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ABSTRACT: The speciation and morphological changes of α-
U3O8 following aging under diel cycling temperature and relative
humidity (RH) have been examined. This work advances the
knowledge of U-oxide hydration as a result of synthetic route and
environmental conditions, ultimately giving novel insight into
nuclear material provenance. α-U3O8 was synthesized via the
washed uranyl peroxide (UO4) and ammonium uranyl carbonate
(AUC) synthetic routes to produce unaged starting materials with
different morphologies. α-U3O8 from UO4 is comprised of
subrounded particles, while α-U3O8 from AUC contains blocky,
porous particles approximately an order of magnitude larger than
particles from UO4. For aging, a humidity chamber was programmed for continuous daily cycles of 12 “high” hours of 45 °C and
90% RH, and 12 “low” hours of 25 °C and 20% RH. Samples were analyzed at varying intervals of 14, 24, 36, 43, and 54 days. At
each aging interval, crystallographic changes were measured via powder X-ray diffraction coupled with whole pattern fitting for
quantitative analysis. Morphologic effects were studied via scanning electron microscopy and 12-way classification via machine
learning. While all samples were found to have distinguishing morphologic characteristics (93.2% classification accuracy), α-U3O8
from UO4 had more apparent change with increasing aging time. Nonetheless, α-U3O8 from AUC was found to hydrate more
quickly than α-U3O8 from UO4, which can likely be attributed to its larger surface area and porous starting material morphology.

■ INTRODUCTION
Physical and chemical signatures of nuclear material vary
throughout its lifecycle from ore processing to the long-term
storage of nuclear fuel and represent a central focus of nuclear
forensic investigations.1 The provenance of nuclear material
can be elucidated by signatures from industrial processes such
as phase purity, synthetic route, precipitation conditions,
thermal history, and the rate of oxidation.2−5 Of additional
interest in determining material origin are signatures from
temporal processes resulting from changes in chemical
speciation due to environmental conditions. Previous U-
oxide aging studies have demonstrated the utility of
morphologic signatures, quantitative crystallography, thermog-
ravimetric analysis, spectroscopic techniques, isotopic ratios,
and predictive modeling in determining material speciation as
a result of storage conditions.6−14 Each of these studies
confirmed the formation of uranyl hydrate phases due to U-
oxide aging.
U-oxides commonly found in the nuclear fuel cycle including

UO3, U3O8, and UO2 are well known to undergo hydration to
several uranyl oxide hydrate phases known as schoepites, which
comprise the general formula [(UO2)xOy(OH)z]

(2x−2y−z).
Three phases commonly reported in the literature include
schoepite, UO3·xH2O, where 2 < x ≤ 2.25, metaschoepite,
UO3·2H2O, and paulscherrerite or “dehydrated schoepite”,
UO3·xH2O where 0.8 < x ≤ 1.10,15,16 Additional phases closely

r e l a t e d t o s c h o e p i t e i n c l u d e i a n t h i n i t e ,
(U4+)2(UO2)4O6(OH)4·9H2O, the only uranyl oxide hydrate
phase recognized to contain U4+;17 and paraschoepite, the
existence of which has been debated. Paraschoepite was
described by Christ and Clark as 5UO3·9.5H2O,

16,18 but was
later hypothesized to be a mixture of metaschoepite,
dehydrated schoepite, and ianthinite by Finch et al.19

Of particular interest in this study is the formation of uranyl
oxide hydrate phases in relation to the synthetic route (i.e., the
starting material) the aged material was prepared from. A
variety of reagents can be utilized in uranium precipitation. In
commercial processes, the choice of reagent is dependent on
the desired purity, process efficiency, and economic, environ-
mental, and safety concerns.20,21 Two commonly used reagents
are hydrogen peroxide, H2O2, and ammonium carbonate,
(NH4)2CO3. The uranium ore concentrates produced by the
precipitation of uranyl nitrate with H2O2 (uranyl peroxide,
[(UO2)O2(H2O)2]·2H2O, referred to throughout as UO4) or
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( NH 4 ) 2 CO 3 ( ammo n i um u r a n y l c a r b o n a t e ,
(NH4)4[UO2(CO3)3], AUC) are shown in eqs 1 and 2,
respectively.22

