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Abstract :

Particle analysis is one of the key-techniques used in the field of nuclear safeguards. Beyond
traditional uranium isotopic ratio measurement, other methodologies are implemented to
better characterize nuclear materials. Among them, age dating at the particle scale enables to
determine the time elapsed since the last chemical step of separation/purification or
enrichment. The 23°Th-234U couple being one of the most common radiochronometer, there is
a need for morphology and size controlled uranium-thorium mixed oxides particles that could
be used as reference materials during isotopic measurements. With this aim, uranium-
thorium mixed oxide microspheres were synthesized using a wet chemistry route. The
hydrothermal conversion of aspartate precursors at T = 433 K led to mixed dioxide micro-
particles with controlled spherical morphology and size, up to 5 mol.% in thorium. In order to
remove impurities, densify the micro-particles, and control the chemical form of the final
compounds, heat treatments were performed under various atmospheres. Nearly
stoichiometric (U,Th)O. dioxides were obtained under reducing conditions (Ar-4%H) while
U30sg-based samples were formed under air, with thorium incorporated in the structure up to
2 mol.%. Last, the homogeneity of the cation distributions in the samples was evaluated by
various methods, including PERALS a-scintillation counting, as well as X-EDS and LG-SIMS
analyses of individual particles, leading to consistent results. Particularly, the relative external
reproducibility (20) of the 232Th*/?38U* ion ratios measured at the particle scale remained
below 10%, paving the way to use these mixed oxide particles in the field of nuclear
safeguards.
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Uranium oxide — thorium oxide — hydrothermal synthesis — morphology control — nuclear
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Introduction

Particle analysis is one of the key-techniques used in the field of nuclear safeguards,
especially to ensure the respect of the treaty of non-proliferation of nuclear weapons (NPT).
In this frame, inspectors from the International Atomic Energy Agency collect dust samples in
nuclear facilities worldwide by rubbing surfaces with cotton wipers [1, 2]. The samples
collected on-site generally contain only tens to a few hundreds of particles of interest, i.e.
coming from and representative of the nuclear materials held in the inspected facilities.
Moreover, they are frequently sub-micrometric in size, which make their analyses challenging.
The actinide-bearing particles are generally analyzed by mass spectrometry techniques
(Secondary lon Mass Spectrometry - SIMS, Thermo-lonization Mass Spectrometry - TIMS) by
a handful of highly specialized laboratories in order to determine actinide isotopic ratios that
can inform on the use of the fissile matter (e.g. 23°U/?38U). Other isotopic ratios can be used
as radiochronometer to determine the « age » of the material, i.e. the time spent since the
last chemical step of separation/purification or enrichment [3-7]. Indeed, during their
production, nuclear fuels endure several processes of chemical purification, consisting of
impurities elimination, including that of radioactive decay products. In the hypothesis of a
complete separation, the elapsed time since the last purification can be calculated thanks to
the parent-daughter ratio in the samples [8]. In the case of uranium, the most common
radiochronometer is 23°Th-23*U. The “age” t of the U-bearing material is linked to the
230Th /234U ratio thanks to the following relation:

= 1 _ Nin o Arady
t_/lu—/lrhxm(l N{,X ™ ) (1.)

where Ay and Arh are the activity constants of 23*U and 23°Th, respectively, and N'y and
N, are the numbers of atoms of 23*U and 23°Th at a given time t [9]. In this expression,
assumption is made that head radionuclide, i.e. 234U, is not significantly decaying during the
elapsed time, hence that its number of atom can be considered constant compared to the
starting content.

The “age” of fissile materials, combined with the knowledge of the uranium isotopic
composition, is a very important information for nuclear safeguards. Hence, a few laboratories
involved in particle analysis have attempted to develop analytical procedures to carry out age-
determination at the particle scale by means of SIMS [10, 11]. However, these analyses suffer
from the lack of reference materials for validating the methods and evaluating their
performance, although uranium oxide micro-particles were recently certified in this aim [12].
Another key-point is the determination of the U-Th fractionation factor, which may be time
and matrix-dependent. Currently highly enriched uranium particles from certified reference
materials of known production date are used [10, 11]. Beyond the risk of contamination and
memory effect inside the instrument, such particles are not available for all laboratories. In



order to improve the accuracy of the analytical methods employed, and to open the possibility
to have reference samples of controlled size, morphology and chemical/isotopic composition,
it is of great importance to investigate the fabrication of uranium-thorium oxide micro
particles.

Although of great interest for various applications, the synthesis of size and
morphology-controlled mixed uranium-thorium oxide particles has been rarely discussed in
the literature. Conversely, some works focused on either ThO2 or UO,/U30s samples, or on
surrogate oxides such as CeO,, but addressed very different scales. For example, the
impregnation of resin beads with a solution containing actinides, followed by a heat treatment
at high temperature, led to the preparation of sub-millimetric spherical oxide particles [13].
Quite similarly, the use of sol-gel processes allowed to synthesize uranium oxide microspheres
with a diameter in the 100 — 500 um range [14, 15]. At the other end of the size scale, Hudry
et al. synthesized actinide oxide nanoparticles, including UO; and ThO;, through the
solvothermal decomposition of mixture containing thorium acetylacetonate or uranyl acetate
together with oleic acid, tri-n-octylamine, tri-n-octylphosphine oxide and benzyl ether [16].
Beyond wet chemistry routes, alternative methods based on pyrolysis techniques were also
tested. Particularly, the IEK-6 group at FZ Julich (Germany) has developed for several years the
synthesis of U3Og micro particles (potentially doped with Nd3*) with a size of around 1 um in
diameter, mechanically controlled from the diameter of the droplets formed in the aerosol by
vibrating orifices [17-20].

