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The degradation of the internal structure of plutonium (IV) oxalate during
calcination was investigated with Transmission Electron Microscopy (TEM),
electron diffraction, Electron Energy-Loss Spectroscopy (EELS), and 4D
Scanning TEM (STEM). TEM lift-outs were prepared from samples that had
been calcined at 300°C, 450°C, 650°C and 950°C. The resulting phase at all
calcination temperatures was identified as PuO2 with electron diffraction. The
grain size range was obtained with high-resolution TEM. In addition, 4D STEM
images were analyzed to provide grain size distributions. In the 300°C calcined
sample, the grains were <10 nm in diameter, at 650°C, the grains ranged from
10 to 20 nm, and by 950°C, the grains were 95–175 nm across. Using the
Kolmogorov-Smirnov (K-S) two sample test, it was shown that morphological
measurements obtained from 4D-STEM provided statistically significant
distributions to distinguish samples at the different calcination conditions.
Using STEM-EELS, carbon was shown to be present in the low temperature
calcined samples associated with oxalate but had formed carbon (possibly
graphite) deposits in the 950°C calcined sample. This work highlights the new
methods of STEM-EELS and 4D-STEM for studying the internal structure of
special nuclear materials (SNM).

KEYWORDS

plutonium, transmission electron microscopy, nuclear forensics, morphology, electron
energy loss spectra (EELS)

Introduction

The oxalate anion is a common precipitating agent for f-elements from acidic
solutions and provides an efficient pathway to metal oxalate precursors that can then
be thermally converted to f-element oxides (Facer and Harmon, 1954; Dollimore, 1987;
Runde et al., 2009; Vitart et al., 2017). In the case of actinides, there is significant interest
in understanding solid phase morphology because the overall morphology of the oxalate
is preserved during calcination (Machuron-Mandard and Madic, 1996; Tyrpekl et al.,
2017; Ausdemore et al., 2022). Calcination is defined as the use of high temperatures to
remove volatile molecular species from a solid. Understanding of the physical and
chemical properties of these actinide oxalate and oxide compounds is integral to the
field of nuclear forensics research and development for Special Nuclear Materials (SNM)
(Mayer et al., 2005; Orr et al., 2015; Chung et al., 2016; Scott et al., 2019; Burr et al., 2021;
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Corbey et al., 2021; Said and Hixon, 2021; Ausdemore et al., 2022;
Hainje et al., 2023; McDonald et al., 2023). Special Nuclear
Materials are defined as plutonium materials and uranium that
is enriched in either 233U or 235U (Schwantes et al., 2022).
Isostructural with Pu(C2O4)2•6H2O, the precipitation of
Th(C2O4)2•6H2O have been studied in detail by Tyrpekl and
co-workers. In their microscopy-based study, the effect of
pH and reactant concentrations on the morphological changes
was evaluated (Tyrpekl et al., 2017). Christian et al. and others have
studied the decomposition of [Pu(C2O4)2•6H2O] (Pu(IV) oxalate)
with Raman (South and Roy, 2021; Christian et al., 2022; Christian
et al., 2023) demonstrating that the conditions in which the crystals
are grown impact the degree of hydration and the particle
morphology. The Pu(IV) oxalate is thought to alter to Pu(III)
oxalate upon heating to 170°C-190°C depending on the atmosphere
(Orr et al., 2015). This reduction process may also occur via
radiolysis over time (Corbey et al., 2021). Particle (or grain)
size measurements for PuO2 formed from the calcination of
Pu(IV) oxalate have been made by Bonato and co-workers
(Bonato et al., 2020) and the calcination of Np-oxalates to
NpO2 has been investigated with Scanning Transmission
Electron Microscopy (STEM) by Peruski and Powell (Peruski
and Powell, 2020).

To prepare PuO2 for fuel in the Experimental Breeder Reactor II
facility at the Idaho, United States, and in the Fast Flux Test Facility
at Hanford, WA, United States, the calcination temperature was
limited to 380°C followed by hydrofluorination (i.e., reaction with
HF gas). Most of the mass loss during the transformation of Pu(IV)
oxalate to PuO2 occurs between ~25°C and 350°C (Facer and
Harmon, 1954). This study examines the types of microstructural
information that can be obtained from the internal structure of these
materials with transmission electron microscopy and its ancillary
techniques.

