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Spraying-assisted combustion synthesis with uranyl nitrate — acetylacetone — 2-methoxyethanol solutions was
used to prepare UO; films on an aluminum alloy substrate. The tuning of the spraying parameters and annealing
temperatures allowed the preparation of UO, films with thicknesses varying from 10-300 nm and 5-10 nm UO,
grain size. High-resolution electron microscopy and X-ray photoelectron spectroscopy showed that increasing the
annealing temperature promotes Mg diffusion from the substrate into the films. The incorporation of Mg reduced
the overall crystallinity of the films. The irradiation with Ar>* ions (1.7 MeV energy and a fluence of 2 x 10'°
ions/cm?) did not degrade the quality of the films. However, the Mg content significantly influenced the
irradiation-induced restructuring of the UO; films. Irradiated films with low or no Mg content exhibit high
crystallinity, and the UO,/Al interfacial layer becomes highly porous. Films with higher Mg content are mostly
amorphized after irradiation. The origin of irradiation-induced amorphization was related to the formation of
MgyU1.yO2.x solid solutions. Chemically complex, pore-free, and amorphous Mg-Al-O film/substrate interfacial
layers enable continuous Mg diffusion during irradiation. Furthermore, the gradual increase in Mg amounts

triggers irradiation-induced precipitation of a crystalline MgO-rich phase within the amorphous films.

1. Introduction

Uranium dioxide (UQy) is the primary nuclear fuel for most com-
mercial power plants due to its high melting point (2865 °C), compati-
bility with cladding materials, as well as its high chemical and radiation
stability [1-7]. Fresh UO;y fuel is mildly radioactive and becomes
dramatically more radioactive during reactor operations. The fuel pel-
lets also evolve chemically, as 2°U fission creates lighter elements, and
neutron capture of 28U followed by -decay forms transuranic elements
[1,8-10].

During reactor operation, fuel undergoes considerable morpholog-
ical changes [11-19]. Large thermal gradients, fission gas atoms, and
neutrons create a network of defects in the micrometer-scale UO; grains
[13,20-24]. Continuous defect accumulation transforms the dense
coarse-grained (~10 pm) morphology into a porous submicrometer-
scale structure at the outer edges of pellets [14-16,20]. Extensive
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investigations show the existence of two distinctive radiation-induced
restructuring pathways: grain subdivision and recrystallization
[8,9,13-16,25,26]. In the former pathway, the rearrangement of defects
in large damaged grains creates new sub-boundary domains. In contrast,
the latter pathway includes nucleation of new grains that grow in areas
with increased concentrations of interstitials, dislocations, and stacking
faults. The high operating temperatures (500-1000 °C) establish an
equilibrium between defect formation and recovery. These processes
make UO; highly stable under irradiation, accommodating significant
damage without amorphization [24,27,28]. The exact mechanisms
governing these structural changes are unknown because of difficulties
in investigating highly radioactive spent fuel [12,15,29]. Ion irradiation
of thin films of UO5 or analogue (CeO2) materials is a suitable alternative
for exploring such structural evolutions [28,30-34]. However, the lack
of simple, safe and efficient film deposition methods impede the
irradiation-induced structural investigation of UO, at the nanoscale
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level.

Solution combustion synthesis (SCS) has become an established
method for preparing nanoscale materials and thin oxide films [35-43].
We recently used SCS with the spin coating to deposit thin UOy and
UO3 12 films on aluminum substrates to investigate their irradiation-
induced structural changes [44,45]. The heat released during the com-
bustion process and the subsequent annealing at 400 °C enables the
preparation of polycrystalline films with ultrasmall (5-10 nm) grains of
uranium oxides. The multiple deposition cycles enable the tailoring of
the film thicknesses. Irradiation with 1.7 MeV Ar?" ions amorphized the
entire UO, films at the early stages of the process (fluence below 1 x
10'® ions/cm?) [45]. More extended irradiation (1 x 10'7 ions/cm?)
caused recrystallization of the films. However, the atomic-scale mech-
anism behind the amorphization at the early stages of irradiation re-
mains unclear.

