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a b s t r a c t

The aim of this work was to study the separate effect of fission fragment damage on the dissolution of
simulant UK advanced gas-cooled reactor nuclear fuel in water. Plain UO2 and UO2 samples, doped with
inactive fission products to simulate 43 GWd/tU of burn-up, were fabricated. A set of these samples were
then irradiated with 92 MeV 129Xe23þ ions to a fluence of 4.8 � 1015 ions/cm2 to simulate the fission
damage that occurs within nuclear fuels. The primary effect of the irradiation on the UO2 samples,
observed by scanning electron microscopy, was to induce a smoothening of the surface features and
formation of hollow blisters, which was attributed to multiple overlap of ion tracks. Dissolution exper-
iments were conducted in single-pass flow-through (SPFT) mode under anoxic conditions (<0.1 O2 ppm
in Ar) to study the effect of the induced irradiation damage on the dissolution of the UO2 matrix with
data collection capturing six minute intervals for several hours. These time-resolved data showed that
the irradiated samples showed a higher initial release of uranium than unirradiated samples, but that the
uranium concentrations converged towards ~10�9 mol/l after a few hours. Apart from the initial spike in
uranium concentration, attributed to irradiation induced surficial micro-structural changes, no notice-
able difference in uranium chemistry as measured by X-ray electron spectroscopy or ‘effective solubility’
was observed between the irradiated, doped and undoped samples in this work. Some secondary phase
formation was observed on the surface of UO2 samples after the dissolution experiment.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Some countries have decided or are positioning themselves to
decide in favour of complete or partial geological disposal of spent
nuclear fuel (SNF) [1]. 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 [2,3]. As a result, extensive
work is devoted to studying the different parameters relevant to
the dissolution of spent nuclear fuel under geological disposal
ent of Earth Sciences, Uni-
2 3EQ, United Kingdom.

r B.V. This is an open access article
conditions [1e14]. However, there are still some aspects that
require further clarification.

For example, to the best of our knowledge there is only one
publication in the open literature, produced by Matzke [7], which
considers the effect of radiation damage on the dissolution of
uranium dioxide matrix in water. About 80% (~170 MeV) of the
energy liberated in a nuclear fission event is given to fission frag-
ments as kinetic energy which is transformed into heat by their
interaction with the crystal electrons and the crystal atoms in the
fuel matrix [15]. This results in fission damage which is manifested
in lattice parameter increase and lattice strain, surface fission
tracks, high burn-up structure, enhanced diffusion, and creep,
leading to the degradation of the fuel's properties [16e19].

Another important aspect receiving limited attention is the
dissolution of the high burn-up structure [4,10e13]. The high burn-
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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up structure is a scientifically interesting and technologically
important phenomenon [20]. Fuel pellets with an average burn-up
above ~45 GWd/tU [19] show a crystallographic restructuring at the
peripheral region, called the ‘rim structure’ or ‘high burn-up
structure’ [21]. This structure is characterized by the existence of
highly dense sub-grains with a size of around 100 nm and the
accumulation of pores with an average size of about 1 mm [21]. This
restructuring can influence the fuel performance by affecting
fission gas release, fuel temperature, hardness, and swelling [21].
The high concentration of fission products and plutonium 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
upon water exposure, leaching starts in this region, which has the
highest radiotoxicity [20]. Thus, the high burn-up structure has
been studied widely [18,21e35]. However, the exact mechanism,
the kinetics and the extent of its formation are still unclear
[19,23,25,29].

Dissolution rate and solubility of uranium dioxide in aqueous
environments are strongly dependent on uranium oxidation state,
as U6þ is more soluble than U4þ by several orders of magnitude
[36]. As a result, oxidation of UO2 increases its solubility by almost
five orders of magnitude [37]. Another key factor that determines
the kinetics of uranium dioxide dissolution is its solid-state con-
ductivity, where the dissolution rate increases with electrical con-
ductivity of the UO2 matrix [2,3]. Nakae et al. [38] showed that the
dependence of electrical conductivity of UO2 on radiation damage
is rather complex, but generally the radiation damage results in a
decrease of the electrical conductivity of UO2.

