lattice contraction, was rather unexpected. A possible
explanation for the observed lattice contraction could be that the extended network
of ion tracks caused the compression of the film resulting in individual unit cell
contraction. Alternatively, the ion irradiation could have induced Zr incorporation from
the substrate into the UO2 film. Zirconium ions are partially soluble in the UO2 lattice
and are known to cause significant lattice contraction (Cobos et al., 1998).
The Williamson-Hall analysis and Scherer equation (Table 16) indicated that
ion irradiation results in decreased crystallite size, as expected. The negative
intercept for irradiated sample SN551* relative to sample SN552 can be explained by
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the greater film thickness of sample SN551* (150 nm vs 90 nm) and the low
irradiation fluence. For sample pairs SN551*/SN552 and SN553*/SN554 the ion
irradiation caused an increase in the microstrain by 40 % and 100 %, respectively,
and for sample pair SN556*/SN557 no increase in the microstrain was observed as a
result of the ion irradiation. The increase in the microstrain is related to the defects
induced by the irradiations. The reason that no microstrain variation was observed
for pair SN556*/SN557 is not clear, but the dependence of the microstrain on
radiation damage is complex (see Figure 12).
The inverse pole figure maps from the EBSD study also indicated that
irradiation even to a maximum ion fluence of 5 × 1012 ions/cm2 did not cause any
significant restructuring and the irradiated samples retained their crystallographic
orientation – see Figure 85. However, the triangular IPF diagrams showed more
scatter for the irradiated samples in contrast to the corresponding unirradiated ones
– compare Figure 85 with Figure 84. Hence, some degree of restructuring took place
as a result of the ion irradiation.

143

a

b

c

Figure 85. Image quality and the inverse pole figure overlapped maps and the corresponding
10
2
triangular IPF diagrams for irradiated samples: (a) SN551* (UO2 film on YSZ (001), 5 × 10 ions/cm );
11
2
12
(b) SN553* (UO2 film on YSZ (110), 5 × 10 ions/cm ); (c) SN556* (UO2 film on YSZ (111), 5 × 10
2
ions/cm ).
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The plots of number fraction for the corresponding values of KAM for the UO2
films on YSZ substrates (see Figure 86) suggested that the ion irradiation resulted in
three observations:
1) the average values of KAM increased;
2) the maximum values of KAM increased;
3) the range of KAM values increased, as compared to the corresponding
unirradiated samples.
Hence, the graphs for the irradiated samples shifted to the right (observation 1
and 2) and expanded (observation 3).
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SN552 (UO2 film on YSZ (001))
SN551* (UO2 film on YSZ(001))

Number fraction

0.10

SN554 (UO2 film on YSZ (110))
SN553* (UO2 film on YSZ (110))

0.08

SN557 (UO2 film on YSZ (111))
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SN556* (UO2 film on YSZ (111))
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0.00
0

0.5
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1.5

2

Kernel average misorientation angle (°)

Figure 86. Plots of number fraction for the corresponding values of KAM for the UO2 films on the YSZ
substrates.

The observation that sample SN553* with the UO2 film in (110)
crystallographic orientation, irradiated to a fluence a factor of 10 less than sample
SN556* with UO2 in the (111) orientation, has a larger value of average KAM (0.8°)
than sample SN556* (0.7°) suggests that the (111) c rystallographic plane of UO2 is
more resistant to ion impact than the (110) plane. In addition, the HSAFM study
showed that sample SN553* had both a higher RMS roughness value and a relative
increase in roughness as compared to its corresponding unirradiated sample than
sample SN556*. The observation that different crystallographic orientations have
different ion irradiation stabilities was noted by others. For example, the work by
Usov et al. (Usov et al., 2014) reported that different crystallographic orientations of
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single crystal YSZ (fluorite type structure) showed different irradiation tolerances. Liu
et al. (Liu et al., 2014) reported the same observation for grains with different
crystallographic orientations in polycrystalline tungsten. This observation allows for
proposing that grains with different crystallographic orientations in the polycrystalline
UO2 matrix of actual nuclear fuel will have different responses to radiation damage
by fission fragments. As a result, spent nuclear fuel will have grains with lower or
higher structural and chemical stability due to fission damage. This observation
again shows that real spent nuclear fuel is a complicated heterogeneous system.
6.3.4. Film thickness verification and stability of the film-substrate interface
A secondary ion mass spectrometry study was performed for samples
SN553* and SN554. The aim of the study was:
1) to verify the film thickness obtained from the dual beam measurement for
sample SN553*;
2) to verify the assumption that the films deposited for the same amount of
time under similar conditions have the same thickness;
3) to examine the effect of ion irradiation on mixing at the film-substrate
interface.
The mass spectrometer calibration for samples SN553* (see Figure 87) and
SN554 showed that the UO2 films were contaminated with C, Nb and Ag. Silver
contamination arises from the use of silver paste to mount the samples onto the
SEM stages and it is present only at the surface of the films in the form of discrete
particles.
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Figure 87. A plot for mass spectrometer calibration for sample SN553*. The calibration plot for
sample SN554 is similar to sample SN553*.

Figure 88 shows a plot of the SIMS results for the U-Zr pair (U is the film
element, Zr is the substrate element) for samples SN553* and SN554. The film
thickness can be estimated by drawing a tangent at the point where the most rapid
increase in the relative percentage of sputtered Zr ions occurs. The estimation
shows that the film thickness for both samples is about 160 nm. This is in good
agreement with the film thickness of ~150 nm measured by the dual beam method
for samples SN553* and SN556*. Hence, the assumption that the films deposited for
the same amount of time under similar conditions have the same thickness is valid.
The relative shapes of the U and Zr curves for samples SN553* and SN554
indicate that irradiation with 110 MeV U ions to a fluence of 5 × 1011 ions/cm2 did not
cause any significant elemental mixing at the film-substrate interface and film
sputtering, as compared to the unirradiated sample. The undulated shape of the U
curve between 0 and 100 nm for the irradiated sample SN553* suggests that the U
distribution in the film becomes less uniform, as compared to the unirradiated case.
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Figure 88. A plot of the SIMS results for the U-Zr pair for irradiated sample SN553* and unirradiated
sample SN554. Zr is the substrate element and U is the film element.

6.4. Bulk and thin film CeO2 samples
The SEM characterisation of the CeO2 thin films, the EPMA analysis of the
bulk CeO2 samples, the dissolution experiment and the solution characterisations
were performed by S. Le Solliec (a summer Maitrise student from l'École Nationale
Supérieure de Chimie de Clermont-Ferrand) under the author’s supervision at the
Department of Earth Sciences, University of Cambridge.
6.4.1. Film thickness
As noted in the sample production section, it is likely that the films produced
had different thicknesses, as they were different colours: Ce-AP1 was violet, Ce-AP2
was green and Ce-AP3 was brown.
After the xenon irradiation, two irradiated CeO2 thin film samples (Ce-AP2*
and Ce-AP3*) and an unirradiated one (Ce-AP1) were cut in half using a diamond
saw in the same way as the UO2 samples on the LSAT substrates were cut before
the irradiation. An attempt was made to measure the film thickness of the samples
using transverse SEM on a cross section of the sample in the same way as the film
thickness was measured for the UO2 samples on the LSAT substrates. Due to
technical limitations of the equipment it was impossible to obtain resolved images of
the films and the film thickness was not measured but the target thickness was 250
nm.
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6.4.2. Crystallographic structure of CeO2 thin films
The crystallographic orientation of the as-produced thin films of CeO2 was
examined by XRD. Figure 89 shows the results obtained. All three samples showed
a 111 reflection from CeO2 and a 400 reflection from Si. In addition, sample Ce-AP2
showed a weak 200 CeO2 reflection, two unidentified reflections at 36.9° and 38.0°
and a strong 222 CeO2 reflection. The intention was to produce single crystal CeO2
films in the (111) orientation. From the available information it can be suggested that
samples Ce-AP1 and Ce-AP3 are single crystals and sample Ce-AP2 is
preferentially oriented in (111) with (001) domains also present. The unidentified
reflections might result from a Si-Ce or Si-Ce-O phase formed at the film-substrate
interface or gadolinium impurities (detected by ICP-MS in leachates – see Section
7.2.2) that form crystalline phases. Edmondson et al. (Edmondson et al., 2013)
reported that there are six different phases of cerium silicides (Okamoto, 2004;
Weitzer et al., 1991): Ce5Si3, Ce3Si2, Ce5Si4, CeSi, Ce3Si5 and CeSi2; and various
oxides including CeSiO3 (Hillebrecht et al., 1986), Ce2Si2O7 (Barnes et al., 2006) and
CeSiO4 (Schlüter et al., 2009).
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Figure 89. XRD results for the as-produced CeO2 thin film samples. The peaks at ~37° and 38° for
sample Ce-AP2 are not identified.
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6.4.3. Sample composition
Electron microprobe analysis was performed for two bulk CeO2 samples
sampling 20 different points for each sample to assess the purity of the samples. The
analysis indicated that a Gd impurity was present at ~6 wt% and there were some
traces of Sm, Eu and La. The rare earth elements are known to be found together
and are hard to separate from each other. The statement by the supplier (SigmaAldrich) that the samples were ‘99.9 % pure on a trace metals basis’ seems to be
invalid. An X-ray diffraction study was also conducted to assess the purity of the bulk
samples – see Figure 90. Gd containing phases were not observed – the measured
diffraction pattern was identical to the reference.
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Figure 90. Comparison of the measured XRD data with reference data for CeO2.

8.4.4. Surface topography
The surface topography of the samples was studied using SEM. Figure 91
shows the surface topography of an unirradiated bulk CeO2 pellet. The fused pellet
exhibited cracks at the grain boundaries, which indicate incomplete sintering or crack
formation during the cooling stage (see Figure 91a). The high magnification image
(see Figure 91b) indicated that sub-micron CeO2 particles were present at the
surface. The surface of the sample was gold coated to improve the electric
conductivity.
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a

b

Figure 91. Secondary electron SEM images of the surface topography of an unirradiated bulk CeO2
pellet: (a) low magnification, (b) high magnification.

The surface topography of unirradiated thin film sample Ce-AP1 is presented
in Figure 92. Since no conductive coating was used to preserve the surface for
further studies and a low vacuum regime was not available in the equipment used, it
was difficult to obtain a focused image of the surface. A contaminant particle was
used to aid with the focusing. The surface of the unirradiated CeO2 film was smooth
and contained occasional 0.5 - 1 µm pores.
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Figure 92. An SEM image of the surface topography of unirradiated thin film sample Ce-AP1.