More recently, several authors explored hydrothermal methods to provide easy, rapid
and versatile routes for the synthesis of actinides oxide micro-particles. The protocols are
usually based on the initial complexation of actinide cations by an organic ligand followed by
the hydrothermal decomposition of this latter and the hydrolysis of the cation. For example,
Nkou Bouala et al. obtained UO; nanospheres thanks to the complexation of U* with
polyethylene glycol [21], while micro-particles of UO2.x were obtained under certain
conditions of pH by Manaud et al. during the hydrothermal conversion of U(IV) oxalates [22].
In the case of Th-based compounds, several authors reported the preparation of size-
controlled ThO; spherical particles by tuning the initial molar ratios in Th/organics mixtures,
involving for example sodium dodecyl sulfate (C12H2504SNa) or hexamethylene tetramine
(CsH12N4) [23, 24].

With the aim to provide a robust protocol for the synthesis of uranium-thorium oxide
micro particles for nuclear safeguards, we report herein a simple and direct method based on
the hydrothermal conversion of aspartate precursors. The raw particles obtained from the
hydrothermal process were first characterized from the structural (PXRD) and morphological
point of view (SEM), then calcined in various atmospheres to monitor the final stoichiometry
of the oxide micro-particles and eliminate residual volatiles coming from the wet chemistry
synthesis process. The behavior of the particles during the heat treatment was studied by TGA
and HT-ESEM observations, before extensive characterization of the final product. In this
frame, a particular attention was paid to the determination of the Th-content in the particles,
and of the homogeneity of the thorium distribution at the macro- and micro-scales, as well as
between individual particles. In this aim, different techniques were used to probe the chemical



composition, including a-scintillation spectrometry (Photo-Electron Rejecting Alpha Liquid
Scintillation - PERALS), SEM-EDS and Large-Geometry — SIMS (LG-SIMS).

I. Experimental

I.1. Micro-particles synthesis

All the reagents used in this study were of analytical-grade and supplied by Sigma-
Aldrich except uranium and thorium sources. On the one hand, the uranium source was
prepared under the form of a U(IV) solution in hydrochloric media through the dissolution of
uranium metal chips (kindly supplied by CETAMA, Marcoule, France). The metal pieces were
first rinsed with dichloromethane, acetone and water, washed in 2M HCl in order to eliminate
possible traces of uranium oxide present at the surface, and finally dissolved in 6M HCI. The
high chloride concentration allows the stabilization of the tetravalent oxidation state of
uranium in solution for several months [25]. The uranium concentration of the final solution
was estimated to 0.620 + 0.004 M by ICP-AES measurements. On the other hand, thorium
chloride solution was obtained by dissolving thorium nitrate salt (supplied by Ibilabs) in
concentrated 4 M HCI. The initial solution was repetitively evaporated then the residue
dissolved in hydrochloric acid in order to remove residual traces of nitrate ions in solution.
The thorium concentration in the final solution was estimated to 0.170 £ 0.002 M.

The protocol used for the synthesis of size-controlled uranium-thorium oxide spherical
micro particles, with 0.005 < Th/(U+Th) < 0.300 mole ratios, was adapted from Trillaud et al.
[26], and based on the complexation of tetravalent uranium and thorium with aspartic acid,
and further conversion of aspartate precursor into oxide under mild hydrothermal conditions.
The first step consisted in dissolving 200 mg of L-aspartic acid in 10 mL of deionized H,O (18.2
MQ.cm at 298 K), acidified by the addition of 2-3 drops 6M HCI. Then, the hydrochloric
solutions containing U* and Th** were mixed together with the desired molar ratio in order
to reach a cation amount close to 5x10* mol. The obtained solution was further added
dropwise to the aspartic acid, while maintaining continuously the pH close to 2 by adding
ammonia or HCl. Once the mixture was complete, the solution was moved into a Teflon-lined
autoclave (Parr, model #4749) and hydrothermal treatment was performed at 433 K during
30 hours. It is important to note that the solution was stirred during all the hydrothermal
treatment by a magnetic agitator (2Mag-MixControl 20). During this study, we decided to fix
the stirring speed at 950 rpm, which corresponds to a Reynold’s number close to 12000. Based
on the previous works on the uranium system, one could expect a particle diameter close to
1600-1700 nm [26]. After hydrothermal treatment, the autoclave was cooled down overnight
before collecting the solid phase by centrifugation. In the same time, analysis of the
supernatant showed only residual traces of uranium and thorium, evidencing the quantitative
precipitation of the cations (precipitation yield systematically above 99.8 %).

The precipitate was further washed twice with deionized water and once with ethanol,
and dried in an oven at 363 K for 6 hours. After synthesis, raw micro-particles were finally
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calcined to remove residual organics and water, eliminate porosity and to tune the O/M
stoichiometry. The heat treatments were performed under air or Ar-H, 4% atmosphere, to
reach either Th-doped UsOg or UO,, respectively. With this aim, samples were heated at 973 K
with a rate of 3K.min™, temperature was held during 4 hours, then the samples were cooled
down to room temperature at 3K.mint.

I.2. Samples characterization

PXRD: Powder X-Ray Diffraction (PXRD) diagrams were acquired by the means of a Bruker D8
diffractometer equipped with a Lynx-eye detector adopting the reflection geometry and using
CuKau,2 radiation (A = 1.54184 A°®). PXRD patterns were recorded at room temperature in the
5° <268 <£100° range, with a step size of A(20) = 0.01 ° and a total counting time of about 3
hours per sample. To avoid any radioactive contamination, the powder was placed in a special
sample holder (dome-shaped container with anti-scattering blade) that could generate
additional large diffusion peak between 10 ° and 20 ° (20).

Structural analysis was processed by the Rietveld method using the Fullprof Suite Program
[27]. All the refinements were performed using the Thompson-Cox-Hastings pseudo-Voigt
profile convoluted with axial divergence asymmetry function [28]. The refined parameters
were as follows: zero shift, unit cell parameters, scale factor, thermal displacement,
background, and peak asymmetry. The microstructural parameters were obtained using an
anisotropic size model.