UO (NO ) H O 4H O

(UO )O (H O) 2H O 2HNO
2 3 2 2 2 2

2 2 2 2 2 3

+ +

→ [ · + (1)

UO (NO ) 3(NH ) CO

(NH ) UO (CO ) 2NH NO
2 3 2 4 2 3

4 4 2 3 3 4 3

+

→ [ ] + (2)

Previous work on synthetic route discernment by Schwerdt et
al. quantitatively proved uranium ore concentrates, including
UO4 and AUC, and their subsequent calcination and reduction
products have vastly different particle morphologies. Specifi-
cally, AUC, α-U3O8 from AUC, and UO2 from AUC consist of
monoclinic particles approximately an order of magnitude
larger than their UO4 counterparts, ultimately validating the
use of morphology to determine starting material.3 In another
work by Sweet et al., various UO3 polymorphs were prepared
from UO4 and AUC and aged under constant relative humidity
(RH). Investigation through diffraction and spectroscopic
techniques showed that the starting material, polymorphs, and
hydration products can be used in determining the process
history of UO3.

4

Additional aging studies utilizing multiple synthetic routes
and cycling humidity to simulate more realistic aging
conditions would be advantageous in predicting the fate of
nuclear material. In this work, α-U3O8 was prepared via the
washed UO4 and AUC synthetic routes. Samples were stored
under diel cycling conditions in a humidity chamber for a
maximum of 54 days. The chamber operated on continuous
daily cycles of 12 h “high” humidity and temperature, 45 °C
and 90% RH, and 12 h “low,” 25 °C and 20% RH. Powder X-
ray diffraction (p-XRD) coupled with whole pattern fitting
(WPF) in MDI Jade 9 software23 was used for quantification of
crystallographic changes. Scanning electron microscopy (SEM)
with 12-way classification via machine learning was utilized for
determining the discernability of the morphology between
samples.

■ EXPERIMENTAL SECTION
Synthesis. The synthesis of α-U3O8 via the UO4 and AUC

synthetic routes was based on prior work by Olsen et al.24 and
Schwerdt et al.,3 respectively. In the UO4 synthetic route,
UNH, UO2(NO3)2·6H2O, was dissolved in deionized water
(18.2 MΩ) to form a 0.1 M solution. Studtite, (UO2)-
O2(H2O)2·2H2O, was then synthesized as a precipitate by the
dropwise addition of a molar excess of 30% hydrogen peroxide,
H2O2. The solution was digested for 30 min and vacuum
filtered at ambient temperature. The precipitate was washed
with three 50 mL aliquots of deionized water to remove
residual nitrates and allowed to dry at room temperature for 24
h. Subsequent drying at 80 °C for 24 h produced metastudtite,
(UO2)(O2)(H2O)2, which was utilized as the starting material
for calcination to α-U3O8.
In the AUC synthetic route, UNH was dissolved in

deionized water to form a 0.5 M solution and heated to 40
°C at a stirring rate of 400 rpm. AUC was synthesized through
the dropwise addition of 212 g/L ammonium carbonate,
(NH4)2CO3, to the UNH solution until pH 7.9 was reached.
The solution was then allowed to digest for 30 min at 40 °C.
The precipitate was vacuum filtered and washed with three 50

mL aliquots of 223 g/L ammonium carbonate and 50 mL of
ethanol for removal of residual nitrates and allowed to dry at
room temperature for 24 h.
The starting material from each synthetic route was placed

separately into 5 mL platinum crucibles seated within
aluminum oxide boats for calcination. The synthesis of α-
U3O8 followed previous work by Tamasi et al.9,10 Samples were
held at a calcination temperature of 800 °C for 20 h under 500
mL/min of purified air to yield α-U3O8.