For the irradiated samples it was much easier to obtain well-resolved SEM
images, as was the case for the UO2 thin film samples. Again, the ion irradiation
possibly resulted in increased electrical conductivity of the films due to induced
defects. The surface topography of the
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Xe23+ ion irradiated thin film sample Ce-

AP2* is presented in Figure 93. The high fluence irradiation caused the formation of
regular circular holes in the film with a diameter of 6 - 7 µm (see Figure 93a) along
with larger formations (see Figure 93b) with a dimension of ~15 µm. It can be
suggested that the larger formations form by coalescence of the smaller holes as
evidenced by the arched edges of the larger formations. Some of the holes tend to
have islands of CeO2 material in the central region of the hole with dimensions of ≤ 1
µm. Near the edges of the holes and around the islands much smaller (≤ 0.1 µm)
circular fragments of CeO2 material were observed.
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Figure 93. Secondary electron SEM images of the surface topography of

129

Xe

23+

ion irradiated thin

film sample Ce-AP2*: (a) low magnification, (b) high magnification.

The surface topography of irradiated thin film sample Ce-AP3* is presented in
Figure 94. The high fluence irradiation in this case caused disintegration of the film
into discrete fragments with circular and elongated shapes with the size range of 0.2
- 1.5 µm for the circular fragments and 2 - 6 µm for the elongated fragments. Much
smaller circular fragments (≤ 0.1 µm) around the larger fragments can again be
observed (see Figure 94b and Figure 94c), as in the case of irradiated sample CeAP2*. It can be seen in Figure 94b that the Si substrate also shows some signs of
irradiation damage. In Figure 94c circular features, possibly holes, are observed in
the substrate with dimensions of 0.1 - 0.15 µm. The produced microstructure is
similar to the high burn-up structure in real spent nuclear fuel, although the scale of
the features obtained in this work is higher than the scale of features characteristic
for the HBS, as discussed in Section 6.2.2.
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Figure 94. Secondary electron SEM images of the surface topography of Xe ion irradiated thin
film sample Ce-AP3*: (a) low magnification, (b) medium magnification, (c) high magnification.

As can be seen from Figure 93 and Figure 94, the CeO2 thin films responded
differently to the Xe ion irradiation in terms of microstructural rearrangements as
compared to the UO2 thin films on the LSAT substrates (see Figure 58, Figure 60
and Figure 61). This observation raises the question of whether CeO2 can be used
as a structural analogue to UO2. For a better comparison, thin films of CeO2 and UO2
could be produced with the same thickness on the same substrates, irradiated under
the same conditions along with the polished bulk samples and subsequently
characterised to reveal any differences in their structural and chemical responses to
the irradiation damage.
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Chapter 7
Dissolution studies: results and discussion
7.1. Thin films of UO2 on LSAT substrates
7.1.1. Dissolution experiment
The term ‘dissolution rate’ is commonly used to describe the dissolution of
substances. The dissolution rate is often defined as the amount of material dissolved
per unit surface area per unit of time. It is a kinetic parameter and, thus, it depends
on temperature and possible mass transfer limitation. If the dissolution rate is
normalised per unit surface area, then information about the surface area of the
sample in contact with a solvent is needed. The accurate determination of this
contact area can be challenging due to surface roughness, cracks, pores, etc.,
especially for the irradiated samples used in this work. Since the term ‘solubility’ is a
thermodynamic parameter that shows the equilibrium concentration of a substance
between different phases, it can only be used if the system is in equilibrium.
Therefore, the term measured uranium or cerium concentration will be used in this
work to describe the measured uranium or cerium concentration in the sampled
solutions in the dissolution experiments.
The halves of the irradiated and unirradiated UO2 thin films on the LSAT
substrates were cut in half again. One set of the quarters of the original samples
produced was used for the dissolution experiment, and the other set was left for
various studies.
The dissolution experiment was conducted in a glove box under a nitrogen
atmosphere with the level of oxygen in the range 200 - 900 ppm to study the effect of
the induced irradiation damage on the dissolution of the UO2 matrix. The experiment
was started by the author and was continued until its completion by V.G. Petrov at
the Division of Radiochemistry, Lomonosov Moscow State University. Deionised
Milli-Q water (18.2 MΩ/cm) was bubbled with nitrogen overnight before it was
introduced into the glove box to reduce the amount of dissolved oxygen. The
samples were pre-washed to remove an oxidised layer by placing them into vials
containing 3 ml of deionised water for 5.3 hours. Then, the samples were rinsed with
deionised water, gently dabbed with a tissue and placed into leaching vessels
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containing 5 ml of the deionised water. Static replenishment tests were run in which
~1 ml of the solution sample was taken into a vial at a certain time and ~1 ml of
deionised water was replenished. All of the vessels were tightly closed to prevent
water evaporation. Two blank leaching vessels (B-1 and B-2) were used for
monitoring purposes. The amount of solution transferred from the leaching vessels
into the vials was monitored by weighting the empty and filled vials. The dissolution
experiment was performed at an ambient temperature of ~20 °C for 95 days.
7.1.2. Solution characterisation and dissolution results
The pH and Eh (see Appendix Section A1.8 for Eh definition) values of the
solutions were measured at the end of the dissolution experiment once the samples
had been removed from the solutions. The pH values of the solutions were in the
range 6.4 - 6.6 and the Eh values in the bulk of the solutions were in the range +200
to +240 mV, measured by a combined electrode consisting of a Pt working electrode
relative to a Ag|AgCl reference electrode in 3 M KCl solution. The measured Eh
values can be converted to +407 to +447 mV relative to the standard hydrogen
electrode (SHE) or +166 to +206 mV relative to the saturated calomel electrode
(Zanello et al., 2012). The pH and Eh values for the deionised water were similar to
the solutions.
The sampled solutions were acidified with 0.15 µm of 15.5 M HNO3. One
solution sample (for SN492* after six days of leaching) contained only 0.2 g of
solution and deionised water was added to make up the volume required for ICP-MS
analysis. The samples from the pre-wash vials were prepared in the same way as
the samples from the leaching vessels. The presented concentrations were
corrected for the acid and water additions and represent the U concentration before
the dilutions.
ICP-MS analysis was performed to measure the uranium concentration in the
sampled solutions. The regular analysis of the 0.25 ppb U quality control standard
showed a maximum error in the U concentration of 9 %. Figure 95 shows a plot of U
concentration as a function of leaching time for the blank runs. The uranium
concentration values were in the range 0 to 1.3 × 10-11 mol/l. Contamination of the
sample from vessel B-2 on the 95th day of leaching might have taken place, which
resulted in the outlier datum point. A measurement error of 9 % or ± 1× 10-11 mol/l,
whichever is greater, should be applied to the obtained U concentration values. The
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error bars have not been plotted on the dissolution graphs below for the sake of
clarity as their sizes do not affect the observed trends.
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Figure 95. A plot of U concentration as a function of leaching time for the blank runs. The points at
time 0 correspond to the blanks used in the pre-wash stage. The solid lines are added for the eyeguiding purpose only.

Figure 96 shows a plot of U concentration as a function of leaching time for
the irradiated and unirradiated samples. The uranium concentration ratios for the
SN489/SN489*, SN490/SN490*, SN491/SN491* and SN492/SN492* sample pairs
were 28, 13, 4.3 and 5.3, correspondingly, after 95 days of leaching. Figure 97
presents the dissolution curves for the irradiated samples separately for clarity.
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Figure 96. A plot of U concentration as a function of leaching time for the thin film samples of UO2 on
LSAT substrates. The solid lines are added for the eye-guiding purpose only.
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Figure 97. A plot of U concentration as a function of leaching time for the irradiated thin film samples
of UO2 on LSAT substrates. The solid lines are added for the eye-guiding purpose only.

