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Abstract :

Wet chemistry methods involving the initial precipitation of crystallized precursors are
frequently reported as a promising way to prepare actinide oxides. Sintering of UO, powders
prepared from uranium(IV) oxalate dihydrate was thus investigated in order to point out the
influence of various parameters inherited from the conversion step leading from the precursor
to the final oxide. In this perspective, different thermal cycles were considered, based on
strictly reducing conditions, or on the successive use of oxidizing/reducing atmospheres. The
modifications underwent by the samples during the conversion step were then investigated in
terms of crystal structure, morphology and associated specific surface area, as well as residual
carbon content. The role of these parameters in the development of sintered UO,
microstructure was also examined, specially emphasizing the potential role of the residual
carbon content over the final density.
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1. Introduction

Uranium dioxide (UO,) as well as actinide mixed oxides such as (U,Pu)O, MOx are
currently employed as fuels in several LWR-type nuclear reactors and still appear to be
reference components for future concepts of Generation IV reactors, including Sodium-cooled
Fast Reactor (SFR) [1]. In this framework, the sintering of these compounds has been widely
investigated during the past decades [2-5]. Nevertheless, such studies frequently started from
samples prepared through powder metallurgy methods and thus mainly focused their interest
on parameters related to the physico-chemical characteristics of the powders (grain size,
specific surface area, ...) [6-8] or to the heat treatment of the pellet, i.e. temperature,
atmosphere, ...[9, 10]. Consequently, less attention was paid to the role of chemistry during
the sintering process and its influence over the final microstructure of the pellets. However,
the recent emergence of new ways of preparation for actinides dioxides [11-13], mainly based
on the precipitation of low-temperature crystallized precursors, confers to these parameters a
crucial importance for the understanding of sintering processes.

Among these precursors, and even if inorganic or metal-organic compounds were
studied for long to prepare actinide oxides [14, 15], several recent studies particularly pointed
out the benefits induced by the use of oxalate precursors (see for example the recent review
by Abraham et al. and the references therein [16]). They particularly provide quick,
quantitative and homogenous precipitation of cations from agqueous mixtures, and offer the
possibility to incorporate simultaneously actinides presenting different oxidation states [17,
18]. Moreover, the corresponding oxides are easily obtained through a heating conversion
step [19, 20]. New parameters coming from the thermal history of the oxide powder have then
emerged and required to be studied. One can especially cite the crystallization state of the
sample, its residual carbon content, or its morphology and reactivity, all being linked to the
temperature and atmosphere of conversion.

In this study, the preparation of UO, powders was undertaken from U(C,0,),-2H,0
[21, 22] in order to study the influence of several precursor-related parameters over the
sintering process and the subsequent pellet microstructure. In first place, the variation of the
powder characteristics during the conversion step will be detailed, both at the microscopic
(crystal structure, carbon content) and macroscopic (morphology, specific surface area) levels.
Moreover, two different thermal cycles were considered. The first one is based on a single
heat treatment under reducing atmosphere (Ar/ 5%H,) which ensured the stabilization of the
tetravalent oxidation state of uranium. Conversely, the other is composed by a first oxidizing
treatment followed by a calcination at the desired temperature under reducing atmosphere.

Several authors already reported strong modifications over the powder characteristics,
and their subsequent sintering capability, coming from the atmosphere used during the
conversion of the precursor. As a matter of fact, White et al. [23] pointed out as soon as in



1981 that higher densities could be reached during the sintering of ThO, when using powders
coming from the calcination of thorium oxalate hydrates in air rather than in reducing
atmosphere. These different behaviours were mainly assigned to some differences in the
carbon content within the samples, that strongly vary depending on the atmosphere of
calcination [24]. Similar conclusions were further drawn for various chemical systems,
including uranium-bearing mixed oxides. Along with the modification of the sintering
capability of the powders, several microstructural effects were also noted. Particularly, the use
of oxidizing conditions during the calcination of the precursor was found to increase the
particle growth of (Ug 72Cep28)O2 solid solutions [25]. In an opposite way, conversion under
reducing conditions of thorium-uranium(lV) oxalates yielded to mixed oxide powders
exhibiting high specific surface area, that could be linked to their high carbon content [26].
Moreover, heat treatments under successive oxidizing then reducing atmospheres were also
successfully experimented during the sintering step of UO, and usually led to a significant
decrease in the temperature of densification [27, 28].

The modifications underwent by the powder samples during the conversion step
leading to the final oxide should then be investigated thoroughly, either at the microscopic or
at the macroscopic level. More specifically, crystal structure, morphology and associated
specific surface area as well as residual carbon content will be examined versus the
temperature of conversion and the atmosphere chosen. The role of these parameters in the
development of sintered UO, microstructure will be presented in a second part, specially
emphasizing the potential role of the residual carbon content over the final density.