Aging Conditions. Following calcination to α-U3O8,
samples were placed in 5 mL high-density polyethylene
(HDPE) vials and immediately subjected to diel cycling
storage conditions. Samples were aged in a MEMMERT
GmbH + Co. KG HCP 108 L volume humidity chamber
programmed for diel cycles of 12 “high” hours at 45 °C and
90% RH, and 12 “low” hours at 25 °C and 20% RH. These
aging conditions were chosen to simulate a proof of concept
day and night cycle, where the “high” temperature and
humidity reflect the daytime settings and the “low” represent
the nighttime settings. To prevent condensation on the
instrument interior and sample vessels, the “high” humidity
level was introduced after the chamber was stable at 45 °C for
30 min in each daily cycle.
Operating conditions within the chamber are uniform;

temperature was controlled by large-area, all-round heating,
with ±0.25 °C uniformity at diel cycling conditions. The
temperature was measured using a Pt100 in a four-wire circuit
and is accurate to 1 °C. Humidity was introduced into the
chamber via a dry steam generator and deionized water. The
water vapor is passed through a dosing pump and dispersed
throughout the chamber by a fan. The humidity was measured
by a capacitive humidity sensor and is accurate to 1% RH.
Overall, the uniform, continuous atmosphere is guaranteed by
a turbulence-free ventilation system within the chamber.25

Celsius 2007 software developed by MEMMERT GmbH +
Co. KG was used for the analysis of the temperature and
relative humidity values recorded by internal ring protocol
memory.26 There were no instances of power loss or any other
anomalies for the full aging duration. Example achieved values
for the diel cycle can be found in the Supporting Information.
It should be noted that as the humidity chamber lacks cooling
function, the “low” target temperature of 25 °C was never
attained after 12 h, and averaged approximately 35.4 °C at the
end of each cycle over the full aging duration.
Samples were aged at varying intervals for a maximum of 54

days. There was a total of five sampling times including 14, 24,
36, 43, and 54 days. Both synthetic routes were replicated in
triplicate for a total of 30 samples. At each sampling interval, all
samples were removed on the “low” cycle after at least 9 h had
elapsed for that day to ensure consistency between sampling
times. All replicates from both synthetic routes were removed
from the humidity chamber at the same time for each interval,
and samples were stored under vacuum at 24 in Hg when not
being used for data analysis.

Powder X-ray Diffraction (p-XRD). Following aging,
samples were prepared for p-XRD analysis by grinding with a
high-purity aluminum oxide mortar and pestle and 2 mL of n-
pentane. The material was then loaded on a P-type, B-doped
silicon crystal zero diffraction plate. Characterization was
performed on a Bruker D2 Phaser from 10 to 70° 2θ. Scans
were recorded with a position-sensitive detector (PSD)
opening of 5.01, 0.02° step size, 1.7 s/step, and 2965 steps
for a total scan time of 91 min. A 0.6 mm divergence slit, 1 mm
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antiscattering beam knife height, and 3 mm receiving slit were
utilized. Samples were rotated at 15 rpm to account for any
preferential orientation.
Quantitative analysis via WPF refinement was completed in

MDI Jade 9.23 Modeling parameters included background,
specimen displacement, profile parameters, and phase param-
eters such as lattice constants, intensity scale factor, and full
width at half-maximum (FWHM) for corrected peak positions.
Reference patterns were obtained from the PDF-4+ 2020
database27 and the NIST ICSD.28

Scanning Electron Microscopy (SEM). SEM samples
were prepared prior to grinding for p-XRD analysis. Typically,
5−10 mg of each sample was dispersed onto a 12 mm
conductive carbon tab fixed to a 12.7 mm aluminum pin stub
mount. Each pin was lightly tapped to remove any loose
material and coated with approximately 200 Å of Au/Pd film
to prevent excessive surface charging. Images were acquired by
a FEI Nova NanoSEM 630 high-resolution scanning electron
microscope. The through the lens (TLD) secondary electron
(SE) detector was used at an accelerating voltage of 5 kV. All
images were taken at 25 000× magnification for qualitative
comparison of the morphology.
Machine Learning. Convolutional neural networks

(CNN) are deep learning algorithms that have previously
demonstrated a great ability to discriminate between uranium
ore concentrate synthetic route, calcination conditions, and
coprecipitated impurities.2,29−31 As training CNNs from
scratch is time consuming and requires a large amount of
image data, it is often beneficial to perform transfer learning, in
which a model that has been pretrained on another data set is
fine-tuned to a new set of images; the Resnet34 architecture
pretrained with ImageNet weights was the starting model.32,33