Irradiated sample SN489* (UO2 film on LSAT (111)) showed a high pre-wash
U concentration value of 3.1 × 10-8 mol/l, which is not included in Figure 96 and
Figure 97, as it distorts the scale. The explanation for this is not clear. The ratio of
the U concentration in the pre-wash solutions to the U concentration in the solutions
after one day of leaching is 1.6, 0.14, 1.8 and 2.2 for unirradiated samples SN489
(UO2 film on LSAT (111)), SN490, SN491 (UO2 films on LSAT (001)) and SN492
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(UO2 film on LSAT (110)), respectively, and 270, 0.10, 0.63 and 0.67 for irradiated
samples SN489* (UO2 film on LSAT (111)), SN490*, SN491* (UO2 films on LSAT
(001)) and SN492* (UO2 film on LSAT (110)), respectively. The cases in which a
greater release of U was observed in the pre-wash stage than after one day of
subsequent leaching could possibly be explained by dissolution of more oxidised
areas due to prolonged air exposure of the UO2 film surface.
Sample SN490 showed a lower U concentration in the pre-wash solution and
delayed release of uranium, as compared to sample SN491. The XPS study showed
that sample SN490 had a higher carbonaceous contamination of the surface than
the other unirradiated samples. This carbonaceous layer could have act as a barrier
to water contact with the UO2+x surface. For the irradiated samples SN490* and
SN491* the relative separation between the dissolution curves was higher than for
the unirradiated pair SN490/SN491, although during the characterisation stage these
samples showed almost identical results. The reason for this behaviour is not clear.
A maximum in the dissolution curves for unirradiated samples SN489, SN490,
SN491 and SN492 was observed on the 13th, 1st, 6th and 3rd days of leaching,
correspondingly. The presence of a maximum in the dissolution curves indicates that
precipitation of uranium containing secondary phases is likely to take place –
dissolution-precipitation behaviour is expected. On the last day (95th) of leaching the
dissolution curves for all of the unirradiated samples showed a negative gradient,
indicating that further decline in the U concentration is likely to happen with time due
to the continuing formation of secondary phases.
Among the unirradiated samples, sample SN492 showed the highest
measured U concentration values (max 1.1 × 10-8 mol/l) at the beginning of leaching
and then the values converged towards the measured values for samples SN490
and SN491 (~ 2 × 10-9 mol/l). Sample SN489 showed the lowest measured U values
(min 1.1 × 10-9 mol/l) and samples SN490 and SN491 showed intermediate
measured U concentration values. From this observation it is possible to draw the
conclusion that the samples with the expected single domain of UO2 crystal growth
((210) for SN489 and (001) for SN490 and SN491) had higher resistance to
dissolution than the samples with multiple domains of UO2 crystal growth ((111),
(110) and (311) for SN492).
The maximum in the dissolution curves for irradiated samples SN489* (2.5 ×
10-10 mol/l), SN490* (2.2 × 10-10 mol/l), SN491* (1.2 × 10-9 mol/l) and SN492* (9.4 ×
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10-10 mol/l) was observed on the 3rd day of leaching for the first three samples and
on the 6th day of leaching for the fourth sample, correspondingly.
On the last day of leaching the dissolution curves for all of the irradiated
samples, except for sample SN489*, had a positive gradient indicating that an
increase in U concentration is likely to happen with time. This observation is
consistent with the work by Fanghänel et al. (Fanghänel et al., 2013) (discussed in
Section 4.4.4), where it was observed that it took longer for the samples from the
outer part of the irradiated fuel pellet to reach the same solubility value than for the
samples from the inner part of the fuel pellet. The reason for this behaviour is not
clear. It could be the case that surface restructuring (oxidation in the work by
Fanghänel et al. (Fanghänel et al., 2013) and, possibly, amorphisation in this work)
results in a decreased stabilising effect by the dopants against oxidative dissolution
of the UO2 matrix (will be discussed in Section 7.1.3).
Among the irradiated samples, sample SN489* showed the dissolution curve
with the lowest measured U concentration values followed by sample SN490*. The
dissolution curve for sample SN491* showed mainly the highest U concentration
values, but the dissolution curve for sample SN492* exceeded these towards the
end of leaching. From the observed trend in the measured uranium concentration
values of the irradiated samples it is impossible to comment on the effect of the initial
crystal growth domains on post-irradiation dissolution.
7.1.3. Interpretation of the dissolution results
The results obtained for the irradiated and unirradiated samples were
unexpected. It was expected that the irradiated samples would have higher
measured uranium concentration values than the corresponding unirradiated
samples, as observed by Matzke (Matzke, 1992a) – see Section 4.4.3. Figure 96
shows that all four of the unirradiated samples had consistently higher measured U
concentration values than the corresponding irradiated samples.
The observed trend can be rationalised in the same way as the unexpectedly
reduced dissolution rate of the spent nuclear fuel samples from the outer region of
the irradiated pellets as compared with the samples from the central region of the
fuel pellets observed by Fanhänel et al. (Fanghänel et al., 2013) – see Section 4.4.4.
Ion irradiation could cause chemical mixing (Parish et al., 2011) of the UO2 film and
the substrate elements (La, Sr, Al, Ta), as was observed in the EDX analysis of the
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irradiated samples – see Section 6.2.2. The substrate elements might have a
stabilising effect on the UO2 lattice and increase UO2 dissolution resistance, as
discussed in Section 4.4.4. The most promising substrate element is La as it is a
trivalent rare earth element, which is a common fission fragment (~ 0.1 at.%) (Hiezl
et al., 2015), and it has the best size match with U4+ ions (Shannon, 1976). The
crystal ionic radius for La3+ is 14 % greater than that for U4+. Hence, it could be
suggested that La stabilises the UO2 matrix and inhibits oxidative dissolution
(Equations 9 and 10) by limiting the number of oxygens that can fit into the
interstitials in the fluorite-type structure, as mentioned by McEachern and Taylor
(McEachern and Taylor, 1998), and by the formation of dopant-oxygen vacancy
clusters that results in a reduction in the availability of the interstitial sites required for
the incorporation of interstitial oxygen during oxidation, as suggested by Razdan and
Shoesmith (Razdan and Shoesmith, 2014). In addition, the high fluence irradiation
could result in reduced electrical conductivity (see Figure 26) of the UO2 matrix, as
discussed in Section 3.4.5, which leads to a reduced dissolution rate (Shoesmith,
2000; Shoesmith and Sunder, 1992).
The measured pH and Eh values of the solutions indicate that if the UO2 film
surfaces were in redox equilibrium with its environment, then the dissolution process
should take place via the reactions shown in Equations 9 and 10 (see Section 4.4.1)
– i.e. dissolution above the oxidative dissolution threshold of -100 mV (vs. SCE).
However, the measured U concentration values (max 1.1 × 10-8 mol/l sample SN492
on the 3rd day of leaching) suggest that oxidative dissolution is limited; otherwise
orders of magnitude higher uranium concentration values would be expected (see
Figure 31). Single crystals, in which grain boundaries are absent, are known to show
higher resistance to dissolution (Shoesmith, 2000). That is why it is suggested that
the dissolution process took place via the reactions shown in Equations 11, 12 and
13 (see Section 4.4.1.1). Hence, the UO2 films were dissolving through the
irreversible oxidation of the UO2 lattice to UO2+x (Shoesmith, 2000) with subsequent
hydrolysis/amorphisation and dissolution as 



and (6) (Equations 11 and

12) and through hydrolysis/amorphisation of stoichiometric UO2 (Equation 13) (Neck
and Kim, 2001; Shoesmith, 2000).
Analysis of the dissolution process is complicated by the low uranium
concentration values in the solutions. This makes it impossible to use spectroscopic
methods (for example, laser induced fluorescence (LIF) and KPA) to determine the
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valence state of uranium in solution. The low activity of depleted uranium (~ 14 kBq/g
U) and its low concentration also make it impossible to use methods of chemical
extraction for this purpose. XPS analysis of the samples after the dissolution
experiment would have been informative but due to the lack of anoxic handling
facilities, it was not possible to transfer the samples into the XPS chamber to study
the effect of dissolution on the uranium ionic ratio at the surface without exposing
them to air; hence, this study was not performed.
Figure 98 shows a characteristic plot of U concentration as a function of time
for the dissolution experiment.
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Figure 98. An example plot of U concentration as a function of leaching time for an unirradiated thin
film sample of UO2 on LSAT substrate. The solid lines are added for the eye-guiding purpose only.

It is possible to distinguish three stages in the dissolution curve.
1) Fast initial release of uranium during the pre-wash stage. As discussed
above, the observed behaviour can be explained by the dissolution of more oxidised
areas due to air exposure of the UO2 film surface. As mentioned in Section 5.1.3, the
surface of uranium dioxide tends to oxidise in air to UO2+x (x ≤ 1) (McEachern and
Taylor, 1998), which means that some U4+ converts into more soluble U+5 and U+6
(He et al., 2009). It is known that UO2+x with higher values of x shows higher
dissolution rates (Shoesmith, 2000).
2) Following the pre-wash stage, a slower dissolution process stage occurs
via Equations 11, 12 and 13:
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It can be suggested that the unirradiated films dissolve mainly through Equations 11
and 12. The dissolution process in this case becomes controlled by the slower ion
transfer of U(IV) and U(VI) containing species across the solid/solution interface
(Shoesmith and Sunder, 1992). In turn, the irradiated films dissolve mainly through
Equation 13, since the extent of oxidation is expected to be limited due to substrate
element stabilisation. The rate determining step in this case is not clear, but it can be
suggested that the dissolution is now controlled by amorphisation of the surface
rather than the detachment and transport of U(OH)4 complexes across the
solid/solution interface, since the transport of U(IV) and U(VI) containing species
across the solid/solution interface is already the rate limiting step for the dissolution
process described by Equations 11 and 12. Hence, a different rate determining step
is required for the dissolution process described by Equation 13, as this process is
expected to be slower.
3) After a certain time, a continuous drop in the measured uranium
concentration is observed. It is expected that the formation of less soluble secondary
phases takes place. The onset of the secondary phase formation limits the maximum
U concentration that is attained during the dissolution process. This drop is only
possible if the rate of U precipitation from the solution is higher than the rate of U
dissolution into the solution. The rate of U dissolution can vary over the course of the
dissolution experiment, as more active dissolution sites, such as areas of more
oxidised UO2+x, get depleted. The rate of decrease of the uranium concentration
decreases with time, as the solution becomes depleted in uranium, and hence the
driving force for secondary phase formation is reduced. The nature of the possible
secondary phases discussed in Section 7.1.4.
The fact that the dissolution curve reaches a plateau indicates that the system
is in dynamic equilibrium (sample SN489*) – the rate of U dissolving into the solution
is equal to the rate of U precipitating from the solution. When the dissolution curves
have negative gradients (all of the unirradiated samples), this implies that the rate of
164

U precipitating from the solution is higher than the rate of U dissolution into the
solution. When the dissolution curves have positive gradients (samples SN490*SN492*), this implies that the rate of U dissolution into the solution is higher than the
rate of U precipitating from the solution.
7.1.4. Post-leaching characterisation of the UO2 films on LSAT substrates
Post-leaching characterisation of the UO2 films on the LSAT substrates is in
progress using SEM, EDX and AFM techniques and is being conducted by V.A.
Lebedev at the Department of Chemistry, Lomonosov Moscow State University.
From the results already obtained it is possible to conclude that during the
dissolution experiment the formation of a secondary phase (or phases) takes place
on the surface of the unirradiated samples.
EDX analysis showed that some uranium remains on the surface of the
unirradiated (see Figure 99 and Table 18) and irradiated samples (see Figure 100
and Table 19). Hence, there was no complete uranium oxide dissolution from the
samples. The EDX results for sample SN489 after leaching are not directly
comparable with the results for sample SN489 before leaching since different
accelerating voltages were used – 20 kV and 10 kV, correspondingly.

Figure 99. An SEM image showing the EDX analysis points and area on the surface of sample
SN489 (UO2 film on LSAT (111)) after leaching, with the quantification results shown in Table 18.
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Table 18. Summary of the EDX results for sample SN489 after leaching at the points shown in Figure
99 (accelerating voltage 20 kV). Data are shown only for the first 7 spectra.

in wt%
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Spectrum 6
Spectrum 7

C
25
26
24
24
27
31
26

O
16
16
16
16
15
13
15

Al
2
2
2
2
2
2
2

Sr
8
8
8
8
8
8
8

Nb
2
2
2
2
2
2
2

La
8
8
8
8
8
8
8

Ta
8
8
9
8
8
8
8

U
30
30
30
30
29
29
30

Figure 100. An SEM image showing the EDX analysis points and area on the surface of sample
SN489* (UO2 film on LSAT (111)) after leaching, with the quantification results shown in Table 19.

Table 19. Summary of the EDX results for sample SN489* after leaching at the points shown in
Figure 100 (accelerating voltage 20 kV).

in wt%
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

C
12
14
10
12

O
20
16
19
19

Al
6
3
5
5

Sr
20
9
19
17

Nb
1
2
1
1

La
14
7
12
12

Ta
20
9
19
17

U
8
39
15
19

The SEM (see Figure 101) and AFM (see Figure 102) analyses reveal that a
secondary phase in the form of tubes with a length in the range of 5 - 10 µm and a
diameter of ~0.5 µm was formed at the surface of the unirradiated samples during
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the dissolution experiment. The AFM analysis also indicated that a secondary phase
in the form of circular grains with a diameter in the range of 0.15 - 0.5 µm was
formed – see Figure 103. It is not clear whether the grain shape secondary phase is
identical to the tube shape secondary phase.