Microscale morphology and composition provides clues about
production of SNM, and the technical basis that could link these
features to processing history is progressing for the plutonium
oxalates and oxides (Ausdemore et al., 2022; LaCount et al., 2023).
Clear trends have been observed in the thorium oxalates and
oxides (Tyrpekl et al., 2017) and uranium oxides (Keegan et al.,
2014; Tamasi et al., 2017; Jones et al., 2018; Ly et al., 2019; Schwerdt

Ian et al., 2019; Thompson et al., 2021; McDonald et al., 2023).
During calcination, the material undergoes radical changes, some
of which is visible from surface morphological with Scanning
Electron Microscopy (SEM) imaging or related methods. X-ray
diffraction (XRD) and Raman do provide long-range order and
crystallite size in actinide solids and can be more representative of
the bulk material (Bouëxière et al., 2019). However, by examining
the internal material transformations with high resolution
methods such as Transmission Electron Microscopy (TEM), it
may be possible to gain new insight into the calcination process
even from partial SNM particles that may not be amenable to
bulk analyses.

A major problem with TEM, however, is that the area analyzed
by the technique is exceedingly small. The TEM is inherently a
sub-micrometer technique and relating observations to the bulk
properties is an on-going issue. In this paper, we explore the use of
4D-Scanning Transmission Electron Microscopy (4D-STEM) as a
new approach for investigating SNM and compare this method to
the more conventional TEM imaging methods. The name “4D-
STEM” refers to recording 2D images of a converged electron
probe producing a diffraction pattern, over a 2D grid of probe
positions from an image. At each probe position (x, y), a 2D
diffraction pattern is acquired on a digital camera. This results in a
4-dimensional data set that will contain xn × yn diffraction
patterns and may be several Gigabits in size (Ophus, 2019;
Bustillo et al., 2021). Electron energy-loss spectroscopy (EELS)
can provide quantitative information on light elements and is
generally more sensitive than x-ray energy dispersive
spectroscopy (EDS) (Hofer et al., 2016). EELS can be sensitive
to light elements and owing to the edge energy of the actinide O4,5

edges at ~100 eV–120 eV and the C-K and O-K edges at 298 eV
and 532 eV, respectively, is an efficient method for analyzing
SNM. The presence of carbon in these materials is important to
access however this analysis can be made difficult through use of
carbon deposition in sample preparation and possible
contamination from the microscope vacuum.

The objective of this study was to use STEM/TEM analyses to
develop a particle size distribution and to describe the any
compositional and structural changes that occurred during the
calcination process.
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Experimental

Caution! These experiments used 239Pu which is an alpha (α)-
emitting radionuclide; standard precautions should be followed
for handling this radioactive material. High α-activity materials
can also damage electron and x-ray detectors on electron
microscopes.

The plutonium solution was purified by anion exchange using
Reillex™ HPQ resin. The resin was conditioned with 7 M HNO3,
then loaded with the plutonium solution. The column was then
washed with 7 M HNO3 followed by elution with 0.35 M HNO3.
The oxalate precipitation step was conducted at 55°C. A 0.9 M
oxalic acid solution was added to the Pu(IV) nitrate solution
(termed forward strike) over a period of 30 min with active
stirring by an overhead mixer. Sub-samples were extracted

during this process and analyzed in the SEM. After the
addition of oxalic acid, the slurry was cooled to approximately
10°C, and digested for an additional 30 min. After digestion, the
solids were allowed to settle, and the supernatant liquid was
decanted. The Pu(IV) oxalate solids were washed three times with
a 0.05 M oxalic acid, 2 M HNO3 solution. On the third wash, the
solids were transferred and separated by vacuum filtration
(Corbey et al., 2021). The Pu(IV) oxalate was divided into
equal portioned samples, which were then calcined to different
thermal profiles targeting maximum temperatures of 300°C,
450°C, 650°C and 950°C in air. The thermal profiles for each
calcination are shown in Supplementary Figure S1 in the
Supplementary Material (SI) section. The times for all
calcinations were the same except at 300°C which was shorter
than the rest. The shorter time was chosen for the 300°C sample

FIGURE 2
Series of SEM-BSE images of the Pu (IV) oxalate calcined at (A) precipitated Pu(IV) oxalate reacted at 55°C in solution after 2 min of reaction, (B)
Precipitated Pu(IV) oxalate after 30 min of reaction, (C) 300°C, (D) 450°C, (E) 650°C, and (F) 950°C. Note the changes in magnification scale-bar and the
significant reduction in particle size with calcination temperature.