The top of the model was replaced for 12-way classification,
with labels corresponding to the unaged controls and the five
aging lengths for both synthetic routes. The Keras deep
learning API (version 2.3.1)34 with the TensorFlow backend
(version 2.1.0)35 for Python (version 3.7.7)36 were used to fit
and evaluate the classifiers, using a single NVIDIA RTX 2060
(6 GB) for graphics processing unit (GPU)-accelerated
computing.
The data set consisted of 964 micrographs with resolutions

of 1024 × 884 pixels excluding the information bar at the
bottom of the image. Each class had approximately 90 images,
with the exception of unaged controls, which each had about
30 images. Eighty percent of the images were used to train and
validate the classifier, while the remaining 20% were designated
as the test set. Within the training set, the unaged image data
was oversampled to provide nearly equal class sizes. To
increase the number of images available for training and
classification, the full-sized images placed in either split were
used to create five 512 × 442 pixel crops from the four corners
and center of the image.
Fivefold cross-validation (CV) is a method that establishes

train and validation folds from the training split, and then
trains and evaluates the model on alternating folds to obtain a
mean classification accuracy and uncertainty. Fivefold CV was
used to determine hyperparameters (number of training
epochs, learning rates, etc.) that resulted in the best classifier
performance. During training and validation images were
augmented by flipping images across the horizontal and/or
vertical axis, then randomly cropping to 224 × 224 pixels (the
input size of the Resnet34 architecture). The final model had a
fivefold CV accuracy of 92.0 ± 0.8%. Additional details on

selecting the final model are presented in the Supporting
Information. After cross-validation, the model was trained
using the same parameters but with all of the training set data,
which was used to make predictions on 224 × 224 pixel crops
at the center of the test set images.

■ RESULTS AND DISCUSSION
Powder X-ray Diffraction (p-XRD). The crystalline

composition of all samples was determined by p-XRD analysis,
while the classification and proceeding WPF was completed
using Jade. The normalized intensity spectra of aged α-U3O8
from UO4 and AUC synthetic routes are shown in Figures 1

and 2, respectively. Aging times of 14, 24, 36, 43, and 54 days
are compared against the control and reference patterns for
ianthinite, metaschoepite, and α-U3O8. Figure 1 is representa-
tive of aged α-U3O8 samples from the UO4 synthetic route and
illustrates the increase of ianthinite and metaschoepite
formation as aging time increases. Metaschoepite, UO3·
2H2O, has the most significant peak at 12.1° (2θ) and
overlaps with ianthinite, (U4+)2(UO2)4O6(OH)4·9H2O, with
the most significant peak at 11.6° (2θ). While ianthinite
formation was qualitatively low, the 11.6° (2θ) peak can be
observed by the broadening of the left side of the 12.1° (2θ)
metaschoepite peak.
Figure 2 represents the aged α-U3O8 samples from the AUC

synthetic route. In agreement with the α-U3O8 from UO4
samples, there is a qualitative increase in ianthinite and
metaschoepite formation as the aging time increases from 14 to
54 days. Additionally, α-U3O8 from AUC appears to form a
qualitatively greater amount of schoepite phases compared to
α-U3O8 from UO4 as shown by the larger 11.6 and 12.1° (2θ)
peak intensities at each aging interval, suggesting that α-U3O8
from AUC hydrates more quickly. Comparative spectra figures

Figure 1. p-XRD spectra comparison of α-U3O8 from the UO4
synthetic route. The spectrum representative of the unaged control
is shown at the top of the graph, followed by spectra characteristic of
samples aged 14, 24, 36, 43, and 54 days, respectively. The reference
patterns for ianthinite (ICSD #84442), metaschoepite (ICSD
#76895), and α-U3O8 (PDF #04-007-1246) are included at the
bottom of the graph.
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for sample replicates at each aging interval can be found in the
Supporting Information.
As U3O8 contains approximately 70% U5+ and 30% U6+, the

formation of ianthinite containing the U4+ oxidation state
indicates that the aged samples must have either been exposed
to a reducing environment or undergone a disproportionation
reaction.37,38 In uranium disproportionation, two U5+ ions
disproportionate to form one U4+ ion and one U6+ ion.39−41

However, the specific conditions of ianthinite formation have
not been well described. Previous work by Taylor et al. found
evidence of ianthinite formation when oxidizing UO2 at 200
°C due to oxygen depletion in sealed reaction vessels,42 while a
long-term α-U3O8 aging study by Tamasi et al. used Swagelok
fittings for sealed reaction vessels and saw no formation of
ianthinite.10 Other work by Oerter et al. utilized humidity
chambers to expose α-U3O8 to constant humidity levels over
180 days and additionally reported no formation of ianthinite.
However, air was circulated through each chamber at 500 cm3/
min.7