Figure 101. An SEM image of the surface topography of sample SN489 (UO2 film on LSAT (111))
after leaching.

Figure 102. An AFM image of the surface topography of sample SN491 (UO2 film on LSAT (001))
after leaching.
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Figure 103. An AFM image of the surface topography of sample SN490 (UO2 film on LSAT (001))
after the leaching.

The measured values of pH (6.4 – 6.6) and Eh (+407 - +447 vs SHE) of the
solutions indicate that the end equilibrium species in the solution is UO2(OH)2(aq)
(see Figure 30), which corresponds to schoepite in the solid phase (Maher et al.,
2013), but schoepite formation might have been hindered by kinetic factors. In
addition, the measured uranium concentration values at the end of leaching were in
the range 4 × 10-11 - 2.6 × 10-9 mol/l. This implies that only secondary phases with
solubility values lower than these could precipitate out of solution. In terms of
uranium based secondary phases, only coffinite (USiO4) and UO2(cr) (Guilbert et al.,
2002) meet the criterion. However, coffinite formation requires an elevated
temperature (180 °C) and a high excess of Si(aq) (~ 10-2 mol/l) (Amme et al., 2005).
Hence, coffinite formation is unlikely.
As noted by Neck and Kim (Neck and Kim, 2001), tetravalent actinide ions
have a strong tendency towards colloid formation. Hence, the formation of colloidal
UO2 cannot be excluded, but the colloids formed have to be crystalline to meet the
solubility requirement for precipitation. Batuk (Batuk, 2007) performed leaching of
uranium dioxide samples in solution simulating a groundwater under an air
atmosphere at temperatures of 70 and 150 °C and obs erved formation of nano-size
crystalline UO2 particles on the surface of the samples and in the solution. It was
suggested that these colloidal crystalline UO2 particles covered the surface of the
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uranium dioxide samples and inhibited further oxidation. Unfortunately, no
explanation was given as to why these colloidal UO2 particles did not oxidise.
In addition, low solubility deposits containing Ca and Si could form on the
surface of the films and inhibit further dissolution (Shoesmith, 2000). Calcium was
detected in the sampled solutions by ICP-MS analysis at ~100 ppb concentration
and more likely due to uptake from the experimental set-up environment as a
contaminant. Silicon is also expected to be present as a contaminant at a similar
concentration.
The secondary phases observed in Figure 102 and Figure 103 are more likely
to have been formed by the uptake of substrate elements and other elements from
the environment (Pb, Na, Mg, Ca, Zn, Si, etc.), as they were present in the solutions
in excessive concentrations over uranium. The inclusion of U in these phases is
likely to happen, as uranium is often found as a component in minor concentrations
in many mineral phases (Amme et al., 2005).
The XRD analysis in standard Bragg-Brentano geometry did not reveal any
signal from the secondary phases, probably due to the low amount or amorphous
nature of the secondary phases present at the surface of the samples. Further work
is required to identify these phases.
Secondary phases were not observed on the surface of the irradiated
samples, probably due to the high surface roughness of the samples or low
resolution of the images. The high surface roughness of the irradiated samples (see
Figure 61) suggests that it will be difficult to achieve continuous coverage of the
surface by secondary phases. This could explain why an increase in uranium
concentration was observed towards the end of the dissolution experiment – the
dissolution of uranium from uncovered regions of the surface might take place.
In this experiment the onset of the secondary phase formation limits the
maximum uranium concentration attained in the solution. In addition, precipitation of
the secondary phases, for example, of colloidal UO2(cr) and/or Ca-Si low solubility
deposits, can block the UO2 surface for further dissolution. Hence, the rate of UO2
film surface coverage by the less soluble secondary phases can be considered as
the overall dissolution rate-controlling step.
However, in the case of a real geological repository, it is expected that the
near field around the fuel will have oxidising conditions due to alpha-radiolysis, but
the far field could have reducing conditions. Hence, precipitation of the secondary
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phases can take place in the far field under reducing conditions without any contact
with the fuel (Rousseau et al., 2002). Hence, in this real scenario the effect of the
secondary phases on the overall dissolution process is reduced.

7.2. Bulk and thin film CeO2 samples
7.2.1. Dissolution experiment
The dissolution experiment was conducted to assess the effect of xenon ion
irradiation on CeO2 dissolution in water. Table 20 summarises the CeO2 samples
used for the dissolution study.
Table 20. Summary of the CeO2 samples used for the dissolution study.

Sample
name

Sample description

Ce-AP1

unirradiated thin film of CeO2

Ce-AP2*

Xe irradiated thin film of CeO2

Ce-AP3*

Xe irradiated thin film of CeO2

Ce-SLS1

unirradiated bulk CeO2

Ce-SLS2

unirradiated bulk CeO2

Ce-SLS3

unirradiated bulk CeO2

Ce-AP5*

Xe irradiated bulk CeO2

P8

unirradiated CeO2 powder

P9

unirradiated CeO2 powder

B30

blank

B41

blank

First of all, the samples listed in Table 20, except for the powder samples,
were rinsed with deionised water and pre-washed by placing them into plastic bottles
with ~10 ml of deionised water for a day. Milli-Q water (18.2 MΩ/cm) was used
throughout this experiment. The aim of this approach was to remove fine CeO2
particles, which can be seen in Figure 91, as they can affect Ce concentration
measurements. After a day of pre-washing, the pre-washed samples were rinsed
with deionised water and allowed to dry before they were placed into the leaching
vessels filled with 4 ml of the deionised water. Fresh powdered CeO2 was prepared
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by grinding bulk CeO2 pellets using a pestle and mortar, and ~0.1 g of the powder
was placed into two leaching vessels (sample P8 and P9 in Table 20). The leaching
vessels consisted of a stainless steel casing with a tight lid on the thread and a
PTFE (polytetrafluoroethylene) liner. In addition, two blank leaching vessels were
prepared for reference purposes (sample B30 and B41 in Table 20). The leaching
vessels were placed in a heater set to 90 °C. The e levated temperature was used to
facilitate dissolution, as it is known that CeO2 is a highly insoluble in water. Static
replenishment leaching tests were performed in which ~1.5 ml of the solution sample
was taken at a certain time from each leaching vessel using a syringe with a 0.45 µm
filter and ~1.5 ml of the fresh deionised water was replenished in each vessel to
keep the volume of the solutions constant throughout the experiment. The solution
samples were taken over the duration of 27 days at an ambient temperature of 20 25 °C. The amount of solution transferred from the leaching vessels into the vials
was monitored by weighting the empty and filled vials. The solutions were analysed
using ICP-MS to measure the concentration of dissolved Ce. To ensure that there
was enough solution volume for the ICP-MS analysis, 1 ml of deionised water was
added into each vial, and the solutions were acidified using 45 µl of 15.5 M nitric
acid. The samples from the pre-wash bottles were prepared in the same way as the
samples from the leaching vessels. The leaching of samples Ce-SLS-1 and Ce-SLS2 was stopped after 25 days. These two samples were selected to examine the
precipitation of Ce on the walls of the liners. These liners were emptied, rinsed with
deionised water and gently wiped. Then, 4.5 ml of 1 M nitric acid were added in
each liner. The liners were placed into the stainless steel casing and the leaching
vessels were placed in a heater set to 90 °C for th ree days. The samples for the ICPMS analysis from these acidic solutions were prepared by adding 0.66 ml of the
solution to 2.5 ml of deionised water to keep the same acidity between all samples to
minimise any bias during the subsequent analysis.
7.2.2. Solution characterisation and dissolution results
ICP-MS analysis was performed to measure the cerium concentrations in the
sampled solutions. The presented concentrations were corrected for the acid and
water additions and represent the
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Ce concentration (88.48 % natural abundance

(Voncken, 2016)) before the dilutions.
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The regular analysis of the 0.25 ppb Ce quality control standard showed a
maximum error in the Ce concentration of 7 %. Figure 104 shows a plot of Ce
concentration as a function of leaching time for the blank runs. The cerium
concentration values were in the range 1.2 × 10-11 to 3.8 × 10-11 mol/l. The results for
the blank sample B41 have an outlier on the 12th day of leaching. Contamination of
the sampled solution was possible, as work with CeO2 powders was previously
carried out in the laboratory where the leaching experiment was performed. The
measurement error of 7 % or ± 4 × 10-11 mol/l, whichever is greater, should be
applied to the obtained Ce concentration values. The error bars are not plotted on
the dissolution graphs below (except in Figure 107) for the sake of clarity as their
sizes do not affect the observed trends.

2.0E-10

outlier

Ce concentration (mol/l)

1.8E-10
1.6E-10
1.4E-10
1.2E-10
1.0E-10

B30

8.0E-11

B41

6.0E-11
4.0E-11
2.0E-11
0.0E+00
0

5

10

15

20

25

30

days of leaching (days)

Figure 104. A plot of Ce concentration as a function of leaching time for the blank runs. The solid
lines are added for the eye-guiding purpose only.

Figure 105 presents a plot of cerium concentration versus time for the thin film
samples of CeO2. It can be clearly seen than the irradiated thin films showed a
higher Ce concentration in water as compared to the unirradiated thin film – 180
times higher for irradiated sample Ce-AP2* and 28 times higher for irradiated sample
Ce-AP3*, as compared to unirradiated sample Ce-AP1 on the 27th day of leaching.
This indicates that the Xe ion irradiation increased CeO2 dissolution in water. In
addition, irradiated sample Ce-AP2* showed a higher concentration of Ce (~6 times)
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than irradiated sample Ce-AP3*, as measured on the last day of leaching. The
reason for this probably arises from the different thicknesses of the films.
The irradiated films showed a maximum in the dissolution curves on the sixth
day of leaching and the unirradiated film showed a maximum on the 12th day of
leaching. The presence of a maximum in the dissolution curves indicates that
precipitation of cerium containing secondary phases is likely to have taken place –
dissolution-precipitation behaviour is expected, as was the case for the dissolution of
the UO2 thin films on the LSAT substrates.
The concentration values of Ce in the pre-wash solutions were 19, 1.2 and 0.7
times the values after one day of leaching for thin film CeO2 samples Ce-AP1, CeAP2* and Ce-AP3*, respectively. Gadolinium ions were also detected in the solutions
(up to 2.5 × 10-9 mol/l for sample Ce-AP2*), indicating that the stock CeO2 powder
used for the production of the thin films also contained gadolinium as an impurity.
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Figure 105. A plot of Ce concentration as a function of leaching time for the thin film samples of
CeO2. The solid lines are added for the eye-guiding purpose only.