Here we report a new preparation method of UO; films and irradi-
ation investigation to reveal the driving forces behind reduced radiation
tolerance of nanoscale UO,. This film preparation method combines
electrospraying of uranyl nitrate — acetylacetone — 2-methoxyethanol
solutions on the substrate, followed by combustion synthesis in thin
solution layers triggered by short annealing. X-ray photoelectron spec-
troscopy (XPS) and high-resolution electron microscopy show that
annealing at 350 °C yields crystalline films, and increasing the tem-
perature decreases the overall crystallinity of the films. Probing the
composition and structure of irradiated (1.7 MeV Ar?* ions with a total
dose of 2 x 10° ions/cmz) films enabled us to reveal the links between
synthesis conditions and irradiation-driven structural changes,
including the origin of reduced radiation tolerance of nanoscale UOx.

2. Materials and methods
2.1. Preparation of thin films

Isotopically depleted uranyl nitrate hexahydrate (UO2(NO3)2-6H20,
International Bio-Analytical Industries, >98.0 %) was dissolved in 2-
methoxyethanol ~ (C3HgO;, Alfa  Aesar, 99 %). Caution:
UO2(NO3)2-6H50 is a highly toxic compound and contains radioactive 238y,
an alpha particle emitter. Only trained personnel should handle this com-
pound within a licensed facility. Then, acetylacetone (CsHgO2, TCI, >99.0
%) fuel was added to obtain a solution with a 0.5 M ratio of CsHgO5 to
UO,(NO3)s.

Fig. 1 shows the schematic representation of the electrospray depo-
sition setup. It consists of a syringe pump (KDS 100 Legacy Single Sy-
ringe Infusion Pump), an airtight syringe (Hamilton gas-tight syringe,
500 pl), a high voltage power supply, a stainless steel spraying nozzle
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with an inner diameter of 0.25 mm, and a hot plate (Cimarec+™ Hot-
plate Series). The solution is forced through the nozzle by high voltage
(15 kV) spraying on a mirror-finished aluminum alloy (6061, with im-
purities: Cr 0.04-0.35 %, Cu 0.15-0.4 %, Fe < 0.7 %, Mn < 0.15 %, Si
0.4-0.8 %, Ti < 0.15 %, Zn < 0.25 %, and Mg 0.8-1.2 wt%).

The aluminum substrates were annealed in air at 300 °C for 30 min,
followed by ozone cleaning for 20 min before the deposition to improve
substrate wettability. After spraying, the samples were placed in a pre-
heated furnace to initiate the combustion in the solution layers. The
spraying time was varied from 15 to 120 min with the flow rate changing
from 3 to 30 pl/h. Other variable parameters include uranyl nitrate
concentration (0.10-1 M), the hot plate temperature during spraying
(50 °C to 200 °C), and the annealing temperature (350 °C to 550 °C) and
duration (20 to 90 min).

The irradiation of selected samples (30 min spraying time, 30 pl/h
solutions flow rate, annealed at 350 °C and 550 °C for 20 min) with an
Ar*" beam (energy of 1.7 MeV and fluence of 2 x 10'® jons/cm?) was
conducted using the single-ended accelerator (5U) at the Nuclear Sci-
ence Laboratory at the University of Notre Dame [45]. An ion range
(~1,000 nm) and damage profile were calculated using the Stopping
and Range of Ions in Matter (SRIM). These calculations show that nearly
100 % of the Ar*" beam passes through the UO, film and stops in the Al
substrate (Fig. 1S). The irradiation was performed at normal incidence
over ~ 1.3 cm? area with an ion flux of ~10'2 jon/cm?/s. A water cir-
culation system cooled the Al substrate at 15 °C to minimize beam
heating effects during irradiation.