2. Experimental
2.1. Preparation of oxalate precursors

All the reagents used were of analytical-grade and supplied by Sigma-Aldrich, except
uranium tetrachloride solution. The preparation of this latter was performed by dissolving
uranium metal (provided by CETAMA) in hydrochloric acid. The metal pieces were first
washed in 2M HCI in order to eliminate possible traces of oxide present at the surface, rinsed
with water and ethanol and finally dissolved in 6M HCI. The uranium concentration of the
final solution was estimated to 0.74 + 0.02 M using the titration method developed by
Dacheux et al. [29, 30].

Monoclinic uranium(lV) oxalate dihydrate, U(C,0,),.2H,O was further obtained
through a protocol derived from that described by Clavier et al. [21]. Hydrochloric solution of
uranium(lV) (0.3 M) was poured, without any stirring, into a large excess of oxalic acid, in
order to ensure the quantitative precipitation of uranium(lV). The green precipitate rapidly
formed was then separated from the supernatant by centrifugation, washed several times with
deionized water then ethanol, and finally dried at 90°C in an oven.

2.2. Characterization of powders and sintered pellets

Powder X-Ray Diffraction (PXRD) diagrams were obtained by the means of a Bruker
D8 diffractometer equipped with a Lynx-eye detector adopting the reflexion geometry, and
using Cu Koy » radiation (A = 1.54184 A). PXRD patterns were recorded at room temperature
in the 5° <26 < 120° range, with a step size of A(20) = 0.03° and a total counting time of
about 2.5 hours per sample.

For in situ high temperature experiments, powders were placed in dedicated alumina
boats and heated with a rate of 10°C.min™, either under air or He/4% H, atmosphere.
HT-PXRD patterns were recorded each 30°C from 90 to 300°C then with a step of 50°C from
300°C to 500°C, and finally each 100°C up to 1000°C. Temperature was held 15 minutes
before recording the pattern in order to ensure the thermal equilibration of the sample.

All the PXRD patterns were refined by the Rietveld method using the Cox-Hastings
pseudo-Voigt profile function [31] implemented in the Fullprof_suite program [32]. During
all the refinements, the conventional profile/structure parameters (zero shift, unit cell
parameters, scale factors, global thermal displacement and asymmetric parameters) were
allowed to vary. Moreover, for each phase, modelling of the intrinsic microstructure
parameters was performed by applying an anisotropic size model.



Scanning Electron Microscope (SEM) observations were directly conducted on
powder samples or on sintered pellets without prior preparation such as metallization, using a
FEI Quanta 200 electronic microscope, equipped either with an Everhart-Thornley Detector
(ETD) or a Back-Scattered Electron Detector (BSED), in high vacuum conditions with a very
low accelerating voltage (2 — 3.1 kV). These conditions were chosen in order to induce a
beam deceleration effect that led to high resolution images.

In the case of powder samples, SEM observations were correlated with specific
surface area measurements using adsorption/desorption of N, at 77K (BET method) by the
means of a Micromeritics Tristar 3020 apparatus. Prior to the analyses, powder samples were
outgassed at 90°C (oxalate samples) or 300°C (oxide samples) for 4 hours in order to ensure
the departure of water molecules adsorbed at the surface of the solids.

For sintered pellets, the SEM observation of the microstructure was complemented by
density measurements, conducted through geometrical measurements using a precision
calliper. These values were further used to estimate the global porosity of the samples.

Finally, the amount of carbon in the powders was evaluated by the means of a LECO
CS230 analyser, using the complete combustion of the samples in a large excess of O,
followed by a mass spectrometer measurement of CO,. In order to get quantitative values, a
blank and a series of standards (steels containing 0.182 to 3.10 wt.% of carbon) were analysed
prior our samples.

2.3. Thermal analyses and sintering

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 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 1000°C with a rate of 10°C.min™". Moreover, the gaseous species emitted
during the heat treatment were analysed by the means of Hiden Analytical QGA analyser
using mass spectrometry.

Following the characterization of the UO, samples versus the temperature of
conversion from oxalate precursors, several experiments were dedicated to the sintering of the
powders synthesized. For this purpose, green pellets of 5 mm diameter and about 1 to 2 mm
width were prepared by uniaxial pressing (500 MPa) in a tungsten carbide die. First,
dilatometric study allowed us to precise the temperature corresponding to the densification of
the samples. These measurements were conducted on a Setaram Setsys Evolution apparatus.
In this case, heat treatments were systematically undertaken under Ar/2% H, flux up to



1600°C with a rate of 10°C.min™. Dwell time of 30 minutes was then considered before
sample was cooled down to room temperature at 30°C.min™.

In a second step, the microstructure of the pellets obtained after a heat treatment at
1550°C (8 hours — Ar/ 5%H>) was investigated, mainly in terms of density and grain size.