Figure 106 presents a plot of cerium concentration as a function of time for
the bulk samples of CeO2. Again, it can be clearly seen than the irradiated bulk
sample showed a higher Ce concentration in water, as compared to the unirradiated
bulk samples – 14 times higher for irradiated sample Ce-AP5*, as compared to
unirradiated sample Ce-SLS3 on the 27th day of leaching. Again, this indicates that
the ion irradiation increased CeO2 dissolution in water. Irradiated bulk sample Ce173

AP5* showed a dissolution curve with different gradients that were positive for all of
the days of leaching.

This indicates that the initial dissolution mechanism was

altered and that equilibrium was not reached in the system. The dissolution
mechanism can be altered by secondary phases precipitating at the surface of the
sample and limiting the access of the sample’s surface to water or it might be the
case that the second stage of the dissolution was dominated by the dissolution of
these secondary phases.
The measured Ce concentration values for the unirradiated bulk CeO2
samples were within the experimental error of each other (± 4 × 10-11 mol/l error is
used in this case) and this makes it impossible to comment on the shape of the
dissolution curves – see Figure 107 for clarity.
The concentration values of Ce in the pre-wash solutions are 11 - 55 times
higher than the values after one day of leaching for the CeO2 bulk samples. This
indicates that the surface of the bulk samples had loose cerium containing fine
particles, as can be seen in Figure 91. The ratio of the concentration of Ce in the
pre-wash solution and in the solution after one day of leaching for the irradiated bulk
sample is of a similar value as for the unirradiated bulk samples.
The concentration values of Ce in the acid wash solutions were ~200 times
higher than the values on the last day of leaching for the CeO2 bulk samples CeSLS1 and Ce-SLS2. It can be noted that the Ce concentration in the pre-wash
solution for sample Ce-AP5* was similar to the Ce concentration in the acid wash
solutions for samples Ce-SLS1 and CeSLS2.
Again, gadolinium ions were also detected in the solutions (~10-11 mol/l)
supporting the electron probe results.
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Figure 106. A plot of Ce concentration as a function of leaching time for the bulk samples of CeO2.
The solid lines are added for the eye-guiding purpose only.
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Figure 107. A plot of Ce concentration as a function of leaching time for the unirradiated bulk samples
of CeO2. The solid lines are added for the eye-guiding purpose only.

Figure 108 presents a plot of cerium concentration versus time for the
powdered samples of CeO2. The difference in the dissolution curves can possibly be
explained by the difference in the particle size distribution, as no care was taken to
ensure that powder samples P8 and P9 had the same particle size distribution. The
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dissolution curve for powdered sample P9 showed a linear growth in the Ce
concentration values with time following a drop in the Ce concentration value on the
third day of leaching. The dissolution curve for powdered sample P8 has some
similarity to the shape of the dissolution curves for the unirradiated bulk CeO2
samples – see Figure 107. This is possibly due to larger particle sizes in powdered
sample P8. Despite the differences observed in the dissolution curves for samples
P8 and P9, the general growing trend and the Ce concentration values are similar.
Again, gadolinium ions were detected in the solutions (~10-11 mol/l).

Ce concentration (mol/l)
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1.2E-09
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6.0E-10
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Figure 108. A plot of Ce concentration as a function of leaching time for the powdered samples of
CeO2. The solid lines are added for the eye-guiding purpose only.

The measured Ce concentration values of the unirradiated CeO2 samples in
the bulk, powdered and thin film form are compared in Figure 109. The Ce
concentration in the pre-wash solution for the thin film sample was similar to the
values of the bulk samples. The dissolution curves for the powdered samples had
the largest values and would possibly continue to grow with the leaching time. The
thin film sample gave Ce concentration values that lie between the powdered
samples and the bulk samples, and with time the measured concentration values
converge to the values of the bulk samples. The bulk samples have the lowest
measured Ce concentration values and, as described above, it is difficult to identify
any time-dependent behaviour due to the significant experimental error in this case.
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Figure 109. A plot of Ce concentration as a function of leaching time for the unirradiated samples of
CeO2. The solid lines are added for the eye-guiding purpose only.

The pH values of the solutions listed in Table 21 were measured after 37 days
of leaching. The pH value of the deionised water used for leaching was slightly acidic
due to absorption of atmospheric CO2. The pH values for the blank samples indicate
that fluctuation in the pH values by ± 0.4 units should be allowed. Dissolution of
CeO2 results in a decrease in the pH values, as compared to the values of the
deionised water. The most pronounced changes in the pH values were observed for
the powdered samples, as compared to the values of the deionised water.
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Table 21. Summary of the pH values for the leaching solutions of CeO2 measured at 25 °C.

Sample name

pH
(± 0.4)

deionised watera

5.7

Ce-AP1

5.5

Ce-AP2*

5.3

Ce-AP3*

5.6

Ce-SLS3

5.2

Ce-AP5*

5.1

P8

4.9

P9

4.8

B30

6.0

B41

5.6

a

measurement was performed at a temperature of 21 °C

7.2.3. Interpretation of the dissolution results
The radiation damage induced by Xe ion irradiation resulted in increased
cerium concentration values as shown by the CeO2 thin film and bulk samples. This
effect is most likely caused by an increased proportion of Ce+3 ions in the CeO2
matrix due to the Xe ion irradiation, as discussed in Section 3.4.4. Ce3+ is expected
to be more soluble than Ce4+. In addition, the expected increase in Ce3+ fraction
should result in hypo-stoichiometry, CeO2-x, to maintain the charge balance (Kumar
et al., 2012). The electrical conductivity of CeO2-x tends to increase with an increase
in x up to x = 0.1 (Blumenthal and Hofmaier, 1974). Hence, the dissolution rate is
also expected to increase (Shoesmith and Sunder, 1992). However, the overall
effect of the radiation damage on the electrical conductivity of CeO2 can be more
complex, as was the case for UO2 (see Section 3.4.5). Unfortunately, no publications
were found on the effect of radiation damage on the electrical conductivity of CeO2.
Hence, the exact effect of the radiation damage on the electrical conductivity of
CeO2 remains unknown. Incorporation of Si from the silicon substrate into the CeO2
lattice in a solid solution, as a result of the irradiation induced mixing, is unlikely, as
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Si4+ is half the size of Ce4+ (Shannon, 1976). Hence, stabilisation or distortion of the
CeO2 lattice by the substrate Si is not expected.
Hence, the observed dissolution response for the CeO2 thin films is different
to what was observed for the UO2 thin films on the LSAT substrates. Again, this
observation raises the question of whether CeO2 can be used as an analogue to UO2
to study chemical phenomena. For a better comparison, thin films of CeO2 and UO2
could be produced with the same thickness on the same substrates, irradiated under
the same conditions and subsequently subjected to dissolution under the same
conditions.
The dissolution data from the thin films should be treated with some caution.
The difference in the film thicknesses might imply that thinner samples have more
Ce3+ on the surface, which is more soluble than Ce4+. Hence, the effect of the
radiation damage enhanced dissolution might interfere with the enhanced dissolution
caused by a higher proportion of Ce3+ ions due to the small film thickness.
The pre-wash concentration results show the significance of a more soluble
material at the surface of the samples that dissolves in the first instance.
The acid leaching of the vessels, in which CeO2 dissolution took place,
indicates that significant precipitation of the secondary Ce containing phases was
taking place on the walls of the liners and the samples should also be subjected to
the precipitation of these secondary phases. The extensive secondary phase
precipitation could have been caused by cooling the solutions, which were taken
from a heater at 90 °C, to an ambient temperature.
A quantitative comparison of the dissolution rates for the thin film samples of
CeO2 and UO2 is not possible for the following reasons:
1. different experimental conditions were employed: the UO2 thin films
were dissolved at room temperature under a nitrogen atmosphere (with
200 - 900 O2 ppm); the CeO2 thin films were dissolved in air at 90 °C
and were then allowed to cool down to room temperature before taking
the solution samples;
2. the UO2 films were deposited on LSAT substrates and the CeO2 films
were deposited on Si substrates. Irradiation induced mixing and
incorporation of the LSAT elements (more likely, La) into the UO2
matrix was expected. However, no incorporation of Si was expected
into the CeO2 matrix as a result of the ion irradiation.
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It also should be noted that the solution chemistry of cerium is different to the
solution chemistry of uranium – compare a Pourbaix diagram for cerium (Figure 110)
with the Pourbaix diagram for uranium (Figure 30). Figure 110 shows that for the
CeO2 dissolution the end equilibrium species in the solution under experimental
conditions considered in this work is Ce3+, i.e. cerium gets reduced from Ce4+ in
CeO2 to Ce3+ in the solution, whereas Figure 30 shows that for the UO2 dissolution
the end equilibrium species in the solution is UO2(OH)2(aq), i.e. uranium gets
oxidised from U4+ in UO2 to U6+ in the solution.

Figure 110. A Pourbaix diagram for cerium in aqueous perchlorate solution. The dashed lines marked
a and b represent the limits of stability of water. Source: (Hayes et al., 2002).

However, it is possible to state that the dissolution curves of the unirradiated
CeO2 and UO2 thin films showed qualitatively similar trends: the cerium or uranium
concentration in the solution increased, went through a maximum and then
decreased. Dissolution-precipitation behaviour was expected in both cases. In
addition, the dissolution rate of CeO2 was expected (and observed) to be slower than
that of UO2, since the electrical conductivity for CeO2 is several orders of magnitude
lower than that for UO2 (see Section 5.1.3).
The dissolution curves for the irradiated CeO2 and UO2 thin films also follow a
similar trend. The main cause of the reduced dissolution rates of the irradiated UO2
samples was attributed to the stabilisation of the UO2 lattice by the substrate
elements due to the film-substrate mixing induced by the ion irradiation. No such
effect was expected to take place in the irradiated CeO2 films. Unfortunately, the
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exact effect of the ion irradiation on the electrical conductivity of the UO2 and CeO2
thin films is unknown – direct measurements are required.
7.2.4. Post-leaching characterisation of thin films
Unirradiated thin film sample Ce-AP1, after the dissolution experiment, did not
show any noticeable surface alterations. The surface topography of the xenon
irradiated thin film sample Ce-AP2* after the dissolution experiment is presented in
Figure 111. It can be suggested that water acted as an etching agent during the
dissolution and revealed the film microstructure, which can be seen in Figure 111b.
The CeO2 film has a grain structure with grain sizes of ~0.7 µm. It can be suggested
that the material, which appears in white in Figure 111a and Figure 111b, is a
precipitated cerium containing secondary phase from the solution. The holes, which
were observed before the leaching experiment – see Figure 93, increased in size to
~30 µm and secondary phase precipitates are observed in the middle of the holes.
The secondary phase microstructure with grain sizes of ~0.2 µm observed in Figure
111c is similar to the secondary phase microstructure observed for the UO2 thin films
on the LSAT substrates in Figure 103.
a

Continued on the next page
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b

c

Figure 111. Secondary electron SEM images of the surface topography of Xe irradiated thin film
sample Ce-AP2* after the dissolution experiment: (a) low magnification, (b) medium magnification, (c)
high magnification of different areas.