We believe that the complex chemical system produced by
accumulated radiation damage is important for understanding the
dissolution of the high burn-up structure [4], yet little work has
been done in this area. This contribution addresses these knowl-
edge gaps by attempting to quantify the effect of radiation damage
by fission-energy ions and dopants, which simulate fission prod-
ucts, on the aqueous dissolution of the spent fuel UO2 matrix.

For this purpose, plain UO2 and UO2-based simulant fuel (sim-
fuel) (43 GWd/tU simulated burn-up) bulk polycrystalline samples
were produced and irradiated with 92 MeV 129Xe23þ ions to a flu-
ence of 4.8 � 1015 ions/cm2. The irradiated and unirradiated sam-
ples were analysed by scanning electron microscopy (SEM),
including dual beam SEM-FIB (focused ion beam) set-up, atomic
force microscopy (AFM), and X-ray photoelectron spectroscopy
(XPS). Single-pass flow-through dissolution experiments under an
anoxic atmosphere (<0.1 ppm O2 in Ar) were then conducted in
deionised water to determine the effect of dopants and radiation
damage on aqueous durability. The uranium concentration in the
sampled solutions was determined by inductively-coupled plasma
mass spectrometry (ICP-MS). Following the dissolution experi-
ments, changes to the surface of the samples were characterized
using SEM and XPS techniques.

2. Experimental details

2.1. Sample production and irradiation

The sample fabrication was conducted and described by Hiezl
et al. in Ref. [39]. Thirteen stable elements were added in the form
of oxides and carbonates to depleted UO2 (0.3 wt% 235U) to simulate
the composition of spent fuel after burn-up of 43 GWd/tU and, as a
reference, pure UO2 samples were also prepared. The dopant blends
were homogenised with UO2 powder. The compacted pellets were
sintered at 1730 �C in an atmosphere of 99.5 vol% H2 and 0.5 vol%
CO2 for 300 min to produce the samples with densities of 10.69
(plain UO2) and 9.74 g/cm3 (simulated 43 GWd/tU). The pellets
were cut into discs with a diameter 9.4e9.5 mm and a thickness ca.
1 mm using a diamond saw. The activity of the discs was in the
range of 6e8 kBq, hence these samples had to be treated as
radioactive material in compliance with the relevant regulations.
The samples were cut and stored under an ambient air atmosphere.

Ion irradiation was conducted to simulate the radiation damage
produced by fission fragments during in-reactor fuel irradiation.
The xenon irradiation was performed with 92 MeV 129Xe23þ ions to
a fluence of 4.8 � 1015 ions/cm2 at a flux of ca. 1.3 � 1010 ions/(cm2

s), which caused heating of the samples to a temperature not
exceeding 150 �C on the IRRSUD beamline at the GANIL accelerator,
Caen, France. The Xe ions used in this work are representative of
typical fission fragments in terms of energy [40] and mass [41]. The
irradiations were conducted at an ambient temperature of ca. 19 �C.
The temporal structure of the ion beam was 1 ns ion pulse every
100 ns (due to the nature of cyclotron) and the beam was swept
across the surface of the samples with a frequency of 400 Hz in the
horizontal and 4 Hz in the vertical direction to ensure homogenous
irradiation. According to the SRIM-2013.00 software [42], the ex-
pected initial nuclear and electronic stopping, dE/dx, for 92 MeV Xe
ions in UO2 is 0.26 and 24.6 keV/nm, respectively, and the projected
ion range is ~6.5 mm. A theoretical UO2 density of 10.96 g/cm3 [43]
was assumed in this SRIM calculation.