2.2. Characterization of thin films

An Alpha Suite Spectrometer (ORTEC) with an ULTRA-AS ion-
implanted silicon detector was used to measure four uranium isotopes in
the deposited films. This detector has ~ 100 pm active depth, an active
area of 900 mm?, and a resolution of 29 keV FWHM at 5.486 MeV. A
mixed (1*Gd and 2*'Am) alpha source was used for the energy cali-
bration. The solid angle was determined using the SACALC software
[45]. All the measurements were performed under vacuum (~10 Pa).
The total content of the four uranium isotopes (%38y, 235y, 236y, and
2341) was calculated by applying the branching ratio correction of alpha
particles for each specific decay chain.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
near-surface composition and chemical states of the films. The XPS
samples (2 x 2 mm) were prepared from the original samples using a
metal shear cutter and mounted on the sample holder. A PHI VersaProbe
II spectrometer with an Al K X-ray source operating at 1486.6 eV with a
90° take-off angle was employed. Analysis of the valence level (O 2p and
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Fig. 1. Schematic representation of UO, film deposition on Al substrate.
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U 5f) and core (O 1 s, U 4f, Mg 1 s) photoelectrons was conducted under
10~° mbar pressure. Ar" etching at an accelerating voltage of 2 kV and
current density of 25 pA/cm? was used, with a duration from 180 to 540
sec, to analyze the chemical states of films at different depths. The
binding energies were measured relative to the U*" binding energy
(380.2 eV). Fifteen to twenty scans were obtained and averaged for each
electronic transition while ten passes were used for the survey scan. The
electron pass energy was set at 23.500 eV for each element and 187.85
eV for the survey scan. The background was subtracted using the Shirley
method [46]. CasaXPS software was used to analyze the spectra [47].
Calculation of the oxygen coefficient kg = 2 + x for UOy,« using an
approach based on the core level U4f;,,/01s intensity ratio produced
unreasonable kg values (from 3 to 5) and could not be used for the
oxidation state calculation, as was previously shown by Teterin et al.
[7,48-50]. Instead, it was determined using the ratio U5f/U4f;/,
(without satellite peaks) based on the following equation [7,31]:

Usf
Udfs)»

The fractions v (U™") of the uranium ions in different oxidation states
were calculated by using Egs. (2)-(4):

=1, = 5.366k, """ (€))

v (UY) = 1;/0.0383 2
v, (UP) =2(L —1;)/0.0383 3)
v3(U) = (0.0383 — 1,)/0.0383 C))

where the I, and I3 coefficients were determined by the following
equations:

I, = —0.0383k) +0.1149 5)

L=5L-2L-1)=2I,-1 6)

An Orbis (EDAX) X-ray fluorescence (XRF) analyzer with a Rh X-ray
tube, poly-capillary optics, and an 80 mm? Si(Li) drift detector was
utilized to determine the elemental composition and to characterize the
overall uniformity of the films deposited on Al substrates. The X-ray
beam parameters (40 kV, 400 pAmp, 0.03 mm spot size) were consistent
throughout the measurements with a 100 ms per point rate.

Scanning electron microscopy (SEM) was used to investigate the
surface morphology of the films. Helios Nanolab 600 (Thermo Fisher
Scientific) with a dual electron/ion beam system was used both for
secondary-electron SEM imaging and preparation of thin (50-100 nm)
slices for cross-sectional transmission electron microscopy (TEM) mea-
surements [30,51,52]. For TEM sample preparation, a carbon layer (1
pm thick) in a 10 pm x 0.5 pm rectangular area was deposited onto the
selected area of films. Next, ~1 pm deep trenches with a 52° base angle
were milled on both sides of the carbon layer with an accelerating
voltage of 5 keV and a milling current of 27 nA. Then, the slice was lifted
from the sample and polished to a ~ 70 nm thickness under an accel-
erating voltage of 5 keV and a milling current of 700 pA to produce clean
cross-section samples for TEM images without milling artifacts. The
morphology and structure of these slices were investigated using a Titan-
300 (FEI) microscope with a resolution of 0.136 nm in scanning TEM
mode and about 0.1 nm information limit in high-resolution TEM mode.
The Titan was equipped with an energy-dispersive X-ray spectroscopy
(EDS, Oxford Inca) system containing a Si(Li) detector with an energy
resolution of ~ 130 eV at 5.9 keV. Selected area electron diffraction
patterns of UO; films were acquired by an aperture with a diameter of
100 nm. The ring-type diffraction patterns were radially averaged to
obtain a distribution profile as a function of the scattering vector (S =
2sin0/), where A is the de Broglie wavelength, and 0 is the scattering
angle).
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3. Results
3.1. Thin-film deposition