The surface topography of xenon irradiated thin film sample Ce-AP3* after the
dissolution experiment did not show any significant changes. Figure 112 shows that
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the small circular satellites around the larger features observed in Figure 94b and
Figure 94c disappeared, possibly as a result of dissolution. Instead, rod-shape
particles with a length of 0.2 µm and a width of 0.05 µm appeared. These rod-shape
particles might be a cerium secondary phase precipitated from the solution.
In this dissolution experiment the formation of secondary phases was
facilitated by two mechanisms:
i) the intrinsic dissolution-precipitation behaviour of CeO2 in water, which
is indicated by the presence of a maximum in the dissolution curves;
ii) the cooling of the solution from 90 °C to an am bient temperature of ~20
- 25 °C, which might result in reaching the saturat ion concentration of
dissolved cerium. Further work is required to identify these secondary
phases.

Figure 112. A secondary electron SEM image of the surface topography of Xe irradiated thin film
sample Ce-AP3* after the dissolution experiment.
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Chapter 8
Conclusions and future work
The most significant finding of this work is the unexpected result of the lower
measured uranium concentration values for the irradiated thin films of UO2 on the
LSAT substrates, as compared to the unirradiated films. It was suggested that the
ion irradiation induced chemical mixing of the substrate’s element La3+ with the UO2
film resulted in the stabilisation of the UO2 lattice.
This work showed that the effect of radiation damage by fission fragments on
the structural stability of the UO2 matrix can be successfully studied using thin films
of UO2 and external ion irradiations.
Also, the results obtained from the microstructural response and dissolution of
the irradiated CeO2 thin films cast doubt on the credibility of using CeO2 as an
inactive analogue to UO2, although further work is needed to clarify this issue.

8.1. Conclusions
8.1.1. Bulk UO2 samples
Successful preparation of bulk UO2 (including SIMFUEL) samples with
subsequent ion irradiations to test the effects of irradiation damage on the structural
and chemical alterations of the UO2 matrix were conducted. It was observed that the
introduction of dopants resulted in a decrease in density and average grain size and
in an increase in the average pore diameter and area covered by the pores, as
compared to the case of the plain UO2 samples. The X-ray diffraction study also
revealed that the dopants resulted in an increase in crystallite size and lattice strain
and a decrease in lattice parameter.
The ion irradiations resulted in an increased lattice parameter, lattice strain
and a decreased crystallite size. Hence, the samples have the potential to mimic the
rim of an SNF pellet, which was part of the original aim of the thesis. Further work
should be conducted to show this.
An anoxic sample handling infrastructure needs to be developed, as
mentioned by Moore (Moore, 2010), to limit surface oxidation of the samples due to
exposure to air, as this oxidation did not allow an assessment the effect of the ion
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irradiations on the permanent oxidation of U4+ to higher oxidation states using XPS
with a sampling depth < 5 nm.
The initial high surface roughness of the samples did not allow for assessing
the effect of the ion irradiations on the surface topography of the samples by means
of AFM.
8.1.2. Thin films of UO2 on LSAT substrates
It was shown that single crystal LSAT substrates with (001) plane orientation
are suitable to grow single crystal uranium dioxide films in (001) orientation with the
expected low strains, although further work to confirm the single growth domain is
needed. However, this work also indicates that aluminium containing substrates
might be not suitable in general for the production of high purity UO2 films, as
aluminium tends to migrate from the substrate into the film during manufacture.
It was shown that by irradiating thin films of UO2 with a high fluence of high
energy ions it is possible to produce a structure that is similar to a thin slice through
the high burn-up structure of real spent nuclear fuel. In addition, it can be suggested
that the expected irradiation-induced chemical mixing of the UO2 films with the
substrate elements (La, Sr, Al, Ta) resulted in a doped SIMFUEL with induced
radiation damage. This allows for studies to be conducted on the formation and
properties of the HBS utilising the advantages that thin films can offer. Namely, a
simplified idealised system and low amount of radioactive material can be used,
which greatly simplifies handling of the samples and extends the range of techniques
that can be employed.
The irradiated films underwent significant microstructural and crystallographic
rearrangements, but the crystallinity of UO2 was retained.
The dissolution results obtained for the irradiated and unirradiated samples
were unexpected. The solution in contact with the unirradiated samples had
consistently higher measured U concentration values than the corresponding
irradiated samples. It was expected that the irradiated samples would have higher
measured uranium concentration values than the corresponding unirradiated
samples, as was observed by Matzke in his work (Matzke, 1992a) and for the CeO2
samples in this work. However, this observation is consistent with the case of real
spent nuclear fuel dissolution, where it has been observed that fuel samples taken
from the outer part of the irradiated pellet show a lower dissolution rate than fuel
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samples taken from the central part of the pellet (Fanghänel et al., 2013), and with
the work by Razdan and Shoesmith (Razdan and Shoesmith, 2014) on the
electrochemical reactivity of doped UO2.

It was suggested that the irradiation-

induced chemical mixing with the substrate elements had a stabilising effect on the
UO2 matrix and increased the UO2 dissolution resistance.
Samples with the expected single domain of UO2 crystal growth showed
lower measured U concentration values than samples with multiple domains of UO2
crystal growth.
From the observed trend in the measured uranium concentration values of the
irradiated samples it was not possible to comment on the effect of the initial crystal
growth domain on post-irradiation dissolution.
Tube and grain shaped secondary phases were observed on the surface of
the unirradiated samples.
8.1.3. Thin films of UO2 on YSZ substrates
It was shown that uranium dioxide undergoes epitaxial growth on single
crystal YSZ substrates during which it adopts the crystallographic orientation of the
substrate, although further work to confirm the single growth domain is needed. YSZ
substrates with (001), (110) and (111) crystallographic orientations were used in this
work.
Low irradiation fluences with uranium ions (≤ 5 × 1012 ions/cm2, 110 MeV)
were not sufficient to cause structural rearrangements that alter the crystallographic
orientation of the thin film.
However, the effect of the induced radiation damage was quantified in terms
of kernel average misorientation. It was observed that the irradiated samples had a
higher value of KAM than the corresponding unirradiated samples.
In addition, it was observed that the ion irradiations resulted in the formation
of hillock features, which were responsible for the increased roughness of the
samples’ surfaces. Hence, the root mean square roughness values for the irradiated
samples were higher than for the corresponding unirradiated samples.
It was also suggested that the ion irradiations resulted in increased electrical
conductivity of the UO2 films due to induced defects.
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The uranium dioxide (111) plane showed higher irradiation tolerance, as
characterised by the average value of KAM and RMS roughness, than the (110)
plane.
The UO2 film-YSZ substrate interface was observed to be stable with respect
to elemental mixing even under irradiation with 110 MeV U ions to a fluence of 5 ×
1011 ions/cm2, as compared to the corresponding unirradiated sample.
8.1.4. Bulk and thin films of CeO2
It was observed that the high energy, high fluence ion irradiation resulted in
significant

microstructural

rearrangements

of

the

CeO2

thin

films.

These

rearrangements were different to that observed for the UO2 films on the LSAT
substrates irradiated under the same conditions. It was also suggested that the
microstructural rearrangement due to ion irradiation depends on the thickness of the
film being irradiated.
The dissolution experiment showed an increase in the measured Ce
concentration values for the irradiated bulk and thin film CeO2 samples, as compared
to the unirradiated samples.
Grain shaped secondary phases were observed on the surface of the
irradiated thin film samples after the dissolution experiment.
The observed differences in microstructural response and dissolution
behaviour after the ion irradiation compared to those observed for the UO2 samples
raises the question of whether CeO2 can be used as an analogue to UO2 to study
structural and chemical phenomena.