2.2. Sample characterisation

The SEM analyses were performed on a FEI Quanta 3D FEG Dual
Beam (SEM-FIB) instrument, which contains a focused Gaþ ion
beam and high resolution field emission scanning electron column.
Samples were mounted on a carbon tape before they were loaded
into the SEM chamber. The SEM micrographs were collected using
secondary electron imaging at a voltage of 5 kV and a current of
0.17e0.68 nA. A gallium ion beam (30 kV, 1 nA) was applied to cut
the surface blisters for investigating their internal structure. A
Digital Instruments Bioscope II with a NanoScope IV controller was
used for AFM studies. Prior to the AFM measurements, the surface
of the samples was cleaned first using acetone and subsequently
with methanol using cotton swabs. The surface topography was
measured 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 mm and a scan rate of 1.2 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.

A Kratos Axis Ultra DLD spectrometer with a monochromatic Al
Ka X-ray (1486.7 eV) source at 10 mA, 15 kV for excitation was used
to perform the XPS measurements. High resolution analyses were
carried out with an elliptical analysis area with 300 and 700 mm
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. The energy scale was referenced to
adventitious C 1s at 285.0 eV. 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 U 4f were used
in the fitting procedure following themethodology outlined in Ilton
et al. [44]. The U(IV) and U(VI) standards were synthetic stoichio-
metric UO2(cr), as used by Schofield et al. [45], 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 U 4f
spectra were best fit after using Shirley background [46] sub-
tractions by non-linear least squares fitting using the CasaXPS
curve resolution software.

XRD and TEM studies were performed to assess the effect of the
dopants and ion irradiation on the structural properties of the UO2
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matrix and will be published elsewhere [47].

2.3. Dissolution experiments

Dissolution experiments were conducted using a polytetra-
fluoroethylene continuously stirred tank reactor with a residence
volume of 21.7 ml. The Mili-Q deionised water (18.2 MU/cm) was
degassed using an online vacuum degassing system and collected
in a bottle inside the glove box with a controlled Ar atmosphere
(O2 < 0.1 ppm). The dissolution experiments were performed in the
single-pass flow-through mode by placing one sample at a time in
the reactor and pumping the prepared deionisedwater for 10 h. The
outlet solution was collected for 5 or 6 min in individual poly-
ethylene vials using an automated sampling system. The volu-
metric water flow rate was set to 2.0 ml/min resulting in a reactor
residence time of 10.9 min and sampled volumes of 10 or 12 ml
were taken. The ambient temperature during the dissolution ex-
periments was either 21 or 25 �C. Some of the sampled solutions
were transferred into another set of sample vials for ICP-MS anal-
ysis and the original samples were left in the glove box for further
studies. Some UO2 samples were left overnight in the dissolution
reactor filled with water after the flow-through experiment was
completed for overnight batch dissolution. The reactor was cleaned
with nitric acid solution and deionised water between different
dissolution experiments and its cleanliness was checked by ICP-MS
analysis.

The sampled solutions were acidified with 10 ml of 15.9 M HNO3

and uranium concentrations were measured by an Agilent 7500
ICP-MS outside of the glove box. The regular analysis of the 50 ppt U
quality control standard showed a maximum error in U concen-
tration of 9%. The measured uranium concentration for the blank
runs was ca. 10�10 mol/l. Hence, the measurement error of 9% or
±10�10 mol/l, whichever is greater, should be applied to the ob-
tained U concentration values. The error bars are not plotted on the
dissolution graph below for the sake of clarity as their sizes do not
affect the observed trends.

After the dissolution experiment some of the samples were
assessed for surface structural and uranium oxidation changes
induced by the dissolution using XPS and SEM. The samples were
transferred under Ar atmosphere to the XPS spectrometer for
analysis after the dissolution experiments.

3. Results and discussion

3.1. Sample characterisation

Initial characterisation of the as-produced samples was per-
formed by Hiezl et al. and is available in Ref. [39]. SEM (Fig. 1a) and
AFM (not shown) characterisation showed that the unirradiated cut
disks have a high surface roughness with height variation up to
2.4 mm and significant variation (up to three times) between
different regions. Occasionally, regions with granular structure
(Fig. 1b) were observed with SEM. It is believed that these granular
regions correspond to places where gas cavities were cut by the
diamond saw. The grains showed wavy surface morphologies,
which were also observed by He et al. [37,48] and related to ura-
nium oxides with higher oxygen coefficients. Thus, from Fig. 1b and
based on the observations of He et al., it appears that even within
the same grain there are regions with different oxygen coefficients
and, hence, with different uranium ionic composition.

