An Atomic-Scale Understanding of UO, Surface Evolution During Anoxic

Dissolution

Aleksej J. Popel®, Steven R. Spurgeon®, Bethany Matthews®, Matthew J. Olszta®,

Beng Thye Tan? Thomas Gouder®, Rachel Eloirdi¢, Edgar C. Buck®, lan Farnan?

®Department of Earth Sciences, University of Cambridge, Downing Street,
Cambridge CB2 3EQ, United Kingdom

®Energy and Environment Directorate, Pacific Northwest National Laboratory,
Richland, WA, 99352, USA

‘European Commission, Joint Research Centre, Directorate for Nuclear Safety and

Security, Postfach 2340, DE-76215 Karlsruhe, Germany

* Corresponding author. E-mail address: apopel@cantab.net (A.J. Popel).



Abstract

Our present understanding of surface dissolution of nuclear fuels such as uranium
dioxide (UQ,) is limited by the use of non-local characterization techniques. Here we
discuss the use of state-of-the-art scanning transmission electron microscopy
(STEM) to reveal atomic—scale changes occurring to a UO- thin film subjected to
anoxic dissolution in deionised water. No amorphisation of the UO. film surface
during dissolution is observed, and dissolution occurs preferentially at surface
reactive sites that present as surface pits which increase in size as the dissolution
proceeds. Using a combination of STEM imaging modes, energy-dispersive X-ray
spectroscopy (STEM-EDS), and electron energy loss spectroscopy (STEM-EELS),
we investigate structural defects and oxygen passivation of the surface that
originates from the filling of the octahedral interstitial site in the centre of the unit
cells and its associated lattice contraction. Taken together, our results reveal
complex pathways for both the dissolution and infiltration of solutions into UO,

surfaces.
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1. Introduction

Uranium dioxide (UOy) is the main form of nuclear fuel used for power generation
today.! Despite its high practical importance, a mechanistic understanding of UO,
dissolution is still lacking. This understanding is essential for assessing UO.
behaviour under various dissolution conditions such as during nuclear fuel failure in
water-cooled reactors,? subsequent fuel pond storage,® and geological disposal.* ®
Dissolution, precipitation and passivation of the surface of spent nuclear fuel are
important processes that determine the release of uranium and other radionuclides
when it is in contact with water. Developing an understanding of surface interactions
on UO:; is the starting point to understand the behaviour of the matrix dissolution of
spent nuclear fuel. Sample characterisation techniques commonly reported in the
literature for dissolution studies related to nuclear fuel®!® are either not surface
sensitive, or if they are surface sensitive they sample over large areas. Techniques
that provide high-resolution structural information such as crystal truncation rod
(CTR) X-ray diffraction (XRD),** ** Raman spectroscopy,”**’ and X-ray absorption
spectroscopy (XAS),'®* probe sample volumes several micrometers in size,
whereas highly surface sensitive methods such as X-ray photoelectron spectroscopy
(XPS)® 2% probe over areas hundreds of micrometers in lateral and transverse
dimensions. Hence, these techniques are challenging to apply to elucidate
mechanistic behaviour in atomic-scale dissolution studies. Higher resolution
techniques such as transmission electron and scanning electron microscopy
(TEM/SEM) have been used to examine secondary phase alteration, colloids, and

nanoparticles;* 2% however, not with modern high resolution instrumentation.



Atomic-resolution TEM has been used to study the evolution of microstructure in

nuclear fuel®*" and in the assessment of the effect of ion irradiations on UQO,.38%°

The key to understanding the long-term rate of release of fission products and
actinides from spent nuclear fuel is the rate of dissolution of the UO, matrix.* ** This
dissolution will be surface-controlled and involve the evolution of the surface and
potential new (secondary) phases forming depending on the environment. In our
previous work regarding the dissolution of CeO, (a non-radioactive analogue of
UO,)* and UO,** (anoxic conditions) we observed nano-scale surface alteration
features and secondary phases that were difficult to identify because of their size.*
% Many unanswered questions surrounding secondary phase formation during
anoxic dissolution of UO: remain, such as their crystal structure, location,
dimensions, and the process by which they form. In addition, it is unclear whether
they inhibit the dissolution process and if they support the common assumption that
the crystalline actinide dioxides must be covered with an amorphous surface layer as
a result of the dissolution.*”*® In order to address all of these concerns, a high-

resolution, sub-micron structural and chemical analysis approach is needed.