FIGURE 1
Photographs of the yellow Pu(IV) oxalate and the darker Pu oxide powders following calcination at different temperatures (see for Supplementary
Figure S1 the temperature profile).
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to be representative of an intermediate product prior to
hydrofluorination, this time was also used for a sample
calcined to 250°C that was not used in this TEM analysis.

Particles of the calcined materials were deposited onto sticky
carbon mounts. The particles were protected by a deposition of a
layer of carbon, followed by a layer of Pt (see SI Section, Supplementary
Figure S2). The lift-out specimens were then produced with standard
methods with a Ga-ion beam on the FEI (Thermo-Fisher Inc.,
Hillsboro, OR) Helios 660 SEM-FIB. The final thinning process was
with a low energy Ga-ion beam to avoid the possibility of deposition of
Ga into the specimen. The lift-outs were examined with a JEOL (JEOL
Inc., Japan) ARM300F (GrandARM) microscope operated at 300 keV
and equipped HAADF and BF detectors, with dual Centurio EDS
detectors, Gatan (Gatan Inc., Pleasanton, CA) OneView Digital camera
for TEM imaging and diffraction, Gatan STEMx system for 4D STEM
(Ophus, 2019), and a Gatan Image Filter (GIF) Continuum for EELS
analysis. STEM images were obtained using an annular dark field
detector and compositional analysis was obtained with EDS and EELS.
STEM-EELS were collected with a 85 mrad collection semi-angle and a
29.7 mrad convergence semi-angle and used the Pu-O4,5 (~110 eV),
C-K (298 eV), andO-K edges (532 eV) with a dispersion of 0.25 eV/Ch.
4D-STEM images were collected using the smallest C1 aperture (10 µ),
and alpha set at L1, and the diffraction patterns were projected onto the
chamber OneView camera.

Samples were also analyzed under conventional TEM mode,
enabling selected area electron diffraction (SAED) patterns to be

collected. The SAED were calibrated with a MoO3 standard from
Ted Pella (Ted Pella Inc., Redding, CA). The errors in the
measurements are more pronounced for the larger d-spacings.
PuO2 (ICSD 01-073-7903) crystallizes into the cubic fluorite type
structure (CaF2) with space group Fm3m. The diffraction patterns
were analyzed with CrysTBox software (Klinger and Jäger, 2015).
The ‘ringGUI’ tools within CrysTBox was used for diffraction
analysis. The distances between individual diffraction spots were
quantified and the indices of corresponding planes were assigned to
the rings from collected powder patterns. 4D-STEM images were
processed with DigitalMicrograph™ phase contrast software
routines (see SI section). The resulting images were then
processed with Morphological Analysis of MAterials (MAMA)
image analysis software (Gaschen et al., 2016; Schwerdt et al.,
2018) to provide grain size distributions. Data was further
analyzed and plotted using Jupyter Notebook Python packages
(matplotlib, pandas, seaborn, numpy) with statistical analyses
using scipy.stats.

Results and discussion

Following calcination of the Pu(IV) oxalate there was a
significant decrease in the volume and color change in the
solids (see Figure 1). Each specimen was held at their
respective calcination temperatures for the same time

FIGURE 3
Series of lowmagnification STEM-HAADF images of the calcined Pu (IV) oxalate showing the internal morphology of the particles with temperature:
(A) Precipitated Pu(IV) oxalate prepared by SEM-FIB, and STEM images from calcined samples at (B) 300°C, (C) 450°C, (D) 650°C, and (E) 950°C. The initial
internal surface area at room temperature (RT) is low. Between 450°C and 650°C there is increased microporosity. With the courser grains at 950°C, the
internal surface area appeared to be lower.
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(~200 min) except in the case of the 300°C sample which was held
at highest temperature for ~100 min as discussed earlier. The
starting material had a yellow-brown coloration but resulting
powders following calcination were initially dark brown but

became progressively light with increasing calcination
temperature. When analyzed with SEM, the precipitated
plutonium (IV) oxalate and the calcined product were shown
to possess a distinct cubic shape (see Figure 2). Figures 2A, B show
the growth of the Pu(IV) oxalate over 20 min of reaction from
around 2 µm in diameter to some close to 40 µm in diameter. Sub-
samples were extracted during the precipitation process and then
imaged in the SEM in a dried state. Similar work on the formation
of Pu(IV) oxalate has been conducted by our group using in situ
liquid cells (Meadows et al., 2020). This morphology which is
characteristic of Pu(IV) oxalate was preserved during the