ESEM: Before observation, the powdered samples were systematically dispersed in ethanol
and deposited on a mirror-grade polished aluminum plate. Environmental Scanning Electron
Microscope (ESEM) images were then directly recorded from the as-deposited powders
without any additional preparation such as metallization. A FEI Quanta 200 scanning electron
microscope, equipped with an Everhart-Thorley Detector (ETD) and a Back-Scattered Electron
Detector (BSED) was used to record images with an acceleration voltage of 2 kV under high
vacuum conditions. The average diameter of the micro-particles was determined by Imagel
software [29] and Feret method. Images were recorded with a x 5000 magnification with the
aim to analyze at least 900 particles to reach good statistics.

The morphological evolution of the micro-particles during heat treatment at high
temperature was also monitored in situ using a specific high temperature stage attached to
the ESEM. The samples were heated from room temperature to 1273 K with a 5K.min heating
rate, while continuously recording high magnification images on selected grains. The gas
pressure in the ESEM chamber was kept to 100 Pa during the experiment, either when using
air or N2-H2 5%. Image processing to extract the grain diameter was performed using the
Imagel software.



TGA: Thermogravimetric analyses were undertaken thanks to a Setaram Setsys Evolution
equipped either with a type-S thermocouple (Pt / Pt-10%Rh) when working in air or with a W5
device (W-5%Re / W-26%Re) for analyses performed under reducing atmosphere. After
recording of a baseline using an empty crucible (100 pL), weight loss was monitored during a
heat treatment up to 1273K with a heating rate of 5K.min.

Characterization of chemical composition and cationic homogeneity: In this study, three
different yet complementary methods were used to determine both the chemical composition
of the micro-particle samples (i.e. the amount of thorium incorporated), and the homogeneity
of the uranium/thorium distribution.

First, full dissolution followed by PERALS (Photo-Electron Rejecting Alpha Liquid
Scintillation) measurements allowed to assess the global composition of the samples. The
complete dissolution of 10 mg of uranium-thorium oxide micro-particles was performed in 20
mL of 6M HCl at T =333 K. Liquid/liquid extraction was achieved by contacting 1.5 mL of
ALPHAEX™ with 6 mL of aqueous phase in 10 mL Pyrex tubes. 1 mL of organic phase was
further up-taken after centrifugation at 4500 rpm during 10 minutes. In a first step, the pH of
the solution was fixed between 0 and 1 to extract only uranium [21]. In a second step, the pH
of the solution was increased to 3 in order to extract both thorium and uranium. Thorium
content was finally determined through the subtraction of the spectra obtained from the two
fractions.

The homogeneity of the uranium/thorium distribution was then evaluated at the
powder scale thanks to SEM-EDS analyses. The powders were first shaped as thin 5mm-
diameter pellets by uniaxial pressing at about 200 MPa. This preliminary step was intended to
guarantee a planar surface, perpendicular to the electron beam, thus allowing us to recover
semi-quantitative data without losing the spherical shape of the particles. EDS analyses were
carried out on about 100 individual particles. Although the analyzed volume by EDS (~um?3)
was roughly equivalent to the particles volume, the influence of adjacent particles may not be
completely ruled out. The distribution of the Th/(U+Th) molar ratio was finally fitted by a
Gaussian law, and the result expressed as the average value with a 95% confidence interval
(20).

Last, LG-SIMS analyses were performed to determine precisely the ratios of the signal
recorded for the 232Th* ions to the one recorded for the 238U* ions in individual particles. This
measurement was repeated for 30 micro-particles, offering the possibility to evaluate the
variability of the chemical composition from one micro-particle to another. The LG-SIMS
measurements were performed with a CAMECA IMS 1300HR3, equipped with a Hyperion Il RF
plasma oxygen source from Oregon Physics (Beaverton, OR, USA). Such a primary oxygen ion
beam is typically used to enhance the production of electropositive ions such as U* and Th*.
All the analyses were done with a primary high voltage of +15 kV, a sample high voltage of +
8 kV, a mass resolution power around 4000 and a focused primary beam intensity of 70 pA,
with no raster. The ionic species, 232Th* and 238U*, were recorded in a single collection mode
using a single electron multiplier.



Il. Results

11.1. Characterization of as-precipitated particles

11.1.1. Structural characterization

The powders obtained directly after the hydrothermal conversion process were first
analyzed by PXRD. The patterns collected for various Th-doping rates are gathered in Figure
1, and all present the characteristic PXRD lines of the fluorite-type structure adopted by both
UO2, ThO; and associated solid solutions. Nevertheless, the peaks were systematically found
to be large and of low intensity. In this case, this feature is mainly associated to a small
crystallite size, i.e. a short length of coherence domains, although the presence of an
amorphous phase cannot be completely ruled out. This conclusion was made based on
previous reports concerning the synthesis of actinide dioxides through the hydrothermal
conversion of carboxylate precursors [22, 30, 31]. Indeed, the various authors systematically
ended-up with nanostructured samples formed by the assembly of elementary crystallites of

a few nanometers.

Figure 1.
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In order to get further insights on the structural characteristics of the samples, Rietveld
refinement was performed on the PXRD patterns, even if some of our data remained unusable
due to the very low intensity of the diffractograms. As a result, Table 1 reports the values
obtained in terms of unit cell parameters and average crystallite sizes.