In this work we employ state-of-the-art scanning transmission electron microscopy
(STEM) to examine the nanoscale evolution of UO, crystals during steps in anoxic
dissolution. In particular, we use a combination of high-angle annular dark field
(STEM-HAADF) and medium-angle annular dark field (STEM-MAADF) imaging,
which are sensitive to lattice composition and strain, respectively, as well as high-
resolution energy-dispersive X-ray spectroscopy (STEM-EDS) and electron energy

loss spectroscopy (STEM-EELS) to examine the local chemical evolution of the



system. For this purpose, a thin film sample of UO; subjected to anoxic dissolution in
deionised water described in refs 45, 46 was studied to reveal surface alteration
features and identify secondary phase formations. The increase in resolution
provided by atomic-scale chemical imaging of the dissolution process allows us to
examine the extent of the amorphous surface hydroxide phase that is often
postulated to mediate dissolution.*”*° We find evidence for an alternative passivation
mechanism through light element atomic-scale mapping, shedding light on the

complex nature of dissolution in this system.

2. Experiment

2.1. Sample Production. The thin film of UO; used in this study was produced by
reactive magnetron sputtering onto a Si (001) single crystal substrate. The
dissolution experiment was performed in a glovebox under argon atmosphere, with
oxygen level < 0.1 ppm O,, in de-aerated deionised water for 140 days and the thin
film sample was annealed in Ar/5%H, at 800°C immediately before the leaching
experiment. Further details for the leached sample on the sample production, the
dissolution experiment, and characterisation by SEM, electron backscatter diffraction

(EBSD), and XRD are given in refs 45, 46.

A reference sample for comparison purposes was produced at the same
Labstation machine at the JRC Karlsruhe as the leached sample. Following cleaning
with ethanol and heating to ~400 °C under pO. of 2 x 10™® mbar for 10 min, the Si
substrate was maintained at a temperature of 300—-350 °C for the film deposition. A

partial pressure of Ar was set to 5 x 10~ mbar and an O, partial pressure was set to



2 x 107° mbar. The reference film sample was deposited for a shorter time (10 min
versus 30 min) and at a lower target power (1.38 W) than the leached sample (3.2
W), which resulted in a lower film thickness. The reference sample was a nominal
thickness of 40 nm, compared to the other sample, which was nominally six times

thicker at 240 nm.

2.2. Electron Microscopy. SEM imaging of the sample surface was performed
using a FEI Helios NanoLab 660 DualBeam Ga® Focused lon Beam (FIB)
microscope, operating at 5 kV accelerating voltage and a current of 0.4 nA. STEM
samples were prepared on the same system using a standard lift out procedure. The
sample was thinned using a high to low angle procedure while lowering the ion beam
accelerating voltage from 30 kV to 5 kV. Final thinning and polishing were performed
at 2 kV at an angle of 59°. STEM data were collected on a probe-corrected JEOL
ARM-300F microscope operating at 300 kV accelerating voltage, with a probe semi-
convergence angle of 29.7 mrad. Simultaneous STEM-HAADF and STEM-MAADF
images were collected using collection angles of 72—-497 mrad and 47-145 mrad,
respectively. Tilt series were acquired in 3° steps in the holder a tilt direction totalling
+15° off the [100] zone axis followed by subsequent rigid-alignment using the Smart
Align plugin.®* EDS and DualEELS maps were collected using a ~1 A probe size
and a ~230 pA probe current, with the latter using a 0.25 eV ch™ energy dispersion.
The EELS spectra were corrected for energy drift using simultaneously acquired
zero-loss mapping and subsequently denoised using principal component analysis

(PCA).

3. Results and Discussion



We first examine the microstructures of both the unleached and leached samples
(Figure 1). The thin film used in the dissolution experiment was grown ~6 times
thicker than the unleached reference sample (40 nm as compared to 240 nm,
Figures 1a and 1c). Both films are comprised of columnar grains on the order of 5-10
nm in lateral dimension that were observed to extend from the Si substrate to the
outer surface (Figure 1b). STEM-HAADF imaging confirms the atomic columns of
UO, (with black arrows indicating grain boundaries). Small, equiaxed grains of a few
nm in dimension were also observed near the UO,/Si substrate, but were only noted
at the interface and not throughout the film (Figure 1b). The same columnar grain
boundary microstructures are shown in the STEM-HAADF image of the leached

sample, Figure 1c, with the grains extending from the Si/UQO- interface to the leached

surface. Cracks in the film are also present throughout.
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Figure 1. Sample microstructure. (a) Low and (b) high-magnification cross-sectional STEM-

HAADF images of the unleached sample, revealing nanoscale grain structures, marked by
the black arrows. (c) Cross-sectional STEM-HAADF image of a crack in the leached sample

running from surface to substrate, marked with a black arrow.