The effect of uranyl nitrate concentration in the reactive solution was
initially explored. Five solutions with varying uranium concentrations
(0.1 to 1 M) were sprayed with a flow rate of 20 pl/h for 30 min on Al
substrates at a 50 °C hot plate temperature, and were then annealed at
450 °C for 20 min. The total number of uranium atoms (>>%U, 23°y, 236y,
and 22*U) measured by alpha spectroscopy shows a linear increase with
the concentration of uranyl nitrate in the sprayed solution until a con-
centration of ~ 0.5 M was reached (Fig. 2A). A further increase in
concentration led to less significant increases and an eventual saturation
of the uranium amount, presumably due to the increasing viscosity of
the solution. Therefore, a reactive solution with 0.25 M concentration
was selected to test the effects of other parameters. Fig. 2B shows a
direct and linear relationship between solution flow rate and uranium
amount in the deposited films. Note that the spraying time in this series
was fixed at 30 min. Similar results were also observed for the different
spraying time series (Fig. 2C). Fig. 2D shows that hot plate temperature
does not influence the amount of deposited uranium on the substrates,
while it does impact the microstructures of the films.

SEM images of a film deposited at 50 °C and annealed at 450 °C
indicate a smooth and uniform coverage of the UO; layer on the sub-
strate (Fig. 3A). Slight heating during the deposition helps spread the
solution and produces coatings without visible surface roughness. The
increase of the hot plate temperature to 100 °C forms cavities of varying
sizes (0.1-0.5 pm) (Fig. 3B). A magnified view of these features (inset in
Fig. 3B) reveals a porous microstructure with an average pore diameter
of 250 nm. Further increase in the hot plate temperature (200 °C) de-
creases the size of these cavities (Fig. 3C). The porosity of the layer
slightly decreases as well. The higher substrate temperatures accelerate
the solvent evaporation and create non-uniform porous microstructures.

Fig. 3D shows a typical single-point XRF spectrum acquired from a
film, where the composition of the Al alloys substrate is confirmed,
along with the presence of a uranium characteristic M X-ray line (3.17
keV). Fig. 3E and F illustrate the color-coded intensity distributions for U
M and Al K (1.49 keV) lines across the sample. These images show that
the uranium layer is uniformly distributed over the entire coated area,
while the intensity of the characteristic peak for aluminum is reduced.

3.2. Structural features of thin films

The effects of annealing temperature (350 °C to 550 °C) for durations
lasting 20-90 min were investigated relative to the morphology and
structure of the films (Fig. 4). At 350 °C, the UO; layer exhibits small
(2-5 nm) pores (Fig. 4A), while high-resolution TEM images at higher
magnification show several grains with different orientations and a
grain with interplanar spacings of 0.308 + 0.002 nm corresponding to a
(111) diffraction plane. Electron diffraction patterns show well-defined
Debye-Scherrer rings corresponding to the fluorite-type cubic structure
of UO, (Fig. 4A, right panel). The diffraction profile shows relatively
narrow peaks, indicating that the films indeed have a highly crystalline
structure.

Fig. 4B shows that increasing the annealing temperature to 450 °C
does not change the morphology of the films, which exhibit similarly
sized pores as the film prepared at 350 °C. However, high-resolution
TEM images display grains with well-defined boundaries and some
areas with disordered structures. Moreover, the intensity of the
diffraction lines slightly decreases. Note that the increase in annealing
time from 20 to 90 min at 450 °C further reduces film crystallinity and
pore sizes (see Fig. 25).