As expected from the general outline of the PXRD patterns, the average crystallite size
was found to be very small, and typically ranged between 5 and 10 nm. Also, it seemed to
decrease slightly when adding thorium in the sample. In parallel, the unit cell parameter was
found to increase with thorium incorporation, in agreement with the ionic radii of both
elements in the eight-fold coordination (i.e. 1.05 A for Th** and 1.00 A for U**) [32]. More
importantly, the quasi-linear variation of the unit cell parameter versus the thorium
incorporation rate (Figure 2) evidences the formation of a solid solution, rather than the
precipitation of distinct oxides. On the basis of these results, and taking into account the fact
that the formation of oxide phases during hydrothermal processes generally result from the
aging of an hydroxide intermediate [33], we can propose the general formula of our samples
to be written as U1xThxO2+5.nH20, with a & value that might evolve through time if no
precautions are taken to prevent U(IV) from oxidation.

5.52
5.51—f L.
5.50 — .-
5.49 — P &
5.48—3 .-
5.47 — &
5.46—5 =

5.45 — =

5.44—j§

5'43-'"'I""I""I""I""I""I
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Unit cell parameter (A)

Thorium incorporation rate (x)

Figure 2. Variation of the unit cell parameter of the UixThxO2+5.nH20 micro-particles
recovered from hydrothermal conversion process (L1) and after heat treatment
at 1273K under Ar-4%H; (O). The dotted line represents the Vegard’s law
between reference data reported in the literature for bulk UO; and ThO; [34,
35].



Table 1. Unit cell parameter and average crystallite sizes of the UixThxO2+s5.nH20
samples recovered from hydrothermal conversion process.

X 0.01 0.02 0.05 0.30

a (A) 5.440(2) 5.443(1) 5.447(1) 5.465(2)
C.rystalllte 8 5 5 4

size (nm)

11.1.2. ESEM observations

The solid phases recovered from the hydrothermal treatment of the uranium (IV)-
thorium aspartate precursors were then observed by ESEM in order to confirm the formation
of morphology-controlled particles (Figure 3). As expected from the previous work by Trillaud
et al. [26], the precipitates were systematically under the form of micro-particles presenting
a spherical habit. However, strong modifications were noted when varying the thorium
content. Up to x = 0.05, the microspheres appeared to be mainly monodisperse, with a
diameter in the 1-2 um range. Conversely, for compositions exceeding 5 mol.% in thorium, the
particles collected were found to be significantly smaller, typically between 50 and 250 nm,
and presented a larger variation in size. Although monodispersity is not the only acceptance
criteria for standard particles in nuclear safeguards, these observations somehow limit the
preparation of uranium-thorium reference materials to around 5 mol.% in thorium. However,
this does not appear as a drawback, as the amount of 23°Th to be measured in real field-
samples is expected to be very low. Indeed, it is typically around few attograms (i.e. 108 g)
per particle, due to the young age of the samples that cannot exceed 70 years [9, 11], and
would anyway reach only tenths to hundreds of attograms in natural uranium when reaching
the secular equilibrium.

When monodisperse micrometric particles were obtained, image analysis was
performed in order to get statistical information on the average diameter of the microspheres
and its variation. In this aim, the Feret diameter of about 900 particles was determined using
the Imagel software [29]. As a matter of example, the size-distribution for the particles with
x = 0.05 is plotted in Figure 4. Similar results were obtained for x = 0.005; 0.01 and 0.02. For
all the samples studied, the Feret diameter distribution could be fitted with a Gaussian law.
As such, the average diameter values reported in Table 2 are expressed with a £ 2o standard
deviation, this range then comprising 95% of the particles in the sample. It is important to
underline that this 2o value does not represent in any case the accuracy of the measurement,
or an uncertainty attached to the average value, but reflects the size variation from one single
particle to another in the batch.
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Figure 3. SEM observations of the UixThxO2+5.nH,0 uranium-thorium oxide particles
obtained directly after the hydrothermal treatment of aspartate precursors.

For all the compositions tested in the 0.05 < x < 0.5 range, the average diameter of the
micro-particles remained close to 1600-1700 nm. This value is similar to that determined
previously for pure UO; particles, i.e. 1670 + 210 nm [18]. Also, the size dispersion was
systematically close to 10-15% of the average value, which remains in the same order of
magnitude than that reported by Trillaud et al. [26], but evidences better size and shape
control than in other chemical methods such as that described by Hudry et al. when preparing
mixed uranium-thorium nanoparticles [36].
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Figure 4. Statistical distribution of the Feret diameters of the particles for x = 0.05.
Table 2. Average Feret diameter of the microparticles obtained for different thorium

contents, expressed with a + 2o standard deviation.

Th content (mol.%) Feret average diameter (nm)

0.5 1680 + 200
1 1610 = 260
2 1650 + 220
5 1630 + 240

11.2. Behavior under heating and characterization of calcined particles

11.2.1. TG analyses

In order to remove residual water and organics potentially present after the
hydrothermal conversion step, and to monitor the chemical form of the oxide particles
produced, raw samples were calcined either in reducing (Ar — 4% H>) or in oxidizing (flowing
air) atmosphere. The chemical transformations occurring upon heating were first monitored
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by TG analyses. Figure 5 presents the results obtained for x = 0.01, which are representative
of the analyses performed for all the other compositions tested.

Under reducing atmosphere, the sample presented a continuous weight loss up to
1273 K, leading to a total Am/m value of about -14%. This behavior is characteristic of hydrated
oxides, and has been already reported for several chemical systems, including (U,Ce)O2:s or
(Th,Y)02-5 [37, 38]. This weight loss was associated with the departure of residual water and
organics, as well as to the reduction of Uog9Tho0102+s5 into stoichiometric Uo.99Tho.0102.00.
Although not fully complete at 1273 K, most of these processes occurred between 200 and
873 K. As such, the slight weight loss observed above 973 K only corresponds to the
elimination of the last traces of amorphous carbon that are known to be particularly difficult
to eliminate in the absence of oxygen [39].

92 -

Relative mass (%)

90 -

88 -
Air
Ar [ H,
300 400 500 600 700 800 900 1000 1100 1200 1300

86

Temperature (K)

Figure 5. TG analyses of Uo.99Tho.0102+5.nH20 performed in air (red) or under Ar-4% H;
(blue).