FIGURE 4
Series of ring diffraction patterns from the calcined specimens. A radial intensity average is shown superimposed on the diffraction patterns on all but
the 950°C sample where the hkl reflections are indicated. The diffraction pattern at 950°C has been colorized to make the features more visible.

TABLE 2 Lattice Parameter (measured in nm) of PuO2 with temperature.

hkl calc 950°C *650°C 450°C 300°C

(1 1 1) 0.539 0.551 0.567 0.539 ± 0.021

(0 0 2) 0.540 0.538 0.573 0.546 ± 0.020

(0 2 2) 0.541 0.549 0.563 0.544 ± 0.008

(1 1 3) 0.536 0.554 0.556 0.548 ± 0.015

Mean 0.539 ± 0.002 0.548 ± 0.007 0.565 ± 0.007 0.535 ± 0.016

TABLE 1 Ring identification from the Pu(IV) oxalate calcined materials with
temperature.

d-spacings (nm)

hkl Lit (Belin et al., 2004) 950°C a650°C 450°C 300°C

(1 1 1) 0.31166 0.3111 0.318 0.3224 0.2990–0.3237

(0 0 2) 0.26991 0.2702 0.269 0.2747 0.2629–0.2828

(0 2 2) 0.19085 0.1912 0.194 0.1992 0.1893–0.1953

(1 1 3) 0.16276 0.1616 0.167 0.1688 0.1608–0.1699

(0 0 4) 0.13495 0.1340 -- 0.1307 ~0.122

(0 2 4) 0.12071 0.1225 0.1228 0.1175 --

(2 2 4) 0.11019 0.1196 0.1137 0.1175 ~0.1098

(0 4 4) 0.09543 0.1102 0.0945 0.1095 ~0.1035

SAED, calibrated to M’oO3 standard (80 cm camera length used).
aObtained from FFT, as SAED, was too intense for accurate measurement.
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calcination process. The major difference between the non-
calcined and calcined specimens were the numerous cracks in
the particles and the reduction in the total volume of the solid. The
calcined particles did not exceed 15 µm in diameter whereas,
many of the freshly precipitated Pu(IV) oxalate particles
exceeded 20 µm in diameter. The cracking appeared to increase
with increasing temperature which was most likely related to the
release of H2O, CO, and CO2 during the calcination process, and
which has been reported widely in the literature (Claparede et al.,
2011; Orr et al., 2015). A complete analysis of the particle
agglomerates, in terms of the overall surface morphology, has
being investigated by others (Scott et al., 2019; Corbey
et al., 2021).

Cross-sections of the plutonium oxalate particles calcined at
different temperatures, however, revealed changes with the different
calcination temperatures when examined in the TEM.

In the following sections, different aspects of the TEM analyses
will be described showing how data was extracted from these samples.

Imaging and diffraction

The STEM images were obtained at low magnification from the
uncalcined sample (see Figure 3A). Although, this material was the
precipitated Pu(IV) oxalate, it was expected that the material had
dried out in the vacuum of the electron microscope and become
amorphous during the FIB sample preparation. Therefore, we did
not expect that the Pu(IV) oxalate structure would be preserved
but the overall morphology may have been unaltered. To retain the
structure of these hydrated actinide oxalate phases, Cryogenic
Electron Microscopy (CryoEM) is required. With CryoEM, it is
possible to preserve the actinide and rare earth oxalate structures

TABLE 3 PuO2 crystallite sizes for the calcined samples as determined by HRTEM and 4D-STEM methods.

Calcination
temperature

HRTEM MAMA analysis of
4DSTEM

Measurements reported by Bonato et al. (Bonato et al.,
2020)

300°C ND 4–8 nm

450°C <10 nm -- 5.2 ± 1.1 nm (485°C)

650°C 10–20 nm 6–20 nm 12.2 ± 3.3 nm (660°C)

950°C 95–175 nm 10–80 nm 200 nm (1,200°C)

ND, not detected.