3. Results and discussion
3.1. Conversion of the precursors

In order to point out the role of the atmosphere during the conversion of uranium
oxalate toward the physico-chemical properties of the resulting oxide powder, two different
thermal cycles were considered. The first one was conducted under reducing Ar/2% H,
atmosphere at various temperatures ranging from 200 to 1000°C, thus ensuring the
stabilization of the tetravalent oxidation state of uranium. The sample was then heated up,
considering a rate of 200°C.hour™, then maintained at the desired temperature for 4 hours. On
the other hand, a two-step procedure was also tested, composed by a first calcination under air
for 4 hours at a given temperature in the 200-1000°C range, followed by a reducing heat
treatment (Ar/ 2% H,) for 4 hours at the same temperature.

3.1.1. Thermogravimetric analyses

TG analyses were first performed in order to evidence the reaction scheme driving the
decomposition of uranium(lV) oxalate dihydrate under the different atmospheres chosen
(Figure 1). Moreover, the experimental setup was implemented with a mass spectrometer in
order to analyse the gases emitted during these processes. The thermogravimetric curve
recorded under reducing Ar/H, atmosphere presents the characteristic steps already reported
in the literature for the decomposition of An(IV) oxalate dihydrate (An = Th [33] and/or U
[34, 35]). The first one, occurring between 100 and 200°C corresponds to the loss of one
water molecule, leading to the uranium(lV) oxalate monohydrate. Similarly, the loss of
additional 5% between 200 and 250°C, was assigned to the complete dehydration of the
sample, as attested by the detection of water vapour through mass spectrometry. Finally, the
decomposition of oxalate species, correlated to the emission of gaseous CO and CO, was
found to take place mainly between 300 and 400°C. Despite this decomposition, a residual
weight loss was still recorded up to 600°C and could indicate the presence of amorphous
carbonate species in the 400-600°C range.

The three steps detailed above were also observed when heating uranium(IV) oxalate
dihydrate in air. Nevertheless, if the dehydration step still occurred in the same range of
temperature, the decomposition of oxalate species was found to take place at lower
temperature as it ended below 350°C. Such difference could be ascribed to the more efficient
elimination of the carbon species in air. Indeed, in such conditions, CO coming from the
decomposition of C,04 species is mainly oxidized by O, while it tends to disproportionate
under inert or reducing atmosphere to form CO, and elemental carbon (Boudouard
equilibrium) [36]. Moreover, an additional weight loss was pointed out at around 650°C and



could be ascribed to the transformation of an intermediate uranium carbonate or oxocarbonate
into the final oxide product, probably as U3Os.
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Figure 1. TGA-MS curves recorded during the decomposition of U(C,0,),. 2H,0 under
Ar/H; (a) or in air (b) atmosphere.



3.1.2. Variation of carbon content

Consequently to the TG analyses, the residual carbon content of the UO, powders
obtained from the conversion of oxalate precursor through the two thermal cycles considered
was analysed. Indeed, even if the literature concerning the effect of residual carbon on the
sintering of oxide ceramics is extremely scarce, such parameter is still frequently considered
from an industrial point of view as carbon species could remain from numerous processes,
including debonding steps aiming to eliminate binders and/or pore formers [37].

Whatever the atmosphere chosen, and as expected from the decomposition of oxalate
entities evidenced through TGA, the amount of carbon in the samples systematically dropped
down below 0.8 wt.% above 300°C (Figure 2). Such amount would correspond to less than
3.8 wt.% of COg entities, which appears to be in very good agreement with the recent values
reported by Tyrpekl et al. during the study of uranium(lV) and thorium(IV) nanograined
oxalates (i.e. < 3.4 wt.% of carbonate) [38]. Nevertheless, the heat treatments combining the
use of oxidizing and reducing atmospheres appeared to be much more efficient to operate the
carbon elimination. Again, this observation could be correlated with the Boudouard
equilibrium that led to the disproportionation of CO into C and CO, under inert atmosphere
[36]. In these conditions, the amount of carbon still remaining in the samples heated in
reducing atmosphere was systematically found to be 4 to 5 times higher than that measured in
samples previously calcined in air. Also, the nature of the carbon species inside the oxide
phase and their localisation could be widely different. On the one hand, several authors
reported the presence of carbonated or oxocarbonated species when converting actinide
oxalates under inert or reducing atmospheres [20]. Such compounds could still exist in some
of the samples fired at the lowest temperatures (typically below 600°C), and are expected to
delay and/or hinder the sintering processes [39]. However, the residual carbon content is more
likely to be present in an amorphous state as the formation of defined oxycarbide species
could be excluded considering the carbon amount in the samples (typically less than 10 wt.%)
[40]. On the other hand, it is most likely that the carbon present in the samples initially heated
in air remained as elemental and amorphous carbon, that could be located either in solid
defects (such as boundaries between crystallites) or directly inserted in the fluorite-type lattice
of UO,. Indeed, the presence of carbonates intermediates during the oxalate-conversion was
ruled out by several authors when working under oxidizing atmosphere and/or with high
values of heating rates [35, 41].
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Figure 2. Variation of the residual carbon content in the precursor after the conversion of
U(C,0,).. 2H,0 through reducing (black) and oxidizing/reducing (red) thermal
cycles. Stars correspond to oxalate samples, open symbols to a mixture of
uranium oxides and full symbols stand for UO, powders.