Closer examination of the surfaces of both the unleached and leached surfaces

(Figure 2) reveals shallow pitting associated with grain boundaries intersecting the



surface. The grain boundary in the unleached surface (Figure 2a) is evidenced both
by the dark linear contrast (black arrow) as well as the atomic columns of adjacent
grains. While the line is offset from the atomic column contrast, this is a function of
the boundary inclined within the foil. The dark line appears to align well with contrast
at the surface of the sample, thereby suggesting this is a grain boundary and not a
dislocation. Regardless, both the STEM-MAADF contrast and the linear contrast
appear directly below the surface pit, which is ~ 5 nm wide.

Similar grain boundary contrast was observed in leached sample (Figure 2b).
While the appearance of continuous atomic columns is continuous across the two,
bright linear grain boundary figures, this is most likely a function of the extremely
localized electron STEM probe focusing on a single grain either above or below the
two grain boundaries. Provided the grain widths are on the order of 5-10 nm, it would
suggest that even for a TEM foil 50-75 nm thick there would be a projection of 5-10
grains in any given projection. Above the two grain boundaries a larger (=50 nm)
wide pit was observed, suggesting that the smaller pits in the unleached sample
grow as a function of dissolution process. The high density of exposed grain
boundaries at the surface likely provide energetically favourable sites for
dissolution®** and, hence, the growth of surface pits. The contrast of the Pt/C
protective layer deposited during FIB milling is observed within the pits in either

image, proving that their appearance or growth is not a sample preparation artefact.



Figure 2. Surface pit formation. Cross-sectional STEM-MAADF images of the unleached (a)
and leached (b) samples, confirming that the intersection of nanoscale grains results in pits
at the sample surface, marked by the black arrows. The STEM-HAADF inset in (b) shows

the detail of another pit, which exhibits crystalline steps all the way to the surface.

The leached sample had been held in deionised water for 140 days prior to
imaging, and uranium concentrations had peaked and lowered to a steady state and
were in the range 1.1 x 10° — 3.0 x 10° mol/l.*** For these dissolution conditions
the presence of an ‘amorphous U(OH). phase’ on the surface is often inferred from
solubility arguments*” “° and therefore presumed to control the solubility. We do not
observe the formation of this phase as indicated by STEM-HAADF image inset in
Figure 2b, although we cannot exclude the presence of U-OH termination of uranium
atoms on the surface. This finding is consistent with our earlier observation of the
lack of the surface amorphisation by the surface-sensitive EBSD technique in refs

45, 46.



As we have reported previously,®® * the presence of extensive cracking and
surface protrusions was also observed. The two heat treatment conditions in this
study allow us to examine the possible origin of these cracks, which may be linked to
thermal expansion differences between the UO. film and Si substrate during cooling

or annealing before leaching. While the expected in-plane lattice mismatch for UO.

Ayor —ds; _ 5.47—-5.43
ag; 5.43

and pure Si is low =0.07%|, the linear thermal expansion

coefficients of the silicon substrate and the UO, film differ by a factor of three at the
preparation temperature (UO; > Si).>®*" This difference may well lead to the build-up
of local strain and the emergence of novel nanoscale features as the strain state

evolves during thermal treatment and subsequent leaching.

Evidence for such novel behaviour is shown in Figure 3a, where SEM secondary
electron (SE) imaging reveals extensive cracking and large, faceted bundles on the
sample surface that appear to be precipitates. However, cross-sectional STEM
analysis of these regions (shown in Figures 3b and 3c and in supplementary movie
S1) demonstrate that these are actually regions of buckled UO, film. During the
leaching process oxygen infiltrates existing cracks and grain boundaries, thereby
leading to extensive variations in local strain state. These surface sites may also act
as preferential nucleation sites®® for uranium from the solution that results in swelling
and an associated stress. In some regions buckling with detachment from the
substrate does occur, resulting in rotation and shear of the nanoscale grain structure,
as well as terrace formation on the crystal surface. STEM-EDS mapping (Figures

3d—g) of the buckling confirms its identical composition to the pristine film region and

10



reveals an increase in oxygen content at the film-substrate interface and sample

surface.

Figure 3. Evidence for film buckling. (a) Representative SE image showing surface cracks
(marked by arrows) and a large buckled region of the crystal (center) of the kind from which
a lift out was extracted. (b) and (c) Cross-sectional STEM-HAADF and STEM-MAADF

images revealing that the film has buckled away from the substrate and sheared into rod-like

features. The arrows in C mark the buckling and excess surface oxygen, respectively. (d—g)
Combined and individual STEM-EDS maps for the U M, O K, and Si K peaks, respectively.
The arrows mark the loss of mass at the buckled region (e) and excess oxygen at both the

crystal surface and substrate interface (f).