8.2. Future work
8.2.1. Bulk UO2 samples
An experiment was planned in which the irradiated and unirradiated bulk UO2
samples would be leached in an anoxic glove box (O2 < 0.1 ppm) using a flow
through set-up. The idea was to dissolve the oxidised surface layer and measure the
uranium concentration from the underlying non-oxidised material to examine the
effect of the induced radiation damage.
Following the leaching experiment, an XPS study was planned using an
anoxic sample handling infrastructure, which would allow for handling samples
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without exposing them to air. The aim here was to study the effect of anoxic leaching
on the uranium oxidation state and, possibly, the effect of the ion irradiations on
possible permanent U4+ oxidation to the higher oxidation states, when the oxidised
surface layer is removed by leaching. Unfortunately, this work was not performed for
this PhD but is still expected to take place in the future.
A transmission electron microscope study is in progress. The aim of the study
is to characterise the defects caused by the ion irradiations in the uranium dioxide
matrix and, possibly, detect individual ion tracks.
A scanning electron microscope study to characterise the topography of the
samples should also take place in the future.
All of this work is taking place or is expected to take place at EMSL.
8.2.2. Thin films of UO2 on LSAT substrates
The mechanism for such a complex microstructural and crystallographic
rearrangement due to the ion irradiation is not clear and requires further work. For
example, blank substrates should be irradiated and characterised. Irradiations with
increasing fluence of identical samples would help to understand the effect of
irradiation damage accumulation on the induced changes.
Atom probe tomography and SIMS could be used to assess the proposed
irradiation-induced chemical mixing of the UO2 film with the substrate elements.
The analysis of XPS data (also including the thin films of UO2 on the YSZ
substrates and the bulk and thin film CeO2 samples) is still in progress.
Further work is required to identify the secondary phases formed on the
surface of the samples during the dissolution experiment.
8.2.3. Thin films of UO2 on YSZ substrates
Further work is required to understand the mechanism responsible for the
formation of the nano-structure that is presented by the nano-scale grains and
ripples for the as-produced samples.
Again, irradiations with increasing fluence of identical samples would help to
understand the effect of irradiation damage accumulation on the induced changes.
Since the integrity of the films was preserved over the irradiations, they are
suitable for further studies on the effect of radiation damage due to electronic
stopping on hardness, electrical and thermal conductivity, dissolution, etc. of UO2.
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8.2.4. Bulk and thin film samples of CeO2
More complete characterisation of the existing samples could be undertaken.
Again, irradiations with increasing fluence of identical samples would help to
understand the effect of irradiation damage accumulation on the induced changes.
For a better assessment of the suitability of CeO2 as an analogue for UO2,
thin films of CeO2 and UO2 could be produced with the same thickness on the same
substrates, irradiated under the same conditions along with the polished bulk
samples and subsequently characterised to reveal any differences in their structural
and chemical responses to the irradiation damage.
Further work is required to identify the secondary phases formed on the
surface of the samples during the dissolution experiment.
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Appendix 1: Basic description of experimental techniques
A1.1. Atomic force microscopy
Atomic force microscopy provides information on the XYZ topographical
variation on the surface of a sample. This technique can be used in conjugation with
scanning electron microscopy to obtain more complete surface topography
characterisation.
The basic principles of AFM were described on the http://www3.physik.unigreifswald.de/method/afm/eafm.htm website as follows.
A1.1.1. Basic working principle
A standard AFM contains a microscopic tip (curvature radius of ~ 10 - 50 nm)
attached to a cantilever spring – see Figure 113. The underlying principle of AFM is
the detection of the bending of this cantilever spring as a response to external
forces. In order to detect this bending, which can be as small as 0.01 nm, a laser
beam is focused on the back of the cantilever. From there the laser beam is reflected
towards a position-sensitive photo detector. The position of the reflected beam
changes depending on the cantilever deflection. The photo detector converts this
change into an electrical signal.

Figure 113. A schematic of an atomic force microscope
(http://www3.physik.uni-greifswald.de/method/afm/eafm.htm).

working

principle.

Source:
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A1.1.2. Tip-surface interaction
The tip-surface interaction can be described assuming the Lennard-Jones
potential as follows (see Figure 114): at (0) the tip is far away from the surface, and
surface forces do not act. As the tip approaches (2), it enters the range of attractive
surface forces and is deflected downwards. From (2) to (4) the tip is in contact with
the surface and exerts pressure while it is deflected upwards. At (4) the tip retraction
starts, but adhesion forces may keep the tip attached to the surface until the spring
force exerted by the cantilever can overcome the adhesion at (5). Then the tip snaps
back into its initial position at (6) and the cycle can start again.

Figure 114. A schematic of the AFM’s tip interaction with the surface assuming the Lennard-Jones
potential. Source: (http://www3.physik.uni-greifswald.de/method/afm/eafm.htm).

A1.1.3. Image acquisition
To acquire a surface image, the AFM tip is brought down to the surface. A
piezo element is used to scan the tip line by line across the sample.
The simplest measurement method is the contact mode. In this mode the end
of the tip is in mechanical contact with the sample. An electronic feedback control
keeps the resulting deflection constant by adjusting the z position, and thus the force
is measured. The main disadvantage of the contact mode is that the tip exerts forces
on the sample. Although these forces are only of the order of 0.1 - 1 nN, the
pressure applied to the sample can easily reach 1000 bar because the contact area
is so small. This may lead to structure damage, especially on soft surfaces.
Alternatively the so-called tapping mode can be used. In this mode the
cantilever tip is stimulated to vibrations near the resonance frequency (~300 kHz).
On approach to the surface, the vibration amplitude of the cantilever will decrease,
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since the interaction force with the surface shifts the resonance frequency. Instead of
scanning the sample at constant deflection, the surface is scanned at constant
oscillation amplitude. The tip is only in an intermittent contact with the surface during
the scan. Hence, the tapping mode is less destructive than the contact mode
(http://www.chemistry.uoguelph.ca/educmat/chm729/afm/details.htm).

A1.2. Electron Backscatter Diffraction
Electron backscatter diffraction, also known as backscatter Kikuchi diffraction
(BKD), is an SEM based microstructural-crystallographic technique that is used to
determine crystallographic orientation. Figure 115 shows an example of the inverse
pole figure EBDS mapping of a polycrystalline material.

Figure 115. The inverse pole figure EBSD mapping on cross section of an alloy showing a
polycrystalline structure. Source: (Zheng et al., 2015).

A1.2.1. Basic working princple
In EBSD an electron beam strikes a tilted crystalline sample and the diffracted
electrons form a pattern on a detector. This pattern is characteristic of the crystal
structure and the orientation of the sample region from which it was generated. It
provides

the

absolute

crystal

orientation

with

sub-micron

resolution

(http://www.ebsd.com/index.php/ebsd-explained/introduction-to-ebsd).
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A1.2.2. Kernel average misorientation
EBSD analysis provides a quantification of the local crystallite misorientation
in terms of kernel average misorientation (KAM) (Wright et al., 2011; Saraf, 2011).
This method quantifies the average misorientation between a point on the
measurement grid and its neighbours (Wright et al., 2011) and is characterised by an
average misorientation angle. The kernel average misorientation is generally high in
deformed regions due to higher dislocation density, local lattice distortions and
localised deformation (Saraf, 2011).

A1.3. Energy dispersive X-ray spectroscopy
EDX analysis allows for obtaining semi-quantitative (He et al., 2009)
elemental composition on the surface of a sample.
In the EDX technique a beam of electrons is focused on the sample being
studied. An atom within the sample contains the ground state (or unexcited)
electrons in discrete energy levels or electron shells bound to a nucleus. The
electron beam may excite an electron in an inner shell, ejecting it from the shell while
creating an electron hole where the electron was. An electron from an outer, higher
energy shell then fills the hole and the difference in energy between the higher
energy shell and the lower energy shell may be released in the form of an X-ray. The
number of X-rays emitted from a specimen can be measured by an EDX detector.
This allows the elemental composition of the specimen to be measured, because the
energy of the emitted X-rays is characteristic of the difference in energy between the
two shells, which is element specific. This technique can usually identify elements
with an atomic number higher than that of beryllium (Z > 4) (http://www.robertsoncgg.com/roqscan/principles-sem-eds-analysis).

A1.4. Electron probe microanalysis
Electron probe microanalysis provides the quantitative elemental composition
on the surface of a sample.
The working principle is the same as for EDX: in EPMA a finely-focussed
electron beam impinges on the sample and the chemical composition is derived from
the wavelength and intensity of the lines in the emitted X-ray spectrum.
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A Cameca SX-100 EPMA used in this work is capable of quantitative analysis
with accuracy of about ± 1 % for major elements and detection limits ranging from 20
to 1000 ppm, depending on the element, matrix phase and time per analysis. The
spatial resolution is ~1 µm. Element distribution line scans and 2-dimensional maps
can be produced as well as point analyses. However, accurate analysis is possible
only if the sample is well polished. Samples that are not electrically conducting must
be coated with a conducting layer to provide a path for the electron beam
(http://www.esc.cam.ac.uk/resources/facilities/equipment-and-instruments/electronprobe/Electron-Probe-camonly).

A1.5. Inductively coupled plasma mass spectrometer
An inductively coupled plasma mass spectrometer allows for measuring the
elemental concentration in liquid solutions. Liquid samples are most often introduced
into the ICP-MS by an adjustable peristaltic pump. First, a nebuliser generates an
aerosol in a spray chamber that allows only the finest aerosol droplets to pass. The
sample then enters a high power argon plasma, which rapidly desolvates, atomises
and ionises the sample creating a beam of singly charged positive ions. These ions
are rapidly accelerated into the vacuum of the mass spectrometer via the sampler
and skimmer cones and accelerating voltages. Ion focusing is achieved by an
electrostatic field followed by mass filtering in a quadrupole. The ions are
sequentially detected in a single channel electron multiplier.
The detection limits in liquid solution for many elements can be as low as 1
ppt (ng/l) while the analytical precision is typically ± 0.5 - 5 % for a Perkin Elmer
SCIEX

Elan

DRC

II

quadrupole

ICP-MS

as

used

in

this

work

(http://wserv2.esc.cam.ac.uk/resources/facilities/equipment-and-instruments/icpms/icp-ms-basics).

A1.6. Optical Microscopy
Optical microscopy allows for obtaining a magnified image of the surface of a
sample, and hence allows for studying the surface microstructure.
An optical microscope creates a magnified image of an object specimen with
an objective lens and magnifies the image further with an eyepiece to allow the user
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to observe it with the naked eye or on a TV monitor via a CCD camera
(http://www.olympus-ims.com/en/microscope/terms/feature10/).

A1.7. pH measurement
A pH meter allows for measuring the pH value of a liquid solution. pH is
defined as:
]6 ≡ −^_`&. [6  ]

(Equation 23)

where [6  ] – hydrogen ions concentration.
pH is measured using a setup with two electrodes: the indicator electrode,
which is sensitive to the hydrogen ion concentration and the reference electrode.
These two electrodes are often combined into one – a combined electrode. When
the combined electrode is immersed in a solution, a small galvanic cell is
established. The potential developed is dependent on both electrodes. The
measured voltage can be expressed by the Nernst equation in the following way:
  Z?L − YXc  (d −

e(
f

ln[6  ]

(Equation 24),

where  is the measured electrochemical potential, Z?L is the electrochemical
potential of the indicator electrode, YXc is the electrochemical potential of the
reference electrode, (d is the temperature dependant constant, R is the gas
constant, T is the absolute temperature, and F is Faraday’s constant.
By using the base ten logarithm and the pH definition (Equation 23), Equation
23 can be re-written as:
]6(  ]6(° −



e j Q(

(Equation 25),

where ]6( is the measured pH value at a temperature T; ]6(° is a zero pH,
which is defined as the pH value at which the measured potential is zero, this
quantity is a function of temperature; R’ is a constant, S is a correction factor, which
takes into account that the electrode response may differ from the ideal response
(http://www.electro.fisica.unlp.edu.ar/temas/pnolo/p3_ph_theory.pdf).