The films prepared at 550 °C are uniform in thickness with signifi-
cantly less porosity (Fig. 4C). However, the grains have smaller di-
ameters than those produced at lower temperatures, and the films
contain larger areas of disordered structures. Finally, the diffraction
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Fig. 2. Uranium amount in the samples vs the uranyl nitrate concentration in solution (A), the flow rate (B), the spraying time (C), and the hot plate temperature
prior to annealing (D) at 450 °C for 20 min.
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Fig. 4. Bright-field TEM images, high-resolution TEM images, and electron diffraction patterns and profiles for films annealed at 350 °C (A), 450 °C (B), and 550 °C
(C) for 20 min. All samples were made with 30-minute spraying of 0.25 M solutions at a flow rate of 20 pl/h.

profile contains broad lines, and several adjacent peaks (such as (200)
and (311)) are unresolved due to peak broadening.

The images and electron diffraction analyses in Fig. 4 and 2S show
that increasing the annealing time and temperature decreases the crys-
tallinity of UO, films with a simultaneous decrease in porosity. A cross-
sectional EDS analysis was conducted to investigate the origin of the
observed transition. The amount of Mg in the films (and at the film/
substrate interface) correlates with the annealing temperature (Fig. 5
and 3S). The UO5/Al interface of the film prepared at 350 °C contains a
significant amount of Mg. However, there is much less Mg throughout
the remainder of the film (Fig. 5A and Fig. 3S), indicating no significant
migration. At 450 °C (20 min of annealing), the Mg is mainly localized
within the UOy/Al interface (Fig. 5B and Fig. 3S). Increasing the
annealing duration (90 min at 450 °C) or temperature (550 °C) results in
diffusion of Mg into the UO; layer (Fig. 5C, 3S, and 4S). The Al alloy used
as a substrate contains ~ 1.2 wt% Mg. Therefore, higher annealing
temperatures or prolonged heating facilitate the diffusion of Mg from
the bulk alloy to the interface and eventually into the deposited film. The
correlation between the Mg content and the amount of disorder areas
suggests that Mg incorporation reduces the overall crystallinity of UO5
films.

3.3. Oxidation states of films

A layer-by-layer XPS analysis was conducted to gain insight into the
effects of Mg diffusion on film crystallinity and oxidation states. In these
experiments, Ar" etching with varying durations (30 to 540 sec) was
used to remove UO, layers and analyze the films at different depths

(estimated to be from 3.5 to 65 nm). The fitting of the uranium core
electron spectra was based on the binding energies of the spin-orbit
splitting U 4f lines for UIV) at 379.8 — 380.1 eV, U(V) at ~ 380.0 eV, and
U(VI) at ~ 380 — 382 eV, as well as the positions of the satellite peaks ~
7.1 eV, ~7.8 eV and ~ 3.5 eV above the spin-orbit splitting U4f peaks,
respectively [53]. The energy separation of the U 4f;,5 and U 4fs5/» was
constant throughout the different data sets (10.8 eV) and consistent with
the values reported in the literature [7,31].

Fig. 6 shows XPS spectra acquired for different Ar* etching times for
films prepared at 350 °C. After 30 sec of etching, the U 4f peaks are less
prominent than after more extended etching, and the satellite peaks are
not visible. The intensities of the peaks increase with the etching time,
and the satellites become well-defined (Fig. 6A). A “metallic” or reduced
uranium (valence states lower than IV) component at 378.8 eV also
became evident with increased etching time.

For the valence electron spectra (Fig. 6B), the separation between the
U 5f (1.48 eV) and the outer valance molecular orbitals (OVMO) (4.4 eV)
is not as sharp after 30 s of etching time in comparison to more extended
etching times. The U 5f peak shifts from 1.78 to 1.48 eV in the spectra
acquired with 180 and 540 s etching times. The peak broadening also
accompanies this shift due to the increase of the U*" concentration
(Table 1).