To further explore the dynamics of the dissolution process, we measure the
oxygen content of the film surface and its defects using STEM-EELS, which is highly
sensitive to light element composition. As shown in Figures 4a and 4b, the
unleached sample shows extensive oxygen build-up at the sample surface. Similar
excess oxygen is present in the leached sample, shown in Figures 4c and 4d, but
more pronounced. In this case we observe infiltration of excess oxygen into the

surface regions of the crack, where it lines a ~5 nm region along the crack and
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surface. As the UQ; thin film was annealed in Ar/5%H, at 800°C immediately before
leaching and not exposed to any atmospheric oxygen until being examined by SEM
after the experiment, we suggest that this excess oxygen originates at least in part
from the dissolution process. In the absence of an oxidising agent in these anoxic
conditions and where radiolytic production of oxidising species for this natural
uranium sample is insignificant, this process could occur by the reduction of water.
The potential-pH diagram showing the relative stabilities of uranium phases (Figure
5 in ref 4) indicates a region between the UO,/U and H,O/H. equilibrium lines in
which going from UO; to UO,., could reduce water at the sample surface. Such a
process would be described by the following overall chemical equation that has been

proposed before by Haschke et al.*® for PuO, and adsorbed water:

UO;(s) + xH.O(ads.) —» UO..(s) + 2xH2(Q) Q).

Idriss> also discussed oxidation of polycrystalline UO, with H,O vapour where the
subsurface is oxidized with oxygen diffusion originating from dissociation of H,O
vapour on the surface and noted that this dissociative vapour adsorption is favoured
at defective surfaces. This surface reaction is also consistent with the passivation of
the dissolution process presented in refs 45, 46 and relevant for the cases when
oxidising agents are absent under anoxic conditions and where radiolytic production

of oxidising species is insignificant.
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Figure 4. Chemical analysis of excess oxygen. Cross-sectional STEM-HAADF images and
corresponding STEM-EELS maps of the O K edge from the dashed regions in the unleached
(a) and (b) and leached (c) and (d) samples, respectively. Excess oxygen lines the cracks

and surface, marked by the arrows and the yellow integrated line profile in (b), respectively.

This observation is consistent with previous literature reports of the dissolution of
UO; in buffered water (pH 7.3, free from dissolved inorganic carbon) under a
reducing atmosphere (5% H./95% N,), where the surface oxidation to 7-10% U(VI)
and 20% U(V) was recorded by XPS without detectable U(VI) in the solution by
kinetic phosphorescence analyzer (KPA).® Maier et al.’ also observed oxidative
passivation of the UO, dissolution under exposure to 2.25 mM H,O; solution in de-
aerated 10 mM bicarbonate solution. It is known that across the low range of UO ;.
oxidation [x < 0.25; U.O¢], where the cubic structure is maintained, the excess
oxygen occupies positions ~1 A from the body centre and the unit cell also
experiences a contraction.*? In addition, Spurgeon et al.®® observed by STEM-EELS
no evidence for large scale phase transformations at a stoichiometry of nearly UO¢7
near the surface. We suggest that once the interstitial site is filled and the unit cell is
contracted, further oxidation and dissolution are inhibited. This passivation
mechanism is similar to the oxidation inhibition mechanisms proposed for trivalent
rare earth dopants in UO2*" ¢ where dopants might result in a reduction in the

availability of the interstitial sites and lattice contraction that results in decreased
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mobility of the O% ions into the vacant sites in the fluorite lattice. Since the oxidation
reaction involves the incorporation of O* ions into the fluorite lattice, these effects
could be expected to limit the extent of oxygen propagation further into the UO.

matrix.

4, Conclusions

The application of atomic-scale imaging to the dissolution process of UO. reveals
that dissolution initiates at surface grain boundaries and film cracks. However, the
dissolution process does not result in the formation of a hydrous amorphous U(OH).
phase. Instead, we suggest a process of oxygen substitution into the central
octahedral interstitial site in the surface layers of the UO. lattice during dissolution.
This appears to create an oxidised passivating layer, which would be responsible for
the observed reduction in uranium release as a function of leaching time. The earlier
features observed by SEM as secondary phases were confirmed to be UO,. Our
highly local analyses reveal unique pathways for oxygen incorporation into UO,

surfaces.
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