FIGURE 5
Lowmagnification TEM images of (A) precipitated Pu(IV) oxalate, and calcined at (B) 300°C, (C) 450°C, (D) 650°C, and (E) 950°C. The images show the
initial formation of micropores during heating leading to a higher surface area and then the decrease in this surface area at the highest calcination
temperature.
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during imaging and diffraction analysis (Soltis et al., 2019; Buck
et al., 2021). The low magnification STEM images of the calcined
samples in Figure 3 showed the overall development of the
microstructure during the heating process. The cross-section of
Pu(IV) oxalate possessed a low surface area and there were no
obvious micropores in the structure. At 300°C, a few micropores

were present in the material. However, at calcination temperatures
between 450°C and 650°C, the material started to transform into
well separated strips that had high surface areas and larger pores.
This change in the internal microstructure led to changes in the
surface morphology through the formation of surface cracks that
suggested an increase in the surface area of the particle (see Figures

FIGURE 6
Series of high-resolution TEM images of the calcined Pu (IV) oxalate showing the growth of crystals with temperature: (A) 300°C, (B) 450°C, (C)
650°C, and (D) 950°C.

FIGURE 7
(A)HAADF image of Pu oxide from the 950°C experiment showing a triple point in the material. (B) HAADF atomic resolution image, (C) FFT along B
[110], (D) BF image of the same region.
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2D, E). Finally, at 950°C, the structure appeared to be re-densifying
and the internal surface area was smaller than that seen at the lower
temperatures of 450°C and 650°C. Similar observations on the
initial increase in surface area followed by a decrease above a
calcination temperature of 400°C have been noted by others (Orr
et al., 2015). The initially precipitated material expels gases during at
the lower temperatures (250°C–450°C), resulting in an increase in
surface area. However, as the temperature is increased further, grain
growth reduces the internal surface area. The low magnification
STEM images did not reveal the internal changes in the crystallinity
of the materials. Electron diffraction (see Figure 4) did show
increasing crystallinity with increasing calcination temperature.
The diffraction d-spacings are reported in Table 1 and the derived
unit cell parameter based on a cubic structure are reported in Table 2.
After calcining at 300°C, the SAED pattern was showed some
evidence of crystallinity with relatively diffuse rings. The pattern
suggested a very small grain size. Between 450°C and 650°C, Bragg
diffraction reflections were clearly appearing, and it seemed that most
of the crystallization had occurred between these temperatures, as the
patterns go from continuous rings to individual reflections. At a
calcination temperature of 950°C calcination, we started to see
texturing in the patterns and the indication of large grain formation.

The lattice constant for high fired PuO2 reported in the literature
from plutonium (IV) oxalate is a = 0. 5394 ± 0.004 nm (Martin et al.,
2003; Belin et al., 2004; Scott et al., 2019).

The lattice parameter for a cubic system can be determined from
the following:

1
d2

� h2 + k2 + l2

a2

The lattice parameters obtained at 950°C were close to the expected
value for stoichiometric PuO2.We used a Fast Fourier Transform (FFT)
to obtain a value from the 650°C calcined sample. The measurements

obtained from the 450°C calcined sample were larger than expected.
The reflections obtained from the 300°C calcined sample was broad and
subsequently the SAED measurements were similarly broad.

As the temperature was increased during the calcination process,
the material underwent macroscopic changes in porosity although the
nature of the porosity appeared to be directional and may be related to
the crystal morphology of the original precipitated Pu(IV) oxalate. The
porosity would have been caused by the removal of gases (H2O, CO,
CO2) during plutonium oxalate decomposition as described by Orr and
co-workers (Orr et al., 2015) for plutonium oxalates. Further micropore
formation may be occurring as the material recrystallized at the higher
temperatures into a dense product.