A1.8. Eh measurement
Garrels and Christ (Garrels and Christ, 1965) formally define Eh as the
oxidation potential of a half-cell measured against the standard hydrogen half-cell.
For the half-cell reaction:
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the Eh value can be written as:
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(Equation 27)

where E° is the voltage of the reaction when all of the substances involved are
at unit activity, R is the gas constant, T is the absolute temperature, n is the number
of electrons involved, F is Faraday’s constant, and ai is the activity coefficient of
species i.
The Eh potential of a solution can be seen as a measure of the tendency of
the solution to accept or donate electrons from the reaction that happens at the
reference electrode. Two electrodes are needed to measure the Eh value: a working
(indicator) electrode and a reference electrode. The working electrode is usually
made out of platinum or gold and is immersed in the solution. The reference
electrode consists of an electrode immersed in a reference solution and electrically
connected with the solution to be measured via a junction. For example, the AgӀAgCl
reference electrode, used in this work, consists of a silver wire coated in AgCl
immersed in 3 M KCl solution.
As a result, a small galvanic cell is established between the working and
reference electrodes. The measured voltage can be expressed as:
y  z − e

(Equation 28)

where y is the measured electrochemical potential of the solution relative to
the reference electrode, z is the electrochemical potential of the working
electrode, and e is the electrochemical potential of the reference electrode.
If y > 0, that indicates that the solution has the potential to accept electrons
from the reaction taking place at the reference electrode. In the case of the AgӀAgCl
electrode, an oxidation of AgCl with liberation of Cl2 and dissolution of Ag+ in KCl
would take place:

'
{` m^(M)
− : ' → {`(KN)
 1/2m^ .(|)

(Equation 29).

If y < 0, that indicates that the solution has the potential to donate electrons
to the reaction taking place at the reference electrode. In the case of the AgӀAgCl
electrode, a reduction of AgCl with deposition of Ag on the silver wire and dissolution
of Cl- in KCl would take place:
.
'
'
{` m^(M)
 : ' → {`(M)
 m^(KN)

(Equation 30).
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The standard hydrogen electrode (SHE) is the internationally accepted
reference electrode (Zanello et al., 2012). The values measured relative to other
reference electrodes can be converted to values relative to the SHE.

A1.9. Secondary ion mass spectrometry
Secondary ion mass spectrometry allows for studying the elemental
composition across the sample’s thickness and determining the thickness of layers
with different compositions.
In SIMS the surface of a sample is bombarded with a primary ion beam and
this is followed by mass spectrometry of the emitted secondary ions. The
bombarding primary ion beam produces monatomic and polyatomic particles of
sample material and re-sputtered primary ions, along with electrons and photons.
The secondary particles carry negative, positive and neutral charges and have
kinetic energies that range from zero to several hundred eV – see Figure 116. The
mass spectrometer samples the secondary ions in a preselected mass range by
continuously monitoring the ion signal while scanning a range of mass to charge
ratios (http://www.whoi.edu/cms/files/wjenkins/2005/9/SIMS_Theory_Tutorial_5347.
pdf).

Figure 116. A schematic of ion beam sputtering of the surface of a sample. Source:
(http://www.whoi.edu/cms/files/wjenkins/2005/9/SIMS_Theory_Tutorial_5347.pdf).
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A1.10. Scanning electron microscopy
Scanning electron microscopy allows for obtaining images of samples to
examine the micro and nanostructure features at the surface of the samples.
An SEM is essentially a high magnification microscope that uses a focussed
scanned electron beam to produce images of the sample. The primary electron
beam interacts with the sample in a number of key ways:
1. primary electrons generate low energy secondary electrons, which tend
to emphasise the topographic nature of the specimen;
2. primary electrons can be backscattered, which produces images with a
high degree of atomic number (Z) contrast;
3. ionised atoms can relax by electron shell-to-shell transitions, which
lead to either X-ray emission or Auger electron ejection. The X-rays
emitted are characteristic of the elements in the top few µm of the
sample

and

are

measured

by

the

EDX

detector

(http://

www.lpdlabservices.co.uk/analytical_techniques/sem/sem_instrument.
php).

A1.11. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy allows for obtaining the quantitative
elemental composition over the first 3 - 5 nm of material below the surface.
Information on the oxidation state and relative proportion of the oxidation states for
an element can also potentially be deduced.
As outlined by Barrie (Barrie, 2010), XPS exploits the photoelectric effect.
Photons of energy higher than a minimum amount (the work function, ) cause the
ejection of electrons from a solid. Monochromatic X-rays with a specific energy in the
range 200 - 2000 eV are used to remove electrons from core energy levels. The
number of electrons emitted and their kinetic energy are measured. The electrons
detected will only have come from surface layers. Hence, the technique provides
surface information.
The kinetic energy of the emitted electrons is given by the following equation:
  ℎ} − (~  )

(Equation 31),
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where EKE

is the kinetic energy of the emitted electrons, h is Planck’s

constant, ν is the frequency of the incident X-rays, EB is the binding energy of the
electrons and  is the work function.
Thus, the XPS experiment measures the binding energies, EB, of the core
electron levels. These are only slightly affected by bonding and, as a result, are
characteristic of the chemical species present. Therefore, the binding energies
measured provide information about which elements are present on the sample’s
surface. The precise value of the binding energy can be used to gain some chemical
information, such as the oxidation state of the element. Hence, XPS can be used to
provide structural information on what species are present on the surface.
The output from the XPS experiment is customarily presented in terms of a
graph of signal intensity versus binding energy – see Figure 117.
The signal intensities provide information on the surface concentrations of
each element. The detection limit for surface impurities in XPS can be as low as 1 %
of a monolayer.
The XPS peaks arising from levels other than the s levels are split into two
due to spin-orbit coupling. This is quantum mechanical coupling of the electron spin
angular momentum with the orbital angular momentum.
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Figure 117. An example of XPS survey scan for a UO2 thin film sample.

A1.12. X-ray diffraction
The X-ray diffraction technique allows for studying materials with a long range
translational order. It allows for identifying crystalline compounds and their phases;
and determining the degree of crystallinity, the lattice parameter, the microstrain and
the crystallite size.
A1.12.1. Basic principles of X-ray diffraction
When a focused X-ray beam interacts with regular, repeating planes of atoms
that form a crystal lattice, part of the beam is absorbed by the sample, part is
refracted and scattered and part is diffracted. When an X-ray beam hits a sample
and is diffracted, the distances between the planes of the atoms that constitute the
sample can be measured by applying the Bragg law (Figure 118). The Bragg law can
be written as:
>  2n G>W

(Equation 32),
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where the integer n is the order of the diffracted beam or a number of
wavelength, λ, difference between two diffracted X-ray beams that results in
constructive interference, d is the distance between adjacent planes of atoms and θ
is the angle between the plane of atoms and the incident X-ray beam (Putnis, 1992).
Since λ is known and θ can be measured, the d-spacing can be calculated. The
characteristic set of d-spacings and the intensity generated in a typical X-ray scan
provide a unique ‘fingerprint’ of the phases present in the sample. When properly
interpreted, by comparison with standard reference patterns and measurements, this
‘fingerprint’ allows for identification of the material. The presence of an amorphous
material in the sample can be determined by the occurrence of a specific wide halo
on the diffraction pattern (http://nanoscience.huji.ac.il/unc/xrd_basics.htm).

Figure 118. Graphical representation of the Bragg law. Adapted from http://hyperphysics.phyastr.gsu.edu/hbase/quantum/bragg.html.

A1.12.2. Grazing incidence X-ray diffraction
Grazing incidence X-ray diffraction measurements at very low incident angles
to maximise the signal from the thin layers are commonly used to study thin films
(http://mmlab.dlut.edu.cn/training/gid.pdf). The reason for this is that X-ray radiation
has a relatively large penetration depth into a matter. Hence, X-ray diffraction is not
surface sensitive and conventional θ/2θ scanning methods generally produce a weak
signal from the film and an intense signal from the substrate (http://www.
rigaku.com/products/xrd/ultima/app029). In GIXRD during the collection of the
diffraction spectrum, only the detector rotates through the angular range, thus
keeping the incident angle, the beam path length and the irradiated area constant.
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A1.12.3. Origin of diffraction pattern peak broadening
The origin of peak broadening in a diffraction pattern was discussed by
Gunderson (Gunderson, 2012) as follows.
The observed peak profile in a diffraction pattern arises from several
contributions, including the instrumental peak profile, which determines the minimum
peak width possible, the size of the crystallites (coherently diffracting domains) in the
sample, microstrain, faulting, dislocations, antiphase domain boundaries and
temperature factors. In order to separate some of these factors, the instrumental
broadening must first be determined. Then, from the sample broadening, the
crystallite size broadening and microstrain broadening can be determined.
Crystallite size broadening is the broadening of a diffraction peak due to a
decrease in the size of the coherent scattering domains, which is different from
crystal size. The radiation damage tracks in a sample can break up a crystal into
smaller crystallite domains, which become the coherent diffracting units within the
sample. As the domain size decreases below about 200 nm, the crystallite size
causes the peaks to broaden. Broadening due to crystallite size can be estimated by
the Scherrer equation:
VY (2W) 



PM

(Equation 33)

where βcr(2θ) is the diffraction peak width, L is the crystallite size, K is the
shape factor and λ is the wavelength of the incident X-ray beam. The Scherrer
equation does not take account of any microstrain contribution to the peak
broadening.
Microstrain broadening is the broadening of a diffraction peak due to lattice
strains, which are not constant over distances greater than about 10 atomic
diameters (Williamson and Hall, 1953). Microstrain is introduced into the lattice by
displacement of atoms around their normal positions. This can be caused by
dislocations, domain boundaries, interstitials or other defects that cause an alteration
in the d-spacing. Macrostrain, which is uniform over a larger scale, does not cause
broadening of the peaks but results in a shift in the 2θ peak position. Microstrain
broadening can be calculated as:
VM (2W)  4 >W

(Equation 34)

where βs(2θ) is the diffraction peak width and ε is the microstrain.
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Williamson and Hall (Williamson and Hall, 1953) suggested that the observed
diffraction peak broadening is a linear combination of the crystallite size and
microstrain contribution and is given by:
V(2W)  VY (2W)  VM (2W) 



PM

 4 >W

(Equation 35)

which can be re-written as:
V(2W)E_GW 


P

 4 G>W

(Equation 36).

Hence, by plotting β(2θ)cosθ versus 4sinθ, a straight line should be obtained,
where ε is the slope and the crystallite size can be calculated by the intercept with
the y-axis.
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Supporting data
Supporting data are available via the following links:
https://doi.org/10.17863/CAM.10979;
https://doi.org/10.17863/CAM.10980;
https://doi.org/10.17863/CAM.10981;
https://doi.org/10.17863/CAM.10982.
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