The intensities of the core level oxygen peaks (530.1 eV) also change
with etching time, while the OH (531 eV) and the CO%’ (532.1 eV)
components appear unchanged throughout the sample (Fig. 6C). The
presence of these surface groups is attributed to the porous nature of the
deposited layers obtained in ambient air. Mg was not detected in the
sample prepared at 350 °C, consistent with the EDS results (Fig. 3S).
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Fig. 5. EDS elemental maps for samples annealed at 350 °C (A), 450 °C (B) and 550 °C (C) for 20 min. The scale bar is 100 nm for all the figures.
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Fig. 6. XPS spectra for the U 4f core (A), U 5f valence (B), and Ols core (C) electrons for films prepared at 350 °C with different Ar* etching times.

Similar data were obtained for the samples prepared at 450 °C
(Fig. 5S) and 550 °C (Fig. 7). The intensities of the U 4f peaks increase
with etching time, and the satellites become more prominent, in addi-
tion to the “metallic” uranium (378.8 eV) component (Fig. 7A). For the
valance level electrons (Fig. 7B), the same separation issues exist be-
tween the U 5f peak (0.90 eV) and the OVMO (3.62 eV) peaks, followed
by a shift towards lower binding energies. The binding energies for the U
5f (~1.53 eV) and the OVMO (~4.70 eV) remain constant for longer
etching times.

The main differences between the XPS spectra of samples obtained at
350 °C and higher temperatures are the oxygen peaks. Fig. 7C shows that
after 30 sec of etching, the binding energy for the O 1 s peak shifts from
530.1 eV to 529.7 eV, while the peaks are centered at 530.4 eV for longer
etching times. The film prepared at 450 °C shows no Mg 1 s peaks for the
30 sec etching time (Fig. 6S A). Longer (180 — 540 sec) etching times
reveal small Mg 1 s peaks resulting in ~ 0.18 at. % of Mg. The films
obtained at 550 °C contain considerably higher Mg (Fig. 6S B) with
visible peaks even for the 30 sec etching time.
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Table 1
Oxygen coefficients (ko), oxidation states of U and Mg concentration.
Annealing temperature Etching time (sec) I; ko Iy I3 Fractions of U"" ions, % Mg (At.%)
U4+ U5+ U6+
350 °C 180 0.026 2.101 0.034 0.018 46 +3 44 +3 10+1 -
360 0.027 2.092 0.035 0.019 50+3 41 +3 9+1 -
540 0.028 2.085 0.035 0.020 53+3 39+3 8+1 -
450 °C 180 0.028 2.077 0.035 0.021 56 +3 36+3 8+1 0.14
360 0.029 2.068 0.036 0.023 60 +3 34+3 7+1 0.15
540 0.030 2.061 0.036 0.024 62+3 31+3 6+1 0.18
550 °C 180 0.029 2.070 0.036 0.023 59+3 34+3 7+1 4.31
360 0.030 2.063 0.036 0.024 62 +3 32+3 6+1 4.20
540 0.030 2.063 0.036 0.024 62+3 32+3 6+1 5.69
30 sec 30 sec Usf 30 sec C
udt,, uaf,, IVMO OVMO i
: ) OH group
Satellite g ; Satellite g ; co 2- group \
180 sec 180 sec

360 sec 360 sec
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Fig. 7. XPS spectra of the U 4f core (A), U 5f valence (B) and Ols core (C) electrons for films prepared at 550 °C with different Ar" etching times.

The calculated At.% of the Mg content are included in Table 1,
showing a gradual increase in Mg from 0.73 At.% (30 sec of etching) to
5.69 At.% (540 sec of etching) for 550 °C annealing temperature. Table 1
also summarizes the oxidation states of U and the kg coefficient for the
films prepared at different temperatures determined by the U5f /U4f; o
ratio [31]. All three samples exhibit the same trend for ko, which de-
creases with the etching duration. At the same time, the amount of U
with 4 + oxidation state increases, while the amount of the 5 + and the
6 + decreases. This trend correlates well with increasing Mg concen-
tration closer to the film/substrate interface.