3.1.3. HT-PXRD

The samples were further examined in situ during both thermal cycles by the means of
HT-PXRD. The patterns collected when heating under reducing atmosphere are first gathered
in Figure 3. Data initially recorded at room temperature confirmed the formation of
uranium(lV) oxalate dihydrate during the initial precipitation step. Indeed, the unit cell
parameters of U(C,04),. 2H,0 (monoclinic structure, space group C2/c) were estimated to a =
10.5174(5) A, b = 8.7085(6) A, ¢ = 9.2433(7) A and B = 90.398(3)° A through Rietveld
refinement and agreed well with the values reported in the literature [21]. The characteristic
PXRD lines of this compound were then conserved up to 60°C: even if a phase transition
toward an orthorhombic variety was reported around 40°C [21], the conditions of acquisition
used for HT measurements hinder the detection of the slight pattern modifications associated.
From 90°C, the appearance of additional peaks marked the progressive dehydration of the
initial compound, first leading to U(C,0,).. H,O (see red patterns on Figure 3) then to
anhydrous U(C,0,), (orange patterns). These latter were unambiguously identified by analogy
with the homologous thorium based compounds, namely Th(C,04),. H,0 and Th(C,0,), [33].

-11 -
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Figure 3. HT-PXRD analysis of U(C,04),. 2H,0 under reducing He/4% H, atmosphere.

Diffraction planes are indicated for the main reflections of the fluorite structure
while stars point out the PXRD lines of the sample holder.

Above 270°C, the intensity of the PXRD lines decreased strongly, indicating the
progressive amorphization of the sample associated to the decomposition of oxalate entities
leading to the oxide, as evidenced during the TG analyses. Indeed, the characteristic pattern of
the Fm-3m fluorite-type structure of UO, [42] was detected as soon as 300°C, even if the
wide peaks collected evidenced the poorly crystallized and/or the nanosized nature of the
sample. The increase of temperature up to 1000°C was then correlated with the narrowing of
the PXRD lines thus to the growth of the coherent domains. As a matter of fact, Rietveld
refinement revealed an increase in the average coherent domains size from 3 nm at 300°C to
about 60 nm at 1000°C (Figure 4). Finally, the refinement of the PXRD pattern recorded after
cooling the sample down to room temperature led to a value of the unit cell parameter of a =
5.467(1) A, in good agreement with that usually reported for nearly stoichiometric UO, (a =
5.471 A, V = 163.76 A%) [42].

-12 -



350 -
300 ] §
250 -

200 }

150 +

100 + }

50 H %

04 mE mE B m ® u

Average crystallites size (nm)

— T T - T T T " T T "~ T *~ T
200 300 400 500 600 700 800 900 1000 1100

Temperature (°C)

Figure 4. Variation of the average crystallites size in UO, coming the conversion of
U(C,04). 2H,0 through reducing (m) and oxidizing/reducing (®) thermal
cycles.