The Xe ion irradiation smoothed the surface features (Fig. 2a)
and caused hollow blisters to form (Fig. 2b). Several randomly
selected blisters were cut with Gaþ ion FIB and were observed to
have cavities. Some blisters appeared collapsed (e.g., rear blister in
Fig. 2b).
Lozano et al. [29] 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 mm in size, were attributed to be characteristic of the high burn-
up structure, whereas the round subgrains, of about 0.1 mm in size,
were associated with free surface rearrangement, for example, in-
side a pore. 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. [23] and Sonoda et al. [21]. Baranov et al. [23] managed to
achieve grain subdivision in bulk UO2-based simfuel pellets
(simulated 120 GWd/tU) by irradiating with 90 MeV Xe24þ ions to
fluences up to 5 � 1015 ions/cm2 with a flux of ~5 � 1010 ions/(cm2

s) at room temperature. The size of subgrains was reported to
depend on local dislocation density and was in the range of 200 nm
to 400 nm along the irradiated surface. Sonoda et al. [21] observed
subgrain formation, with a size around 1 mm, in bulk UO2 samples
irradiated by 210 MeV Xe14þ ions from a fluence over 1.0 � 1015

ions/cm2 at room temperature (flux is not reported). Hence, it
would be reasonable to expect very similar results from the ion
irradiation in our work, although our samples were not polished.
Instead we observe smoothing of the surface, as if melting took
place, and formation of blisters. Since the initial electronic stopping
power of 92MeV Xe ions is 24.6 keV/nm, which should be sufficient
to cause visible ion tracks with a diameter about 2 nm [21], we
suggest that the observed microstructure is a result of multiple
overlap (~150 times) of ion tracks with the centreline temperature
exceeding the melting point of UO2 (3150 K) [43]. The signs of
significant microstructural restructuring were also observed before
for UO2 thin film [49], bulk and thin film CeO2 [50] samples irra-
diated under identical conditions.

The aim of the XPS analysis was to examine whether the ion
irradiation caused any permanent U4þ ionisation to the higher
oxidation states due to electronic excitation during the electronic
stopping of the Xe ions in UO2. The information depth of the XPS
measurement (~3 nm) is such that the study performed on the
irradiated and unirradiated samples indicated that the samples
were subjected to significant surface oxidation. Since the samples
were cut and stored under ambient air atmosphere, surface
oxidation has masked potential ion irradiation and doping effects.
The oxygen coefficient values were in the range 2.22e2.33, which
corresponds to the surface composition from UO2þx (where
x < 0.25) to U3O7. The proportion of U(IV), U(V) and U(VI) was in the
range 60e44, 36e47, 4e9%, correspondingly. It should be noted
that these numbers represent average values over elliptical analysis
area with 300 and 700 mm minor and major axes, respectively.
Similar results were obtained before in Ref. [51] for UO2 thin film
samples irradiated under identical conditions.

3.2. Dissolution results

Nine samples were subjected to the time-resolved SPFT disso-
lution experiment: three unirradiated plain, two irradiated plain,
two unirradiated and irradiated doped (simulated 43 GWd/tU)
samples. These data reveal a complex behaviour with time largely
involving very low levels of U dissolution. Unirradiated samples
were expected to release a readily soluble U6þ in the oxidised
surface. The main findings of the dissolution study were (Fig. 3): 1)
the irradiated samples generally showed a higher initial release of
uranium than unirradiated ones; 2) after the initial release, ura-
nium concentrations from different samples (irradiated and unir-
radiated, doped and plain) converged towards the value of the
same order (~10�9 mol/l) with time. No noticeable difference was
observed in the dissolution behaviour between the plain and doped
(simulated 43 GWd/tU) samples under conditions used in this



Fig. 1. Secondary electron SEM micrographs showing the surface topography of an unirradiated plain UO2 sample (s12): a) low magnification image depicts high surface roughness
and a region with granular structure b) a high magnification image of the granular region shows wavy surface morphologies.