Similar information to the low magnification STEM images was
obtained from TEM imaging of the materials (see Figure 5). The
material at calcined to 300°C, appeared to form columns of material
but the micropore formation was limited (see Figure 5). At 450°C, the
directionality of the material was apparent, and micropores were visible
in the structure. There was also evidence of tiny crystals that could be
seen as darker regions (i.e., grains near the Bragg condition) on the
image (see Figure 5C). At 650°C, the material appeared to have
undergone significant expansion with much larger micropores
appearing. It was also at these temperatures that we see the structure
becoming less dense and the overall surface area increasing but the grain
size remained small. In Figure 5E, the sample calcined at 950°C is shown
where the grains have coarsened leading to the formation of well-
defined grain boundaries and triple points. Such information is
interesting but without quantitative measurements, it does not allow
direct comparisons with bulk analysis data, such as x-ray diffraction.

High Resolution Transmission Electron Microscopy (HRTEM)
images were obtained to show lattice fringes from the calcined
material at much higher fidelity. The presence of lattice fringes
indicated crystallinity and by obtaining an FFT of the images, we
were able to confirm the occurrence of an ordered structure. The

FIGURE 8
STEM-EDS silicon- and plutonium-maps from the calcined solids at 450°C and 950°C and adjacent line scan of Pu, O, and C content (as indicated on
the map).
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HRTEM images in Figure 6, starting at 300°C, show the gradual increase
in crystallinity with temperature. Despite the FFTs being obtained from
a much smaller area than SAED, there is a good match between the
FFTs in Figure 6 and the SAED patterns shown in Figure 4. The sample
from the 300°C calcination did show evidence of crystallization. This
was not perceptible in either the low magnification STEM or TEM
images. At 450°C, definitive diffraction spots could be seen and in the
650°C sample, grains are visible and the FFT shows some texturing. In
the 950°C sample, the FFT is a from a single crystal, and there were clear
grain boundaries between grains.

STEM-HAADF images in Figure 7 show the formation of triple
point grain boundaries in the specimen calcined at 950°C. The
atomic resolution images show the regular PuO2 structure projected
along B[110]. The FFT measured spacings were 0.3113 nm,
0.271 nm, and 0.1932 which gave an average value for the unit
cell parameter a = 0.543 ± 0.004 nm.

In this section, we showed that lowmagnification STEM and TEM,
SAED, and HR-TEM and atomic resolution STEM revealed different

aspects of the calcined materials. At 300°C, the material was partially
amorphous. The material was also denser than at other high
temperatures. Between 450°C and 650°C, grains start to be observed
in the low magnification TEM imaging, and were <10–30 nm in
diameter. Nevertheless, SAED and FFTs of the HRTEM images,
indicated the formation of distinct crystals. Grain boundaries were
also visible in the 650°C calcined sample. Note that the preparation of
Pu fuels for the FFTF and EBRII reactors, calcination was never run
beyond 480°C. This could be partially explained here where we observed
significant crystallization and growth after 450°C that might reduce the
accessibility of reactive gases to the particle surfaces. As the temperature
was increased to 950°C, the grains were >100 nm in diameter, in
agreement with the findings of Bonato and co-workers (Bonato
et al., 2020). The change in surface area was not uniform during the
calcination process. The initial surface area was low, but as the
calcination temperature was between 450°C and 650°C, the
structures opened and fragmented. It was only at 950°C that the
internal surface area appeared to decrease as the grains ripened.

FIGURE 9
Series of high magnification STEM-EELS maps of the calcined Pu(IV) oxalate showing changes in carbon content and distribution with temperature,
(A) 300°C, (B) 450°C, (C) 650°C, and (D) 950°C.
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X-ray energy dispersive spectroscopy and
electron energy-loss spectroscopy

STEM-EDS was used to look for any minor elements present in the
calcined solids. Silicon was found and did exhibit some evidence of
migration following calcination to the highest temperatures. The
migration of minor elements within these solids may be an effective
indicator of the processing conditions. However, in this study,
significant aggregation of silicon was not observed until the highest
calcination temperature. Figure 8 shows STEM-EDS maps of Si and Pu
from the cross-sectioned samples that appeared to indicate the
collection of silicon at the edges of the particles. The level of silicon
was low, possibly <2-4wt%. The distribution of the Si changed with
processing temperature. At 450°C, the Si was concentrated in
nanometer precipitates but as the calcination temperature was
raised, Si became re-distributed. The Si-K map in the 950°C
specimen; however, does not coincide with the Pu or the HAADF
bright contrast. The Si indeed is not visible in theHAADF image. The Si
is clearly directional, lying along the elongated bands of PuO2. In the
higher magnification image, the Si appears to be close to a grain
boundary in the PuO2. The silicon was believed to have come from
glassware during some of the operations in the process.