Additionally, the results obtained with the second thermal cycle clearly evidenced the
impact of the oxidizing atmosphere on the behaviour of uranium(lV) oxalate dihydrate. Even
if the dehydration of U(C,0,),. 2H,O first followed the same trend than in reducing
atmosphere between room temperature and 100°C, noticeable changes occurred above this
latter temperature (Figure 5). The amorphization resulting from the decomposition of oxalate
entities appeared to take place at much lower temperature than in reducing temperature,
starting approximately from 150°C. Such decrease of the decomposition temperature could
arise both from the early oxidation of uranium(lV) into uranium(V1) but also from the more
efficient elimination of carbon species in air. Such behaviour was also stated from TG
analyses although the decomposition of oxalate groups was supposed to occur at higher
temperature (i.e. at about 300°C). The difference between the two techniques could thus arise
from the time needed to record the XRD pattern that led to different heating time at each
temperature. Finally, starting from 300°C, the amorphous compound turned into the
hexagonal variety of a-U;Og (space group P62m) [43], thus confirming the oxidation of
U(IV). This oxide was found to be stable up to 900°C under the conditions used then started
to turn into the orthorhombic B-U3Og (space group Cmcm) [44, 45].
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After cooling the sample down to room temperature, similar measurement was conducted
under reducing atmosphere without any intervention on the sample. In these conditions, the
shrinkage of the powder associated to its calcination led us to observe systematically the
characteristic PXRD lines of the sample holder. Despite of this bias, the PXRD pattern
recorded at room temperature confirmed the preparation of U3Og after heating in air. This
latter appeared to be stable up to 500°C then tended to reduce to finally form the fluorite-type
UO; above 550°C. As observed when firing the oxalate precursor under inert atmosphere, the
increase of the temperature mainly led the peaks to narrow, thus indicating a growth of the
coherent domains (i.e. crystallite size). Nevertheless, the average crystallite size appeared to
be widely higher when using oxidizing/reducing heat treatment (Figure 4). As instance, it
reaches more than 300 nm after firing the sample at 1000°C under the latter conditions, while
it was only about 60 nm when using strictly reducing atmosphere. Even if the influence of the
heat treatment duration (which increases from 4 to 8 hours when applying successively
oxidizing/reducing conditions) cannot be ruled out completely, such difference originates
from the oxidization of uranium in air that is frequently associated to an acceleration in the
grain growth kinetics [46]. Indeed, uranium diffusion in orthorhombic U;Og proceeds at rates
much faster than in UO, [47], with Dy values comparable to that determined in super-
stoichiometric UO,,. Such difference in the diffusion coefficients could be as high as 3
orders of magnitude when comparing log Dy at 1500°C for UO, and UO,, [48].
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Figure 5. HT-PXRD analysis of U(C,04). 2H,O under oxidizing (air) then reducing
(He/4% H,) atmosphere.
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Another difference generated by the modification of the firing atmosphere can be
noted when comparing the lattice parameters of UO, determined from in situ HT-PXRD
measurements (Table 1). Indeed, for heating temperatures ranging from 600°C to 1000°C, the
unit cell volumes refined for compounds prepared under reducing conditions appeared to be
systematically higher than those evaluated for samples fired through the oxidizing/reducing
cycle. Although this small difference only reflected a slight swelling of the lattice (typically
below 0.5%), it could be assigned to the presence of residual carbon species within the UO,
samples, even if the chemical form as well as the precise location of this carbon content
remained widely unknown.

However, one can note that the difference in the lattice volume is negligible at 600°C.
At this temperature, thermogravimetric analysis revealed that oxalate decomposition might be
unachieved under reducing atmosphere, thus that carbonated species could remain in the
solid. Based on steric considerations, such species are more likely located outside of the oxide
lattice, for example in grain boundaries. On the other hand, the residual carbon content
remaining in the samples heated above 700°C should be mainly composed of amorphous
carbon that can be inserted directly within the UO, lattice, for example as interstitial defects.
The presence of carbon incorporated as punctual defects could then be correlated to the
swelling observed in the UO, lattice. Moreover, this swelling was found to decrease with the
conversion temperature, which could be directly correlated to the diminution of the carbon
content in the samples previously evidenced. In these conditions, once the UO, sample finally
obtained at 1000°C was cooled down, the refinement of the unit cell parameter led to
V =163.5(1) A3, thus did not differ significantly from that obtained for the sample heated
under reducing conditions.

Table 1. Variation of the unit cell volume of UO, versus temperature during the
conversion of U(C,0,).. 2H,0O under reducing or oxidizing then reducing
atmosphere.

Temperature

C) 600 700 800 900 1000 Back RT

Ar/H, 166.53(3) 167.37(2) 167.95(2) 168.4(1) 169.10(2) 163.36(2)

Cell volume

3 Air +
(A Ar/H 166.45(5) 166.74(4) 167.38(6) 168.1(2) 168.7(2) 163.5(1)
2
Swelling (%) N.S. 0.40 0.30 0.10 0.20 N.S.

N.S. : not significant
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Finally, the nature of the powders obtained from the thermal cycle combining the use
of oxidizing then reducing atmosphere for the conversion of oxalate precursor was checked
through PXRD measurements conducted at room temperature. The patterns recorded,
presented as supplementary material (Figure 6), evidenced that pure UO;, was only obtained
for conversion temperatures starting from 500°C. Indeed, the sample prepared after heating at
400 °C turned out to be composed of a mixture of UO, and 3-U3Og while lower temperatures
did not allow the complete decomposition of the oxalate precursor.
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Figure 6. XRD patterns recorded after the conversion of U(C,04). 2H,0 through
oxidizing/reducing thermal cycles performed at various temperatures.
Diffraction planes are indicated for the main reflections of the fluorite structure
while stars point out the PXRD lines of the sample holder.

3.1.2. SEM Observations

In order to complete the data obtained by the means of HT-PXRD, the morphology of
the powders prepared by firing uranium(lV) oxalate dihydrate through the two thermal cycles
considered was also investigated by the means of SEM observations and specific surface area
measurements using N, adsorption/desorption (BET method).