3.4. Irradiation

The UO,, films prepared at different temperatures were characterized
by « particle spectroscopy to determine the uranium content before and
after irradiation. Fig. 8A shows signals reflective of the 238U, 235U, 236U,
and 22*U isotope content for the pristine samples prepared at 350 °C
before and after irradiation. The number of each isotope per cm? was
determined from these spectra, indicating no loss of material after
irradiation (Table 1S). Despite the material conservation, irradiation
considerably changes the morphology of the films. The UO,/Al inter-
facial layer becomes porous, while the porosity of the UO; layers is
significantly reduced (Fig. 8A). However, the sizes of the UO, grains
increase during irradiation. An electron diffraction pattern (Fig. 8A)
shows scattered bright spots instead of the ring patterns of the pristine
samples, indicating enhanced crystallinity (Fig. 4A). The improved

crystallinity can also be seen on high-resolution TEM images for the UO4
film and film/substrate interface (Fig. 8A).

The « particle spectra from the samples prepared at 550 °C before
and after ion irradiation are similar (Fig. 8B). The number of uranium
isotopes (Table 2S) determined from these spectra also show that irra-
diation does not lead to sputtering degradation and material losses. TEM
imaging revealed no changes in the film/substrate interface (Fig. 8B).
However, in contrast to the 350 °C microstructure, nearly the entire film
is amorphized, as shown by the electron diffraction pattern (Fig. 8B) and
the high-resolution TEM image (Fig. 8B). A thin discontinuous crystal-
line sublayer forms closer to the surface of the UO films with a signif-
icantly high Mg content (Fig. 7S). Directly measured lattice spacings on
high-resolution TEM images show that this structure is MgO (Fig. 8B).

4. Discussion

This work reports a rapid and simple method for the preparation of
thin UO; films. Combining SCS with electrospraying allows the depo-
sition of uniform films at low temperatures. This approach enables the
preparation of films with efficiency of the uranium precursors compared
to the spin-coating assisted combustion method reported in previous
works [44,45]. The high material collection efficiency (MCE) makes
spraying-assisted SCS ideal for fabricating thin oxide films of highly
radioactive and expensive oxides of transuranic elements.

The method reported herein also presents multiple advantages over
polymer-assisted deposition (PAD) [54-56], electrodeposition [57-60],
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Fig. 8. Alpha particle emission spectra for samples prepared at 350 °C (A) and 550 °C (B) before and after irradiation, as well as TEM, high-resolution TEM images,

and electron diffraction patterns of irradiated films.

magnetron sputtering [61-65], and chemical vapor deposition (CVD) of
U0 films [66-68]. For example, PAD relies on spin coating of substrates
with water-based polymer solutions containing metal salt, followed by
slow annealing to ~ 900 °C to oxidize organic residues and obtain a
crystalline UO; film. PAD produces homogenous films by repeating the
spin coating and annealing cycles. However, the MCE is only ~ 30 %. In
contrast, electrodeposition is highly efficient (MCE ranges from 80 to 98
%). The setup for electrodeposition is simple, and the duration of the
process is reasonably short. However, the most crucial disadvantage of
this method is the low adherence of the deposited material to the sub-
strates and the high levels of impurities in the films. The uniformity of
the films is also low. The deposited layers usually result in microscopic
“islands” rather than thin uniform layers.

The magnetron sputtering method allows the production of epitaxial
thin (~100 nm) uranium oxide films. However, this method requires
extensive and dedicated ultra-high vacuum instrumentation and spe-
cifically prepared metallic uranium source material. The composition
and U/O ratio of films are tuned by changing the oxygen pressure in the
deposition chamber. The CVD method uses volatile and highly toxic
metal-organic compounds. The control over the stoichiometry in the
CVD process is challenging, and other uranium oxides form as minor
phases in addition to UO,.

UO, films prepared and reported in this work result in uniform
coverage over areas of ~ 5 cm?, tunable thicknesses, excellent thickness

uniformity, and a consistent U/O ratio. The films are also robust and
stable under high-energy ion irradiations. The annealing temperatures
enable the tuning of film crystallinity. At 350 °C, the UO; films are
highly crystalline, while the increase in temperature to 550 °C or pro-
longed annealing at 450 °C leads to the formation of areas without long-
range order. Such unusual structural changes correlate well with gradual
diffusion of Mg from the alloy substrate into the film/substrate interface
and subsequently into the UO- films. Non-coated aluminum alloys have
a thin (~5 nm) Al;O3 layer with a small quantity of Mg (1-2 At.%). The
low pH (~2) value of the reactive solution accelerates the oxidative
leaching of Mg from the bulk of the alloy into the interfacial layer.