Under oxidizing atmosphere (air), the behavior of the sample appeared to be much
more complex, mainly due to redox reactions involving uranium. Indeed, while the TGA curve
mostly followed the same trend than the one acquired under Ar-4% H, atmosphere up to
around 623 K, a strong mass gain occurred at this temperature. This latter was assigned to the
complete oxidation of U(IV) into U(VI), leading to the formation of a UOs-like phase. A second
mass variation was further observed at 823 K with a sudden weight loss corresponding to the
partial reduction of uranium, and the subsequent formation of UsOs. In both cases, the
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temperatures spotted agree well with those reported by several authors in the literature,
especially when studying the decomposition of U(IV) oxalates or carbonates in air [40], or the
incorporation of trivalent lanthanides into UszOs through the thermal conversion of Ln-doped
ammonium diuranate [41]. Above 873-973 K, the sample finally presented the similar residual
weight loss observed in reducing atmosphere, and reached a final Am/m value of about -13%.
Overall, firing at 973 K or above appeared to be necessary under both atmospheres tested to
ensure the elimination of the most important part of the volatile by-products coming from the
wet-chemistry synthesis process.

11.2.2. PXRD

In order to specify the nature of the phases formed after heat treatment at high
temperature either under reducing or oxidizing atmospheres, PXRD patterns were recorded
for samples fired at 1273 K for 4 hours (Figure 6). Such a temperature was chosen in order to
improve the crystallization state of the powders, and further facilitate Rietveld refinement of
the data.

Under Ar-4% H, atmosphere, all the patterns collected confirmed the formation of
single-phase U1xThxO2.s solid solutions, with only the XRD peaks of the fluorite-type structure
observed. Thanks to the heat treatment at high temperature, the width of the XRD lines was
significantly narrowed compared to raw samples, thus evidencing crystallite growth. This was
confirmed by the Rietveld refinement of the data, which led to estimate the average crystallite
size between 50 and 150 nm (Table 3), in good agreement with the data reported by Martinez
et al. for comparable samples in the (U,Ce)O, system [37]. The unit cell parameters
determined still remained below those expected from the linear variation between reference
values, even if they stand above the data obtained from as-precipitated powders.

Table 3. Unit cell parameter and average crystallite sizes of the U14ThxO2+5 samples
obtained after heat treatment of raw particles at 1273 K under Ar-4% H, for 4
hours.

X 0.01 0.02 0.05 0.10 0.30
a(A) 5.4504(5) 5.4443(6) 5.4601(8) 5.4700(4) 5.4902(6)
Crystallite ¢, 160 108 50 82

size (nm)
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Figure 6. PXRD patterns of uranium-thorium oxide micro-particles obtained after heat

treatment at 1273 K during 4 hours in Ar-4% H, (a) or in flowing air (b).
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Under air, two distinct types of samples can be distinguished depending on the thorium
incorporation rate (Table 4). Up to x = 0.02, the patterns only consisted of the PXRD lines of
the orthorhombic structure of UsOs [42], which is well-known to be the stable form of uranium
oxides in air in this range of temperature. The unit cell parameters determined by Rietveld
refinement showed a slight deviation from the values usually reported in the literature,
indicating that, despite of its tetravalent oxidation state, thorium could be incorporated in
limited amounts in the structure.

For thorium contents of 5 mol.% and above, additional PXRD lines characteristic of the
fluorite-type structure of AnO; were also spotted on the patterns, particularly around 27° and
33°. The formation of a secondary product when increasing the thorium amount evidences
the demixion of U- and Th-bearing phases, as the result of the different redox behavior of the
two cations under air. Rietveld refinement of the PXRD data revealed that the mass fraction
of the AnO; phase increased with the thorium amount, starting from 3 wt.% for x = 0.05 to
around 20 wt.% for x = 0.30. Also, one must note that associated unit cell parameter remained
systematically close to 5.51 A, which corresponds to U-depleted oxides compared with the
starting composition.

Table 4. Unit cell parameter of the MOx phases (with M = U+Th) obtained after heat
treatment of raw particles at 1273 K under air for 4 hours.

Phase  x 0.01 0.02 0.05 0.10 0.30

MO, a (A) - - 5.5127(9) 5.507(1)  5.5120(7)
wt.% 0 0 3 7 21

M30s a(A) 6.7335(2) 6.7373(1) 6.7639(6) 6.7582(3) 6.7662(2)
b (A) 11.9288(4) 11.9250(2) 11.8871(1) 11.8873(4) 11.8818(3)
c(R) 4.1486(1) 4.1511(2) 4.1586(4) 4.1560(1) 4.1623(1)
wt.% 100 100 97 93 79

11.2.3. SEM observations

In order to evidence the modifications of micro-particles morphology under heat
treatment, HT-ESEM observations were undertaken under the two atmospheres studied up
to 1273 K. Although the spherical habit of the particles was conserved, their size varied all
during the heat treatments (Figure 7).

Under reducing Ar-4%H, atmosphere, the particles were found to shrink continuously
up to 773-873 K, as the direct consequence of the sample drying and the elimination of
residual organics. Above this temperature, the averaged data obtained from the observation
of three different particles became much more scattered, but seem to attest of a stabilization
of the particle size up to 1223 K. Close to 1273 K, the beginning of an additional shrinkage step
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was observed, which is probably related to the sintering of the particles, and/or to the growth
of the elementary crystallites constituting the particles.

(a)

(b)

Figure 7.
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Under air, the size variation evidenced several distinct steps, which can be directly
related to the chemical transformations already suggested by thermogravimetric analysis.
First, a slight swelling of the samples was noted from around 423 to 573 K, and could be
probably correlated to the oxidation of U(IV) into U(VI), probably leading to a UOs-like phase.
Although this range of temperature appears lower than that observed in TGA, it remains
consistent owing to the differences in the operating conditions of both experiments, mainly
regarding the gas pressure and the amount of sample involved. The diameter of the particles
was further found to shrink up to 673 K, before a second step of swelling associated to the
reduction of the sample into Th-doped U30s. The diameter then remained stable between 873
and 1173 K, before decreasing drastically above this latter temperature, probably due to
sintering phenomena.