In this study, samples were left unsealed and open to the
humidity chamber atmosphere for the full aging duration and
were stored under vacuum when not being used for analysis. It
is therefore unlikely ianthinite formed due to oxygen depletion
in sealed vessels. As the humidity chamber is equipped with a
ventilation system, it is additionally unlikely that inadequate
aeration caused a partially reducing environment, albeit
continuous air flow of the chamber was not monitored
throughout the experiment. It is possible that U5+ dispro-
portionated on the high temperature and humidity cycles and
reprecipitated on low cycles to form U4+ and U6+. These
observations illustrate the importance and challenge of
replicating realistic aging conditions in a laboratory setting.
Furthermore, as ianthinite is known to be unstable at ambient
conditions and readily oxidizes to form schoepite and

metaschoepite, these results show the importance of using
rapid analytical techniques for forensic analyses.

Whole Pattern Fitting (WPF) of Aged p-XRD Spectra.
Quantitative analysis via WPF refinement in Jade was pursued
to establish a statistical difference between samples as aging
time increases and between synthetic routes. The WPF
refinement method, also known as the Pawley method,43

uses a nonlinear least-square approach to optimize the
observed data to a modeled pattern and calculate the weight
percent of each phase. The quality of each refinement was
measured by the difference profile plot and the computed
agreement indices R and E, where R compares the calculated
pattern to the observed pattern and E represents the quality of
the data. R/E was additionally calculated and represents the
goodness of fit (GOF), which theoretically approaches 1 in an
ideal refinement.23,44 R, E, and GOF values for each sample
refinement can be found in the Supporting Information.
Comprehensive results from the refinement are shown in

Table 1, and the degradation of α-U3O8 as well as

metaschoepite and ianthinite formation are illustrated in
Figures 3 and 4, respectively. Results are reported as averages
± the error, 1σ. It should be noted that in some instances, the

Figure 2. p-XRD spectra comparison of α-U3O8 from the AUC
synthetic route. The spectrum representative of the unaged control is
shown at the top of the graph, followed by spectra characteristic of
samples aged 14, 24, 36, 43, and 54 days, respectively. The reference
patterns for ianthinite (ICSD #84442), metaschoepite (ICSD #
76895), and α-U3O8 (PDF #04-007-1246) are included at the bottom
of the graph.

Table 1. WPF Refinement Results for All Samplesa

material
aging time
(days)

metaschoepite
(wt %)

ianthinite
(wt %)

α-U3O8
(wt %)

α-U3O8
from UO4

14 3.4 ± 0.4 2.3 ± 0.4 94.2 ± 0.4
24 4.73 ± 0.05 3.43 ± 0.09 91.8 ± 0.1
36 5.7 ± 0.6 4.0 ± 0.6 90.27 ± 0.05
43 7.7 ± 0.7 4.7 ± 0.6 87.6 ± 0.7
54 8.0 ± 0.3 5.0 ± 0.1 86.9 ± 0.4

α-U3O8
from AUC

14 4.8 ± 0.5 3.6 ± 0.4 91.6 ± 0.3
24 7.2 ± 0.5 4.0 ± 0.6 88.8 ± 0.8
36 9.23 ± 0.05 5.1 ± 0.2 85.6 ± 0.2
43 11.7 ± 0.4 5.3 ± 0.4 83.0 ± 0.5
54 12 ± 1 7.1 ± 0.4 80.5 ± 0.6

aMetaschoepite, ianthinite, and α-U3O8 values are given as the
average for each sample ± the error, 1σ. α-U3O8 from AUC
quantitatively appears to age more quickly than α-U3O8 from UO4.