The SEM micrograph of the starting oxalate precursor (Figure 7) exhibited the well-
known shape of AnY)(C,0.),. 2H,0 samples, characterized by square platelets of about 2 um
in length, themselves composed by smaller submicrometric crystallites [35]. The conversion
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of the powder sample under reducing atmosphere did not induce any significant modification
of the general morphology of these platelet aggregates up to 1000°C, although a drastic
decrease of their average grain size was noted and evaluated to about 50% in length. This
phenomenon arose both from the decomposition of the oxalate species between 300 and
500°C and from the growth of the crystallites at higher temperatures leading to the
densification of the aggregates [13].

1000°C

>
-
+
>
3
-

Figure 7. SEM observations of U(C,0,),. 2H,0 and of the oxide powders obtained after
heating treatment at 500°C and 1000°C following the two thermal cycles
considered.

On the other hand, the succession of oxidizing then reducing heat treatments appeared
to have a greater impact toward the morphology of the powders. If the micrograph recorded
after heating at 500°C still revealed square platelets, these latter were found to present a large
quantity of surface defects including cracks. This difference was even more obvious when
observing the sample fired at 1000°C, for which the morphology was completely modified. In
these conditions, the powder appeared to be composed by barely spherical grains of about 1 to
2 um in diameter that already started to sinter, as evidenced by the presence of grain
boundaries on the SEM micrograph. Such modifications were be correlated to the oxidization
of UO; into U30g during the first step of the heat treatment, which was already reported to be
accompanied by an increase in the grain growth kinetics [46]. It could then be assumed that
the changes occurring at the molecular level also led to drastic variation in some macroscopic
parameters such as morphology. Several authors already described an exaggerated grain
growth along with the concomitant spheroidization of the grains during the oxidizing sintering
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of UO, [46] or sintering of mixture of UO, and U3Og [49], that are referred as “solarization”
phenomenon [50, 51]. Although such behaviour was mainly pointed out in compacts, it is also
likely to happen in powder samples at high temperature, thus explaining the change in the
morphology observed in our samples above 500°C.

These significant changes in the powder morphology were also noticed from the
measurement of the associated specific surface area (Figure 8). However, the trend observed
in the variation of the Sga value was found to be very similar between room temperature and
300°C, and characterized by a strong increase from about 1 to 5-6 m%g™. Such behaviour
was systematically observed during the decomposition of metal oxalates [19] and was
assigned to the development of mesopores due to the elimination of carbonated gaseous
species (i.e. mainly CO and CO;) [52, 53]. In a second step, the heat treatment under reducing
atmosphere was correlated to a sharp decrease of the specific surface area above 300°C,
linked with the elimination of mesoporosity thanks to crystallite growth. Even if such process
should have occurred during the thermal cycle in oxidizing/reducing conditions, it was also
accompanied by the formation of multiple surface defects (pores, cracks), then by a complete
change of the powder morphology, as evidenced by SEM observations. A decrease in the Sga
value was then still observed but appeared much lower than in the first case described, with
values systematically above 3 m%.g™.
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Figure 8. Variation of the precursors’ specific surface area after the conversion of
U(C,04).. 2H,0 through reducing (black) and oxidizing/reducing (red) thermal
cycles. Stars correspond to oxalate samples, open symbols to a mixture of
uranium oxides and full symbols stand for UO, powders.
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3.2. Sintering

3.2.1. Dilatometric study

Uranium oxide samples coming from the conversion of the oxalate precursors
following the two different thermal cycles considered were both analysed through
dilatometric study. Figure 9a presents the relative linear shrinkage measured when heating
UO, powders obtained by conversion up to 1600°C under reducing conditions at three
different temperatures. In this case, the general trend of the dilatometric curve appeared to
differ strongly depending on the temperature of conversion considered. Indeed, the powder
prepared after heating uranium(lV) oxalate dihydrate at 500°C presented three distinct steps
of shrinkage : the first one lied between 500 and 700°C, the second from 900 to 1400°C while
the last step took place above 1400°C. In order to get a better understanding of the different
phenomena occurring during the shrinkage of the pellet, additional measurement was
conducted by coupling dilatometry with mass spectrometry (Figure 9b). The analysis of the
gases emitted evidenced that the first step of shrinkage is due to the combination of grain
growth and densification phenomena, along with the elimination of important amounts of
carbon that came from the incomplete decomposition of the oxalate precursor at 500°C and/or
the residual existence of carbonated or oxocarbonated entities. Conversely, no other gas
emission was recorded above 600°C, showing that the two additional shrinkage steps were
due to sintering. On this basis, the first one (800-1200°C) could be correlated to densification
and grain growth phenomena occurring within the square agglomerates, while the final stage
probably corresponds to sintering between the agglomerates [54].