Additional SEM observations were then performed on samples fired at 973 K either in
air or in Ar-4%H, (Figure 8). All the micrographs collected confirmed that the particles
remained spherical with a homogenous size distribution. Also, no sign of sintering was
detected at this temperature, which means that the formation of necks between the particles
was avoided, which is a mandatory aspect to consider if one wants to analyze individual
objects. However, some agglomerates can still be spotted on the pictures. They were already
formed after the synthesis process, and could probably be eliminated by a simple sonication
step.

X
<
[a]
I
“
<
I
~
@
N
()

Figure 8. SEM observations of the uranium(IV)-thorium oxide particles obtained after
heat treatment at T = 973 K during 4 hours under air or Ar - 4% H, atmosphere.
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11.3. Evaluation of thorium distribution homogeneity within the samples

The homogeneity of the thorium distribution in the reference particulate material is
one of the main requirements to achieve in order to guarantee the reliability of the isotopic
measurements, for example by LG-SIMS analyses. Indeed, as these latter are generally
conducted at the individual particle level, the doping rate in thorium must be controlled from
the macroscopic to the sub-micrometric scale. In order to check the homogeneity of the
thorium distribution in our sample, three different experimental methods were used to
address these different scales.

The global chemical composition of the raw samples obtained after precipitation
process was first determined by complete dissolution of the raw powders obtained after
precipitation and subsequent PERALS measurements (Table 5), which allowed the
guantification of alpha emitters with a good accuracy. For example Dacheux et al. noted a
limit of detection of 1x10° M and 2x1071° M for for 23?Th and 238U, respectively, when using
ALPHAEX as the extracting cocktail for a counting time of 3 days [43]. The Th/(U+Th) mole
ratios obtained by PERALS measurements show a very good agreement between expected
and experimental values. They confirm that the precipitation of both cations was quantitative
in our operating conditions, whatever the amount of thorium incorporated up to 10 mol.%.

Table 5. Determination of the x = Th/(U+Th) mole ratio in the powdered
U1-xThxO2+5.nH20 samples by complete dissolution followed by PERALS
measurements, and by statistical EDS analyses. Uncertainties are expanded
uncertainties with coverage factor of 2 (+2c).

x =Th/(U + Th) mole ratio

Expected PERALS EDS

0.005 0.005 £ 0.002 0.005 + 0.002
0.010 0.011 £ 0.002 0.010 + 0.004
0.020 0.020 £ 0.002 0.021 + 0.006
0.050 0.052 + 0.003 0.051 + 0.008
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Figure 9. Example of four X-EDS spectra collected from the x = 0.01 sample (a), and

statistical distribution of the Th/(U+Th) molar ratio (b).

The variability of the Th/(U+Th) mole ratio was further addressed at the global scale
using statistical SEM/EDS analyses (Figure 9). Although only qualitative, visual examination of
the superimposition of EDS spectra did not evidenced the formation of Th-enriched phases.
Jointly with PXRD measurements, it allows to exclude the precipitation of distinct U- and Th-
bearing phases, to the benefit of the formation of solid solutions. Moreover, the distribution
of the Th/(U+Th) mole ratio measured by EDS analyses carried out on individual particles was
found to be well fitted with a Gaussian law. The chemical composition is then expressed with
a 20 confidence interval that encompasses 95% of the data points. The data reported in the
Table 5 confirm that the composition only presented a narrow distribution around the
expected average value whatever the chemical composition considered in the raw samples.
Nevertheless, owing to the volume probed during the analysis (approx. 1 um3) and that of the
micro-particles (close to 2 pm3), the small variations observed in the composition did not
necessarily reflected the behavior of single objects. For example, the presence of multiple
particles, or pores, under the electron beam can lead to level the final result.

In order to overcome this bias, LG-SIMS analyses were finally performed on single
particles. In this case, we focused the study on a UsOs-type sample doped with 2 mol.% in
thorium, obtained after heat treatment of the corresponding precursor in air at 973 K for 4
hours. Based on the results reported herein, such operating conditions correspond to single-
phase and chemically stable sample, which is close to theoretical density. The measurements
of the 232Th*/238U* isotopic ratio conducted on 28 distinct particles coming from the same
batch show significant differences between particles, beyond expanded uncertainties of
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individual measurements. However, these differences are relatively limited, with a relative
external precision, expressed as twice the relative standard deviation over the 28
measurements (i.e. ~95% confidence interval), below 10%. (Figure 10). This reproducibility is
regarded as satisfactory for age-dating analysis at the scale of the individual micrometric

particles, owing to the very low amount (typically in the attogram range) of the daughter
nuclide 23°Th in the particles.
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Figure 10. Distribution of the 232Th/?38U isotopic ratio in 2 mol.% Th-doped UsOs,
determined in 28 individual particles by LG-SIMS measurements.

The slight deviation of the average measured 232Th*/?38U*, (1.430 + 0.075)x107, from
the expected value obtained by PERALS measurements, (2.0 + 0.2)x1072, can be explained by
the difference of the U and Th ionization yields within SIMS. To convert the 232Th*/%38U* ion

ratio into a 232Th/228U atomic ratio, the SIMS relative sensitivity factor (RSF) Th/U should be
known. This factor can be calculated using the following equation:

232
()
RSFUTh — reference 2327, (2)
(W

It should be noted that the calculation of the RSF requires a particulate material whose
Th/U ratio is as accurately as possible known.