Fig. 2. Secondary electron SEM micrographs showing the surface topography of irradiated UO2 samples: a) a plain UO2 sample with surface smoothening and blisters; b) doped UO2

sample (simulated 43 GWd/tU) showing a blister cavity after a FIB cut out.

Fig. 3. A plot of U concentration as a function of number of reactor volumes for a plain
unirradiated (s12) and Xe irradiated (s4i) UO2 sample.

A.J. Popel et al. / Journal of Alloys and Compounds 735 (2018) 1350e1356 1353
work. The initial higher release of uranium from the irradiated
samples can be attributed to dissolution of the strained regions due
to induced radiation damage. The complex shape of the dissolution
curves (rise and fall in concentration values of U) can be explained
bywater accessing new regions of the UO2 surface oxidised in air. In
the case of the irradiated sample shown in Fig. 3, collapse of the
blisters (Fig. 4a) and subsequent dissolution of the blisters' inner
surface is more likely responsible for its complex dissolution curve.
Another plain irradiated sample (s5i) showed a high initial release
of uranium (4.1 � 10�6 mol/l in the first sample, Table 1), which
quickly dropped (after 6.5 reactor volumes) to the level of
~10�9 mol/l which was maintained until the end of the experiment.
This high initial release of uranium is likely associated with a small
region of U(VI) present (e.g., UO3$xH2O) on the surface of the
sample. It is known that aging of UO2 in ambient air might cause
the formation of a thin coating of highly oxidised material e UO3 or
one of its hydrates [52]. Uranium in the U6þ oxidation state has a
solubility of ca. 10�6 mol/l in water at neutral pH [3] and demon-
strates fast dissolution kinetics [53]. All samples showed an initial
rapid release of uranium, caused by an oxidised coating at the
surface of the samples, followed by a slow decrease in uranium
concentration. This is consistent with previous observations in
Ref. [54]. As the surface of the samples gets depleted of strained and
oxidised regions, the dissolution behaviour converges towards the
same value. It was observed that when the sampled solutions were
transferred into other sample vials to be taken out for ICP-MS
analysis, consistent dips in the measured uranium concentration
values were observed (Fig. 3, sample s4i, reactor volumes 7, 9,17, 26,
34, 42, 50). It is likely that uranium adsorbs on the surface of the
pipette tip and the new vial. This suggestion is also supported by
the fact that acid washes of the reactor (Table 1) showed consis-
tently higher measured uranium concentrations than the samples
at any other stage of the dissolution experiment. This indicates that



Fig. 4. Secondary electron SEM micrographs depicting changes in surface topography of a plain irradiated UO2 sample (s4i) after dissolution: a) a collapsed blister; b) circular
secondary phase formations.

Table 1
Concentration of uranium in different solution sample types for plain irradiated and unirradiated samples.

solution sample type from dissolution of plain UO2 samples c(U) (mol/l)

s12 (UO2.28), unirradiated s4i (UO2.29), irradiated s5i (UO2.31), irradiated

first flow-through sample 2.8 � 10�9 3.5 � 10�9 4.1 � 10�6

last flow-through sample 6.9 � 10�10 5.9 � 10�10 2.3 � 10�9

sample after overnight batch dissolution 6.7 � 10�9 2.3 � 10�9 4.0 � 10�7

sample after reactor acid wash 1.7 � 10�8 4.1 � 10�7 2.0 � 10�6
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uranium adsorbs on the surface of the reactor during the dissolu-
tion experiment and is consistent with previously observed
behaviour [55].