Although STEM-EDS can be used to detect oxygen and carbon (see
the line scan in Figure 8), and these show some trends, it is not possible to

extract quantitative information from these. In contrast, STEM-EELS
can be quantitative. The behavior of carbon in the Pu-solids of great
interest because, we had expected most of the carbon to be removed
during the calcination process. In Figure 9, a series of STEM-EELSmaps
and HAADF images are shown. The maps were produced using the
O-K, C-K, and the Pu-O4,5 edges. Carbon was ubiquitous in the
specimens indicating that it was not completely removed from the
Pu phase during the calcination process even at the highest temperatures.
Carbon is deposited during the SEM-FIB preparation, but this is only
present on the top edge of the specimen and not in the regions analyzed.
Hence, any carbon observed during these analyses was derived from the
specimen. Ziouane et al. (2016) observed the presence of graphite in
calcined uranyl oxalateswith Raman spectroscopy and suggested that the
decomposition of carbon monoxide through the reaction:

2CO g( ) → CO2 g( ) + C s( )

In the STEM-EELS maps from the 950°C sample, the Pu solid is
consistent with PuO2 in agreement with the high-resolution imaging
and diffraction results. However, the neighboring regions containing
carbon do not contain oxygen, which indicates that solid carbon
(graphite) has formed. At the lower calcination temperatures of
450°C and 650°C, there is some indication of C-rich region, but these
are not as apparent as those in the 950°C calcined specimen.

FIGURE 10
EELS oxygen/carbon mapping showing the loss of carbon in the calcined material from 300°C to 950°C in the PuO2.
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In Figure 10, the ratio spectrum images show the change in
carbon content with calcination temperature within the Pu-rich
regions. At low temperature, carbon and oxygen are present together
but as the calcination proceeds, at least within the Pu-bearing
regions, there appears to be much less carbon. Nevertheless,
carbon was still observed in the high temperature calcined
samples but not associated with either oxygen or plutonium
solid. Plutonium was clearly associated with oxygen in the high
temperature solid, supporting the formation of pure PuO2. This
suggests that graphite has formed at the high temperature.

4D-STEM analysis

The STEM and TEM images provided an overview of the
condition of the samples calcined at the different temperatures.
However, it was difficult to extract quantitative information out of
this data. Bonato and co-workers (Bonato et al., 2020) used HR-TEM
to derive grain sizes from calcined Pu materials and in this study, we
also extracted similar information from the HR-TEM images (Table
3). Nevertheless, this can be an unsatisfactory approach because of the
need to examinemany images to obtain useful data.Wright et al., have

calculated that to obtain a grain size distribution from 2D SEM data
such as Electron Backscattered Diffraction analyses, upwards of
10,000 individual grains need to be indexed to provide data
comparable with x-ray diffraction (Wright et al., 2007). This is not
possible to do with TEM samples which might only contain a few
hundred grains. Furthermore, all 2D datasets, including EBSD or 4D-
STEM cannot be true representations of grain size distributions, as
they cut at random through the material of interest and will always be
biased towards smaller grains. Hence, estimates from TEM data sets
can only be used as potential indicators. Supplementary Figure S3
shows the 2D grid real-space image and (B) and (C) are individual
reciprocal space diffraction patterns that were generated by the probe
at specific points in the image. The resulting datasets are termed 4D
and can be extremely large. Each diffraction pattern was analyzed into
sections and then combined in different ways to generate the grain
image. This analysis provided information on the grain (or particle)
diameter and perimeter of the PuO2 in the calcined material (see
Figure 11 and Table 3).

The arrows on A and B figures represent the sample particle
identified by the MAMA segmentation routine and in the
corresponding 4D STEM image at the different calcination
temperatures.