The curve obtained from the powder prepared by heating U(C,04),. 2H,0 at 800°C
appeared to present only two shrinkage steps. As the temperature used for the conversion
certainly allowed to fully decompose oxalate groups, no shrinkage was recorded between
room temperature and 800°C. Above this temperature, the steps previously described and
assigned to the sintering inside then between the agglomerates were observed. Moreover, it is
important to note that both onset temperatures and shrinkage rates associated with these
phenomena remained almost unchanged when modifying the temperature of conversion.
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Figure 9. Dilatometric study of the samples obtained after conversion of U(C,0,),. 2H,0

under reducing atmosphere (a) and dilatometry/MS measurement from the
sample heated at 500°C (b).

The last curve obtained from the powder prepared at 1000°C exhibited a similar
behaviour than that described above. Nevertheless, the step ascribed to the sintering within the
agglomerates (here occurring between 850°C and 1200°C) appeared to be much more limited
as it accounted only for 2% of linear shrinkage. On this basis, the densification of the
agglomerates probably mainly took place during the conversion of the oxalate precursor.
Thereafter, the major part of the shrinkage was observed starting from 1200°C and
corresponded to the densification of the pellet, i.e. to the sintering between the agglomerates.
Once again, despite the difference existing between the starting powders, the shrinkage rate
associated to the pellet densification did not appear to be significantly modified. On this basis,
the sintering temperature of the three powders studied was found to occur maily above
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1600°C, which fits well with the results reported in the literature for the densification of UO,
in reducing atmosphere [9].

Dilatometric data were then collected from the powders converted under oxidizing
then reducing conditions. They were found to be much simpler and systematically presented
only one shrinkage step (Figure 10). This latter was thus correlated to the sintering of the
pellet. Nevertheless, and conversely to the previous case, both the onset temperature and the
shrinkage rate appeared to depend strongly on the conversion temperature considered. In these
conditions, the highest shrinkage rate was obtained at about 1300°C from the powder
converted at the lowest temperature (i.e. 500°C) and at 1600°C for the powder initially heated
at 1000°C.
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Figure 10.  Dilatometric study of the samples obtained after conversion of U(C,04),. 2H,0
under oxidizing then reducing atmosphere

This difference originates from the variability of the reactivity of the starting powder
versus the temperature of conversion, even if the specific surface area of the samples did not
undergo significant modifications. Indeed, the important increase of the coherent domain
length (i.e. crystallite size) could significantly modify the sintering ability of the powder as it
is likely to slow the diffusion processes. As an example, the sintering of single crystals of
zirconia was already reported to occur more slowly than that of polycrystalline powders of the
same size, as the presence of boundaries between the crystallites acts as preferential diffusion
paths [55]. Similarly, the sintering of (U,Ce)O, solid solutions was recently found to take
place at lower temperature when starting from nanocrystalline powders [56]. Also, the
significantly lower temperature of sintering obtained with the powder converted at 500°C
could come from the difference of morphology stated from SEM observations. Particularly,
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the presence of macroscopic defects in the powder, such as cracks, could favour the
rearrangement of the particles during the shaping step, leading to higher values for green
density. In these conditions, the powder composed by square platelets aggregates appeared to
be most favourable to sintering, even if such oriented morphology could also led to several
drawbacks, especially when looking at the mechanical properties of the pellets.

3.2.2. Microstructural evaluation

Finally, the microstructure of the pellets sintered from the various oxide powders
detailed previously was investigated. For that purpose, sintering operating conditions were set
to a heat treatment of 8 hours at 1550°C under Ar/H, atmosphere. In these conditions, the
variation of the geometrical density of the compact bodies versus the conversion temperature
of the precursor appeared to vary oppositely depending on the atmosphere chosen when firing
oxalate compounds (Figure 11). Indeed, for oxide powders prepared by heating uranium(IV)
oxalate dihydrate under reducing atmosphere, the relative density increased moderately from
86% to 89% of the calculated value. Such weak variation was found to be in good agreement
with the conservation of the powder morphology during the conversion, which probably did
not affect strongly the reactivity of the powder. More surprisingly, the influence of the
remaining carbon species, either present as carbonates or as elemental carbon in the structure,
also appeared to be rather limited even if their amount showed important variations
throughout the heat treatment of the precursors. On this basis, the elimination of carbon is
probably pursued and completed during the sintering heat treatment before the closure of the
open porosity, i.e. before or at the beginning of the isotherm dwell. In these conditions, the
elimination of gaseous CO and/or CO, should not lead to the formation of additional porosity.
Conversely, as it was stated previously, the part of residual carbon that cannot be removed
under reducing conditions, even after annealing at high temperature, probably hinder the
diffusion processes in the samples and delay the densification [37] which accounts for the
rather low relative densities determined, that remained systematically below 90% of the
calculated value.
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Figure 11.  Variation of the final relative density of sintered UO, pellets (T = 1550°C, t =8
hours) prepared from converted U(C,04),. 2H,0 through reducing (m) and
oxidizing/reducing (®) thermal cycles. Open symbol corresponds to the
starting powder composed of a mixture of UO, and U3Og while full symbols
stand for UO, powders.