SEM analysis of the samples after the dissolution experiments
showed circular secondary phase formations (d ¼ 50e100 nm) on
the surface of sample s4i (Fig. 4b). Further work with sub-micron
characterisation is required to identify this secondary phase, but
its solubility must be lower than ~2 � 10�9 (Table 1) so that it can
precipitate out of the solution. The only viable candidates for the
secondary phase are semi-crystalline UO2 or UO2þx phases
[14,56,57], as the dissolution took place in deionised water at an
ambient temperature of 24e25 �C (contact time with water was
only 26 h: 8 h in a flow-through mode, 18 h in a batch mode). XPS
analyses (Table 2) of the samples after the dissolution experiments
were performed to examine the effect of dissolution on the
oxidation state of uranium at the surface of the samples and indi-
cated that contact with water resulted in marginal changes in the
relative fraction of uranium ions at the surface of the samples,
hence the oxygen coefficient kO remained virtually unchanged.

It should be noted that even in the case of irradiated sample s5i,
where the highest release of uranium was observed, the thickness
of uranium dioxide layer dissolved (based on total uranium disso-
lution) is estimated as ~60 nm, which is well below (two orders of
magnitude) the expected Xe ion penetration depth of ~6.5 mm.
Table 2
Summary of the XPS results for the plain irradiated and unirradiated samples before and

plain UO2 samples U(IV) fraction U(V) fraction

s12, unirradiated 0.51 0.42
s12r 0.50 0.46
s4i, irradiated 0.50 0.44
s4ir 0.47 0.48
s5i, irradiated 0.48 0.45
s5ir 0.50 0.44

r denotes samples after the dissolution experiments.
Geometric surface area and dissolution only from the top surface of
the sample disc were conservatively assumed. Since the uranium
release values for the unirradiated and irradiated samples converge
towards the same value with time, and for the irradiated samples
the dissolution of the material with accumulated damage is taking
place, it can be concluded that the induced radiation damage does
not have a significant effect on the dissolution of the UO2þx matrix
under anoxic conditions.

The XPS and dissolution results highlight the fact that UO2
possesses an exceptional ability to recover the induced radiation
damage [40] and suggest that radiation damage aspect in real spent
nuclear fuel might not be significant in affecting its aqueous
durability. This suggestion is consistent with the dissolution results
for high burn-up fuel, where no dissolution enhancement was
observed as a result of an increased burn-up which implies an
increased accumulation of radiation damage [4,11].
4. Conclusions

The ion irradiation caused significant microstructural rear-
rangements in the UO2 samples: smoothing of the surface features
and hollow blisters were observed. Multiple overlap of ion tracks
with the centreline temperature exceeding the melting point of
UO2 was suggested to cause these features. However, the
after the dissolution experiments.

U(VI) fraction oxygen coefficient kOðUOkO Þ
0.07 2.28
0.05 2.28
0.07 2.29
0.05 2.29
0.07 2.31
0.06 2.28
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underlying UO2 surface chemistry as determined by XPS appears
unchanged (completely recovered) despite significant electronic
disturbance during irradiation.

The dissolution studies showed that the irradiated samples
generally showed a higher initial release of uranium than unirra-
diated ones and, after the initial release, uranium concentrations
converged towards the value of the same order (~10�9 mol/l)
within a few hours. This result suggests that the induced radiation
damage in this work does not have a significant effect on the longer
term dissolution of the UO2þx matrix under anoxic conditions. Nor
was there any noticeable difference in dissolution behaviour be-
tween the plain and doped (simulated 43 GWd/tU burn-up) sam-
ples under the anoxic conditions used in this work.

Secondary phase formations were observed on the surface of
UO2 under anoxic dissolution conditions in deionised water at an
ambient temperature of 24e25 �C and a contact time with water of
only ~26 h. There is a need for sub-micron chemical and structural
characterisation of the samples for a better mechanistic under-
standing of the observed secondary phase formation processes, as
well as of the initial oxidation of the UO2 creating possible regions
of UO3$xH2O on the surface of the samples after prolonged expo-
sure to air.
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