FIGURE 11
MAMA Analysis of the 4D-STEM data. (A) 4D-STEM images from, (B) MAMA image analysis, (C) particle size plots using the grain diameter as found
with 4D-STEM, and (D) cumulative particle distribution plot of the grain boundaries.
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Application of the Kolmogorov-Smirnov (K-S) two sample test
was applied to SNM particle size distributions by Olsen and co-
workers (Olsen et al., 2017). These types of statistical tests can
provide confidence on whether these microscopy-based tools can be
used to conclusively connect a specific sample to a particular
process. The KS Test is a non-parametric technique used to
evaluate the degree to which data fit a given distribution or to
contrast two cumulative distribution functions (CDFs). Its
adaptability is increased by the fact that, because to its non-
parametric character, it does not make any initial assumptions
about the data that follow a particular distribution. In this case,
they analyzed the morphology of U3O8 from SEM images using the
MAMA analysis tool. The particle distributions for any specific
feature, such as perimeter or area are first converted to a cumulative
distribution and then two distributions can be compared. In this
study, there was clearly a difference between the 950°C calcination
experiment and the lower temperature calcinations. However, it was
unclear if there was a statistically relevant difference between the
300°C and 650°C despite the plots appearing to show differences.
The K-S two sample analysis for the CDF for the perimeter
measurement provided a ‘K-S statistic’ value of 0.891 and the
p-value was <<0.05. The null hypothesis for the p-value is that
the two CDFs are drawn from the same distribution. The K-S
statistic is defined as the maximum value of the difference
between the two CDFs. For the ‘Equivalent Circular Diameter’
measurement, the ‘statistic’ value was 0.986 and the p-value was
0.0. Bear in mind that the maximum ‘K-S statistic’ value is 1.0, which
indicates a good fit and gives increased confidence that we can use
these microstructural characteristics as signatures. Visual inspection
of Figure 12 shows how the particle or grain perimeter value was a
less distinguishing marker than the particle or grain diameter. The
K-S calculation was performed using the scipy.stats package
in Python.

Bonato et al. (Bonato et al., 2020) made PuO2 particle size
measurements using High Resolution TEM from calcined Pu(IV)
oxalate at a range of conditions, including at 485°C, 660°C, and
1,200°C. Interestingly, the measurements reported in this study are
in good agreement with these literature values. If the software
routines were more streamlined, the 4D-STEM method could be
a faster method for obtaining this type of information.

Conclusion

A unique aspect of the calcination process is the preservation of the
macroscopic morphology from solution precipitation of Pu(IV) oxalate
through the calcination process. This was illustrated with the SEM
images that showed the formation of the Pu(IV) oxalate with a cuboid
morphological and as the material was calcined, this morphology was
preserved up to 950°C. There was a large volume reduction from the
hydrated Pu(IV) oxalate to the oxide with the particles having
approximately halved in diameter. Any gross morphological image
analysis with SEM would seemingly yield much of the same
information, as the aspect ratio, perimeter, and equivalent circular
diameter would be similar for all these different calcined specimens.
However, closer inspection of the surface revealed differences. As the
material was calcined at increasingly higher temperatures, the surface
changed. At 300°C, there were a few cracks, and these became more
extensive at 450°C, and at 650°C where a flaky texture was observed.
Finally, at 950°C, the material had large cracks running through it.

By cross sectioning the individual particles, however, a different
picture of the changes that had occurred in the material with
calcination temperature was revealed. The changes in the grain
size, porosity, crystallinity were apparent. With the benefit of 4D-
STEM, the nature of the grain structure could be quantified and with
STEM-EELS, the changes in the O and C content could be
investigated. The EELS analyses indicated the formation of
graphite at 950°C separated from the PuO2. As calcination
temperature increased from 300°C to 450 C, the structure opened
with the release of gases. As the temperature reached 650°C–950°C,
the grains by an order of magnitude. Grain boundaries and triple
points were visible in the material.

Thermal decomposition of metal oxalate is highly dependent
on the gas environment, the heating profile, and the morphology of
the precursor solid. This study does not intend to answer these
questions but to show a new method for analyzing the solids with
STEM imaging and analysis, as well as 4D-STEM. There continues
to be interest in connecting the morphology of actinide oxalate
phases and examining the internal microstructure is yet another
approach for developing insights into the connection between
morphology and processing conditions (McDonald et al., 2023).
With the TEM, we can gain information regarding the micropore
structure, degree of crystallinity, and grain structure observable in
the cross-sectional views, albeit with small samples.
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FIGURE 12
Plot showing that particle or grain size was more able to
differentiate morphological signatures than grain perimeter length.
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