Figure 3. Decrease of α-U3O8 concentration as aging time increases.
α-U3O8 from UO4 is shown in purple, while α-U3O8 from AUC is
shown in orange. Results are illustrated as averages ± the error, 1σ. α-
U3O8 from AUC hydrated more quickly than α-U3O8 from UO4.
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error is too minimal to be observed in Figures 3 and 4;
however, error values for all data points can be found in Table
1. In correlation with the qualitative p-XRD results, α-U3O8
from AUC hydrated more quickly than α-U3O8 from UO4 as
observed by the greater degradation of α-U3O8 from AUC with
increasing aging time (Figure 3). This is further supported by
Figure 4, which shows that α-U3O8 from AUC had a greater
formation of metaschoepite and ianthinite than α-U3O8 from
UO4 as aging time increased. At each aging interval, α-U3O8,
metaschoepite, and ianthinite phases were quantifiably
distinguishable at 1σ error between synthetic routes.
Similarly, α-U3O8 from UO4 samples had quantifiably

discernable α-U3O8 concentrations between aging intervals.
However, metaschoepite concentration was not distinguishable
at 1σ error between 43 and 54 day aging times, while ianthinite
concentration was not distinguishable between 36 and 43, nor
43 and 54 days aging times. α-U3O8 from AUC additionally
had differentiable α-U3O8 concentrations between aging times
but did not have discernable metaschoepite concentration
between 43 and 54 day samples. Ianthinite concentration was
not discernable between any sequential aging intervals (i.e.,
14−24, 24−36 days, etc.) with the exception of the 43−54
days interval. Nonetheless, all samples show a clear increase in
metaschoepite and ianthinite concentration throughout the
aging duration in correspondence with the degradation of α-
U3O8.
As α-U3O8 concentration was quantifiably differentiable

between all samples at all aging intervals, the indiscernibility of
metaschoepite and ianthinite phase concentrations is likely
explained by the overlap of their most significant diffraction
peaks as well as their overall low concentrations and
correspondingly low intensities; the accuracy of the refinement
is dependent upon the counting time and the number of steps
over each peak, where each step signifies a discrete
measurement contributing to the total intensity, and the
amount of reflection overlap.44

Nonetheless, the quantifiably greater hydrolysis of α-U3O8
from AUC signifies the importance of normalizing starting
material to rate of hydration. Previous catalytic oxidation
studies have proven that, in some cases, increased surface area
and surface defects result in higher reaction rates.45,46 We
hypothesize that the faster rate of hydrolysis of α-U3O8 from
AUC is attributed to its larger surface area and larger, porous
particle morphology. Future studies comparing starting
material surface area to rate of hydrolysis are essential to
developing predictive, individual aging models specific to
starting morphology.

Scanning Electron Microscopy (SEM). SEM imagery was
collected for each sample to evaluate the α-U3O8 surface
morphology changes over time and to continue expanding the
U-oxide morphological data set. Over 900 SEM images were
taken for analysis. A lexicon developed by Tamasi et al. for
maintaining consistent descriptors of nuclear material
morphology was used to qualitatively evaluate each sample.47

Figure 5 illustrates the qualitative changes between samples as
aging time increases.
The α-U3O8 from the UO4 control sample morphology

parallels previously published descriptors.2,9,24 The sample is
comprised of clumped/massive agglomerates with rounded/
subrounded particles and semirounded grains. The surface
features are somewhat smooth. However, as aging time
increases, the grains become more dissimilar in their sizes
and morphology, resulting in clumped conglomerates of
particles. Additionally, individual microparticles/grains become
much sparser and change from semirounded to subangular in
shape. Additionally, the surface features become somewhat
rough in texture.
The control sample morphology of α-U3O8 from aligns with

previous work in which the α-U3O8 from AUC was synthesized
under the same conditions.3 Overall, the particle morphology
of α-U3O8 from AUC is much larger than α-U3O8 from UO4.
The control sample contains clumped/massive conglomerates
with angular, blocky particles. The surface is somewhat smooth
and contains pores due to the release of gases such as carbon
dioxide, water, or ammonia as AUC dissociates to α-
U3O8.

48−51 As the aging time increases, the overall particle
morphology remains the same, that is, clumped/massive
conglomerates with angular, blocky particles. The surface
maintains pores but becomes somewhat rough in appearance.
Overall, aged α-U3O8 from both UO4 and AUC are
qualitatively discernable from their corresponding controls.
This compliments the p-XRD data, which showed the
formation of metaschoepite and ianthinite as the α-U3O8 aged.