)measured
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l1l. Discussion

l1l.1. Effect of thorium doping on raw particles structure/microstructure

Previous works allowed us to show that it was possible to synthesize morphology- and
size-controlled uranium oxide microspheres from the hydrothermal conversion of U(IV)
aspartate precursors [26]. With the aim to produce reference samples for the aging of
uranium-bearing nuclear materials, the present results led to evaluate the effect of thorium
doping on both the particles crystal structure, and microstructure. First, Rietveld refinement
of PXRD analyses of the as-synthesized samples showed a quasi-linear variation of the unit cell
parameter versus the thorium incorporation rate (Figure 2). As such, it evidences the
formation of a solid solution, rather than the separate precipitation of UO; and ThO; oxides,
despite the different temperatures reported in the literature for the hydrothermal conversion
of Th- and U(IV)-aspartates [26, 44].

Nevertheless, one can note that the unit cell parameters determined in this study
remain systematically below than those calculated from the linear variation between the
reference unit cell parameters reported for UO; (5.4713 A [35]) and ThO: (5.6032 A [34]). Such
a deviation probably originates from the partial oxidation of uranium(IV) into uranium(VI),
either during the hydrothermal treatment step, or when storing the samples in air. Indeed, it
is well known that the formation of hyper-stoichiometric UO.x oxides leads to a contraction
of the unit cell, as the consequence of the decrease of the average ionic radius and the
modification of the uranium coordination polyhedron, that evolves from a cube in UOz.00
towards a cuboctahedron in U409 [45]. However, although some authors tried to link the unit
cell parameter with the O/M stoichiometry, it remains difficult to estimate this latter in our
case. Indeed, beyond the presence of thorium in the lattice, the nanosized character of our
sample is likely to provoke an opposite effect tending to increase the unit cell parameter. Such
a phenomenon was already highlighted in CeO; [46] and ThO; [47] samples, and was
associated to the presence of species adsorbed onto the surface (that can be hydroxyl groups
or organics) generating a tensile effect onto the lattice. On the basis of these results, and
taking into consideration the fact that the formation of oxide phases during hydrothermal
processes generally result from the aging of an hydroxide intermediate [33], we can propose
the general formula of our samples to be written as U1xThxO2+5.nH20, with a 6 value that might
evolve over time if no precaution is taken.

In the same time, the impact of thorium incorporation on the morphology of the
spherical micro-particles precipitated was found to strongly depend on the doping rate. Up to
5 mol.%, it did not induce any modification of micro-particles size compared to pure uranium
compounds reported in previous works [26]. Nevertheless, the progressive incorporation of
thorium in the samples led to an enlargement of the PXRD peaks i.e. to smaller crystallites. As
such, Th-doping slightly decreased the size of the elementary crystallites, but did not affect
their assembly during hydrothermal treatment. Above 5 mol%. of thorium incorporation, SEM
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observations revealed a drastic decrease of the microparticles size, which appeared to be
typically between 50 and 250 nm in diameter. As the formation of microspheres was assigned
to the self-assembly of elementary nanometric crystallites thanks to the adsorption of residual
organic species [48], it is most likely that the incorporation of thorium in the samples modifies
the surface chemistry of the crystallites, and precludes the formation of larger assemblies.
Nevertheless, owing to the compositions targeted in the field of nuclear safeguards (typically
lower than 1 mol.%), this does not appears as a limitation. Hence, the protocol proposed
herein appears to be robust and not impacted significantly by the incorporation of thorium in
the UO2+x matrix.

111.2. Monitoring microparticles O/M stoichiometry

Beyond getting rid of the volatile species remaining from the wet-chemistry synthesis
process, heating the raw micro-particles under controlled atmosphere was used in this work
to monitor the final O/M stoichiometry (with M = U + Th), which can be of crucial importance
if one wants to optimize the chemical durability of the samples under storage conditions.
Hence, the raw micro-particles were calcined under both reductive (Ar - 4% H) and air
atmosphere between 700 and 1000°C, and characterized from the structural and
morphological point of views.

After heating under reducing atmosphere, the unit cell parameters determined from
the PXRD data remained below those expected from the linear variation between UO; and
ThO; reference values, even if they stand above the data obtained from as-precipitated
powders. It is then most likely that the micro-particles were first reduced as stoichiometric U1-
xThx02.00 solid solutions during the heat treatment, as the thermodynamic stable form under
our operating conditions (pO2 ~ 6x102° atm.), then slightly re-oxidized when out of the
furnace and stored under air. In this study, the final form of the material prepared under Ar-
4%H> then has to be written as U1.xThxO2+s. Once again, the 6 value certainly evolves over time
owing to the reactivity of the powder, but evaluation of this effect was beyond the scope of
this paper.

After heat treatment under air, the unit cell parameters determined by Rietveld
refinement showed a slight deviation from the values usually reported in the literature for the
well-known orthorhombic form of U30g [42]. In spite of its tetravalent oxidation state, thorium
was then incorporated in limited amounts in the structure. While the incorporation of trivalent
lanthanides into UzOg was recently reported [41], this is the first time, to our knowledge, that
thorium-doping has been clearly evidenced, as U-Th-O phase diagrams generally represent
only Us0g + M4Qg or U3z0s + MO2+5 domains (with M = U + Th) [49]. Beyond the fundamental
thermodynamics interest, this feature is also of particular importance in the field of particulate
reference materials, since it allows to prepare single-phase and homogenous samples under
the form of M30g, which is expected to be the most chemically stable and durable one during
storage in ambient conditions, either as loose powders or suspensions. Also, one must note
that the XRD lines appeared to be significantly narrowed compared with that of the U1.xThxO2+s
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solid solutions obtained under Ar-4% H,, evidencing a drastic growth of the crystallites. This
latter is consistent with the oxidation of U(IV) into a mixture of U(V) and U(VI), which is
generally associated to an increase of the uranium diffusion coefficients [50].