In an opposite way, the relative density of the pellets prepared from powders
converted successively in oxidizing then reducing atmosphere was found to decrease as a
function of the conversion temperature. Indeed, the highest final density was obtained for the
powder prepared at the lowest temperature, i.e. 400°C. Nevertheless, in these conditions, the
starting compound was composed of a mixture of UO, and U3Og, which was frequently
reported to lead to dense pellets through reducing sintering [9]. The decrease observed in the
final densities of the pellets prepared from powders converted above 400°C could then be
assigned to two distinct phenomena. First, and as it was stated before, the reduction of U3Og
into UO, during the heat treatment led to the decrease of diffusion coefficient of uranium in
the solid, thus to a slowdown in the sintering kinetics. Also, the modification in the grains
morphology and the concomitant crystallite growth was found to decrease the reactivity of the
powders. Once again, the effect of the remaining carbon species did not appear to be
predominant, as the more efficient elimination of carbon provided by oxidizing/reducing
conversion was found to be widely overtaken by the morphological modification underwent
by the powder.

In parallel, the SEM observations performed on selected samples (Figure 12)
confirmed the conclusions drawn from the density measurements. On the one hand, the open
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porosity observable at the surface of the pellets prepared from powder converted under Ar/H,
atmosphere was found to drop down when increasing the temperature of conversion. In the
same time, the size and location of such pores was strongly modified. Indeed, the samples
sintered from powders converted at 500°C and 800°C mainly presented intergranular pores of
about 1 pum in diameter while that obtained from the sample initially fired at 1000°C only
revealed very small open pores (approximately of 100 nm), all located inside the grains.
Conversely to the porosity, the average grain size did not vary significantly with the starting
powder and was found to be systematically in the range of 1 to 2 pum.

On the other hand, as it was stated previously, the samples prepared through
oxidizing/reducing conversion led to an opposite behaviour during sintering. Indeed, the pellet
obtained from the powder converted at 500°C presented the lowest amount of open porosity
of the three samples studied, which agreed well with the high value of relative density
determined (i.e. 94% of the calculated value). Also, even if the sintering process started in this
case from a mixture of U3Og and UO,, no particular morphology, such as columnar or
equiaxed grains [57], was observed. For the samples sintered from powders converted at
800°C and 1000°C, a large amount of open porosity was then observed, again in good
agreement with the density measurements. Moreover, the grains present at the surface of the
pellets were found to keep the morphology inherited from the conversion process. In these
conditions, the particles resulting from the so-called solarization step still possessed an
angular aspect that slightly impact the microstructure of the pellet when comparing with
samples of equivalent densities obtained from powders converted under reducing atmosphere.
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Figure 12.  SEM micrographs of UO, sintered pellets obtained from differently converted
powders.




4. Conclusion

The extensive characterization of the powders obtained from the conversion of oxalate
precursor under various heating conditions revealed the crucial role played by the atmosphere
of calcination. In the particular case of uranium-bearing compounds, the main differences
evidenced arose from the oxidization of U(IV) under air. Indeed, this latter yields to
modifications at the microscopic scale, particularly concerning diffusion coefficients that
strongly affect the development of the powder microstructure. These changes not only
concerned the crystallite size, which strongly increased during calcination under oxidizing
atmosphere, but also the grains morphology at the macroscopic level through solarization-
related processes. Finally, the densification processes as well as the final microstructure of the
pellets prepared after sintering at high temperature also significantly differ regarding to the
conditions of preparation of the starting powder. Such modifications mainly arise from the
differences detailed above, but also from variations in the residual carbon content of the oxide
powders.

Indeed, although expected from the data previously reported in the literature for other
actinide-bearing oxides prepared from oxalate precursors, the effect of the atmosphere of
conversion on the residual carbon content was confirmed in this study. As a matter of
evidence, the amount of carbon was systematically found to be 4 to 5 times higher in the
samples prepared under only reducing conditions. However, the residual carbon content
appeared to be more likely a second-order parameter to be considered in order to assess the
behaviour of the samples during the sintering process. Indeed, the more important variations
stated when studying the microstructure of the sintered samples came from morphological or
redox considerations (presence of U3Og in the starting powder, decrease of reactivity through
enhanced crystallite growth, ...). Conversely, despite of the important differences measured in
terms of carbon content in the final samples, neither the average grain size nor the relative
density of the sintered pellets were found to be significantly modified, even if this latter
appeared to be around 90%.

On this basis, the role of the carbon should be precised by performing sintering
experiments at higher temperatures. Its exact nature and location within the UO, samples
should be also investigated to better understand its behaviour under temperature and its
influence on diffusion processes that control the sintering step.
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