Machine Learning. In past morphology studies, SEM
imagery has been manually quantified via Morphological
Analysis of MAterials (MAMA) software developed by Los
Alamos National Laboratory.2,3,5,11,24,29−31,52−54 This software
can be highly useful for quantitatively distinguishing sample
morphology via particle attributes such as pixel area, circularity,
and ellipse aspect ratio. However, successful MAMA analyses
rely on the ability to manually segment individual, unobscured
particles within the imagery. While the α-U3O8 from UO4
control contains discrete particles, these features became
increasingly infrequent as the material aged. Moreover, α-U3O8
from AUC contains no discrete particles in the control nor the
aged samples. In cases when manual segmentation is not
possible, automated machine learning can provide a viable
alternative. Therefore, machine learning analysis via 12-way
classification was pursued to establish whether or not the aged

Figure 4. Increasing metaschoepite and ianthinite concentration as
aging time increases. The relative byproduct (metaschoepite and
ianthinite) concentrations in α-U3O8 from AUC are shown by the red
and green lines, respectively, and the byproduct concentrations in α-
U3O8 from UO4 are shown by the pink and blue lines, respectively. α-
U3O8 from AUC hydrated more quickly than α-U3O8 from UO4.
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materials had surface morphologies that could be distinguished
from one another. Due to the blackbox nature of CNNs, little
can be definitively said about the features used by the network
to make its classification decisions, though research into
explainable artificial intelligence (XAI) is seeking to make
advances on this front.
The overall classification accuracy of the test set images was

93.2%, with 895 of the 960 five-way partitioned image crops
correctly predicted. Figure 6 shows a confusion matrix

indicating which image classes were most frequently predicted
for each label. In general, α-U3O8 from the UO4 synthetic
route saw more accurate predictions than those from the AUC
synthetic route. This likely reflects the change in morphology
of α-U3O8 from UO4: the somewhat-smooth rounded or
subrounded agglomeration of grains for the unaged α-U3O8
transitioned to subangular conglomerations of grains with
rougher surface features with longer aging times. The
confusion matrix shows rare misclassifications of aged α-
U3O8 from UO4 materials, mostly between adjacent aging
times, but also occasionally with aged α-U3O8 from AUC
classes.
In contrast, the aged α-U3O8 from AUC saw notably more

misclassified examples between aged classes, particularly with
aging times between 24 and 43 days. This trend is likely
explained by the overall surface morphology characteristics
undergoing less change over time with respect to α-U3O8 from
UO4; the grains became rougher, but the bulk angular, blocky
particle morphology remained the same. Nonetheless, different
aging times for AUC could be reasonably predicted by the
classifier. No clear trend in classifier performance was seen as a
function of aging time as measured by precision, recall, and f-
measure, which may indicate that an equilibrium with respect
to surface morphology changes had not yet been reached by 54
days of aging as the trained classifier was able to discriminate
between aging times.

■ CONCLUSIONS
In this work, α-U3O8 was synthesized via UO4 and AUC
synthetic routes and stored under diel cycling relative humidity
and temperature. p-XRD with quantitative WPF illustrated the
dissociation of α-U3O8 over the course of 14, 24, 36, 43, and
54 day sampling times. The formation of metaschoepite and

Figure 5. SEM image comparison between samples and the synthetic
route as aging time increases. α-U3O8 from UO4 is shown in the left
column, while α-U3O8 from AUC is shown in the right. The imagery
of the control samples is shown in the first row, followed by aging
times of 14, 24, 36, 43, and 54 days. All images are on the same scale.

Figure 6. Confusion matrix indicating which image classes were most
frequently predicted as one another. True labels are illustrated by the
Y-axis, while predicted labels are shown on the X-axis. The greatest
confusion was between α-U3O8 from AUC materials with aging times
of 24 days or longer.
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ianthinite was observed in all aged samples. Overall, α-U3O8
from AUC hydrated more quickly than α-U3O8 from UO4,
likely due to its larger surface area and larger, porous particle
morphology. SEM imagery complemented by 12-way classi-
fication via machine learning indicated that all samples had
unique morphologic characteristics, though more apparent
changes were seen in the α-U3O8 from UO4 samples. Overall,
this study advances the knowledge of U-oxide speciation as a
product of synthetic route and environmental conditions,
giving novel insight to determining the provenance of nuclear
material.
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