Meanwhile, monitoring the evolution of the micro-particles morphology throughout
heat treatments did not evidence drastic modification of their shape. Indeed, although their
size was found to vary due to the elimination of volatile compounds (water and residual
organics), densification processes and redox behavior of uranium, monodisperse spherical
particles were always obtained after heating. Nevertheless, using high temperatures (typically
around 1000°C) could lead to sintering phenomena, i.e. establishment of necks between
adjacent particles. Based on these morphological evolutions, and considering the properties
generally required for particulate reference materials (i.e. individual objects with controlled
shape, close to 100% density, and chemically pure), the optimal temperature for firing our
samples before use have been estimated to about 973 K. Indeed, TG analyses showed that
such a preliminary heat treatment ensures the elimination of most of the residual water and
organics, and also leads to the stabilization of the particle size whatever the calcination
atmosphere considered.

111.3. Applicability of wet-chemistry processes for the preparation of highly homogenous
samples

As one of the major requirements for the use of mixed uranium-thorium oxide micro-
particles in the field of nuclear safeguards, the homogeneity of the cationic distribution in our
samples was evaluated by means of different complementary techniques. Indeed, if the
homogeneity of samples has been frequently addressed in the literature, it could concern very
different size scales, leading the term ‘homogeneous’ sometimes senseless. As a matter of
example, at the milli/micro-metric level, (U,Pu)O2 MOx nuclear fuels prepared by dry
chemistry processes could be depicted as homogeneous, provided the size of UO;
agglomerates is small enough [51]. At the other end of the size-scale, compounds synthesized
through wet-chemistry routes are generally tested by SEM- or TEM-EDS spectroscopy to
confirm the homogeneity of the cationic distribution at the micro- or even nano-scale [37].

Herein, evaluating the chemical composition of the samples by different techniques
pursued different goals. The first and more direct one was reached by the complete
dissolution of the powders, and subsequent PERALS measurements, which confirmed the
guantitative precipitation of the cations during the synthesis process. A statistical SEM-EDS
analysis was then performed. This latter allowed us to probe approximately 1 um3 volumes,
without any certainty of pointing individual particles. Hence, even if some bias might arise
from probing areas containing different particles or voids, the results obtained systematically
showed the simultaneous presence of uranium and thorium, with a small dispersion of the
Th/(U+Th) mole ratio. As such, and despite of the difference in the conversion temperatures
of thorium and uranium aspartates [26, 44], we can exclude the precipitation of the two
cations in separate phases.
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The more important point to be addressed still remained the cationic homogeneity at
the particle scale, which was evaluated by LG-SIMS on 28 individual objects. Indeed, this point
is of crucial importance in the frame of using the prepared micro-particles as reference
materials, particularly to evaluate relative sensitivity factors during SIMS analyses [11]. Results
obtained in this work showed a relatively low dispersion of the chemical composition around
the average Th/(U+Th) mole ratio. Such a variability could appear surprising when using wet-
chemistry processes, i.e. when starting from a homogeneous mixture of uranium and thorium
in solution. It probably arises from the two-step hydrothermal conversion used herein. As
such, the initial precipitate consists of an highly homogeneous U(IV)-Th(IV) aspartate, which
is further decomposed by the joint action of pressure and temperature. The oxide micro-
particles are then formed through the hydrolysis of U* and Th** cations. The differences in
the hydrolysis constants [33, 52] and the saturation indexes at this stage then probably led to
different precipitation kinetics that might provoke small variations in the composition of the
particles, despite working under stirring. Nevertheless, the dispersion of the Th/(U+Th) ratio
remained below 10%, which is considered as satisfactory for age-dating analysis through the
234y - 239Th radio-chronometer.

Conclusion

The synthesis of uranium-thorium mixed oxides particles was performed thanks to a
wet chemistry route based on the hydrothermal conversion of U(IV)-Th(IV) aspartate
precursors. Although solid solutions were obtained for all the chemical compositions tested in
the 0.005 < Th/(U+Th) < 0.300 range, as attested by PXRD, micro-particles with controlled
morphology and size were only prepared up to 5 mol.% in thorium. In these conditions, the
samples were found to consist of spherical aggregates composed of nanoscale crystallites,
with a very narrow size distribution. Also, the size appeared to be independent of the thorium
incorporation rate, and thus only controlled by the hydrodynamic conditions in the
hydrothermal reactors. However, micro-particles still presented residual traces of water and
organics coming from the synthesis process.

As a consequence, an additional heat treatment step was performed under various
atmospheres, with the aim to get rid of impurities, to achieve complete densification of the
micro-particles, and to monitor the chemical form of the final compounds. On the one hand,
nearly stoichiometric (U,Th)O dioxides were obtained under reducing Ar-H,. On the other
hand, heating under air led to the oxidation of uranium (IV) and to the formation of UsOs-
based samples. Rietveld refinement of the PXRD data showed for the first time that Th(IV)
remained incorporated in such samples up to 2 mol.%, while polyphase systems were
obtained for higher Th-amounts. Although limited, the incorporation of thorium in Uz0g then
allowed us to prepare mixed oxides micro-particles that should exhibit very high chemical
stability during storage as a loose powder under ambient conditions.

Last, the homogeneity of the cations distributions in the samples was tested by various
methods, allowing to address different size scales. As such, PERALS measurements and EDX
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mappings led to confirm that the global chemical composition reached the targeted value, and
that no segregation occurred between uranium and thorium during the precipitation process.
More importantly, LG-SIMS analysis performed on nearly 30 individual microspheres showed
significant but limited particle-to-particle variations. Indeed, relative external reproducibility
(20) of the 232Th*/238U* ion ratios, remained below 10%, which is deemed satisfactory for use
of these mixed oxide particles in the field of nuclear safeguards, as a reference particulate
material for the datation of uranium particles thanks to the 23°Th/23*U radio-chronometer.
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