Prior work suggested that substitutional types of MgyU;.yO2.:4 (0 <y
< 0.33) solid solutions form in the U-Mg-O system at 800 °C [69-72].
Our XPS results show slight changes in the surface compositions of the
deposited oxide layer and the presence of a “metallic” component. Cross-
sectional EDS analysis also shows sizable increases of Mg in thin films
prepared at 550 °C. Ultra-small UO grains likely facilitate the formation
of a MgyU;1.yO2:x solid solution at much lower temperatures than
micrometer-scale grains reported earlier [69]. However, the solid solu-
tion appears amorphous due to the relatively low temperatures.

To characterize the irradiation stability of the UO, films, we used
relatively heavy Ar?" ions to create uniformly distributed atomic defects
without causing bubbles or dislocation loops (see Fig. 1S). Irradiation of
the films prepared at 550 °C further facilitates the diffusion of Mg into
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the UO; layer. Ultrasmall UO, grain sizes, ion flux, and an increasing
amount of solid solution create a primarily amorphous film with a
crystalline discontinuous MgO-rich sub-layer. Chemically complex Mg-
Al-O film/substrate interfacial layers in samples prepared at 550 °C
remain amorphous and pore-free during irradiations, thus providing a
continuous supply of Mg throughout the irradiation.

It is noteworthy that the crystallinity of films deposited at 350 °C
improves after irradiation. TEM imaging and electron diffraction pat-
terns indicate that a significant UO, grain growth occurs without a
preferential direction. The grain coarsening takes place in all directions.
In our irradiation experiment, the samples were cooled by circulating
water to minimize possible beam-induced heating during irradiation.
Therefore, we assume that irradiation-induced coarsening is governed
by ballistic mixing at disorder areas such as grain boundaries. The
growth process occurs even near ambient temperatures due to the ultra-
small grain and high grain boundary area. The structural refinement in
these regions leads to ordering at the interface of grains and possibly
transitioning from asymmetric to symmetric grain boundaries to mini-
mize the system’s overall energy. TEM imaging shows that the Al,O3-
rich film/substrate interface forms extended porous areas after irradia-
tion, most likely due to radiation hardening and crystallization pro-
cesses. These porous areas between the UO; film and the substrate
considerably limit the diffusion of Mg. Future works should explore the
effects of more extended irradiation and heating on structural changes of
thin films.

5. Conclusions

This work reports a spraying-assisted SCS preparation method of
high-quality polycrystalline UO; thin films on Al alloy substrates. The
process allows the deposition of uniform films without any material loss,
thus making spraying-assisted SCS ideal for fabricating thin films of
highly radioactive oxides. This method can be used for the efficient
preparation of transuranic elements with limited quantities of source
materials. High-resolution TEM measurements and layer-by-layer XPS
analysis demonstrated that increasing the annealing temperatures or
times facilitate the diffusion of Mg from the alloy into the UOj,
decreasing the overall crystallinity of the films. The prepared films do
not undergo material losses during high-energy ion irradiation. How-
ever, the Mg content significantly influences irradiation-induced
restructuring of the UO5 films. Irradiated films with low (or no) Mg
content exhibit reduced porosity and improved crystallinity, while the
UO/Al interfacial layer becomes highly porous. Films with higher Mg
content are mostly amorphized after irradiation, while the substrate/
film interfaces experience only minor changes. The origin of irradiation-
induced amorphization is related to the Mg diffusion and subsequent
formation of MgyU;.yO2.x solid solutions. Chemically complex, pore-
free, and amorphous Mg-Al-O film/substrates with interfacial layers
enable continuous diffusion of Mg during irradiation. Gradual increase
in Mg amounts triggers irradiation-induced precipitation of a crystalline
MgO-rich phase within the amorphous films.
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