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Abstract

Oxidation of UC was studied from 873 - 1173 K in air and in 10 Pa oxygen using a High Temperature
Environmental SEM (HT-ESEM). Conversion to UszOg improved when using 873 K as the oxide
product was a fine powder. At higher temperatures (973 K to 1173 K) oxidation slowed due to a
densification process with formation of coarse fragments. The oxide fragmentation at 973 K and 1073
K and oxide pulverisation at 873 K were observed in situ in a HT-ESEM. Cracking induced
fragmentation and pulverisation was linked to stresses generated from the volumetric transformation

from UC to U;Os.

1 Introduction

There is a significant legacy of so called “exotic fuels” and uranics in the UK, which have been stored
at Dounreay, Scotland, since the 1950s. The term exotic is used to describe a miscellaneous category of
fuels comprising of unirradiated plutonium bearing fuels, unirradiated high enriched uranium fuels and
irradiated fuels [1]. Each category comprises of mixed oxides, uranium metal, mixed carbides and

uranium tetrafluorides, which were mainly tested in the Prototype Fast Reactor (PFR)[2]. In the uranics



category are some unirradiated uranium carbide (UC) fuels. While the storage conditions on the
Dounreay site are secure, the facilities are either being decommissioned or are reaching the end of their
life, therefore a longer term storage solution for these fuels is needed. The preferred solution for the
unirradiated uranium carbide fuels is to transfer them to the National Nuclear Laboratory (NNL)
Preston, Springfields site, UK, for processing into a more stable form[3], better suited for storage. A
stable form is needed because UC is pyrophoric[4] in oxygen environment either for long term storage
(likely to be in the Capenhurst repository site) or eventual permanent disposal, when a geological
disposal facility is available in the UK. Additionally, when in contact with water UC generates
flammable gases[5][6], such as CH4 and H, that need to be minimised in a repository. Oxidation to
UsOgis considered the preferable industrial treatment for UC as this can be achieved via oxidation in
air. Additionally, U3Ogs is considered the most preferable oxide for storage as it is inert when compared
to UO» (as UO; oxidises to U3Os via a dramatic volume increase that could potentially damage the

container[7]).

The oxidation mechanism of UC is complex and affected by temperature, oxygen partial pressure,
morphology of the oxide layer, oxide products, stoichiometry and process conditions[8]. Oxidation of
UC was mostly investigated in the 1960s and 1970s when interest of UC as a breeder reactor material
was high[9]-[14]. In recent years additional studies were conducted by Berthinier et al.[15], Le Guyadec
et al.[16], Siekhaus et al.[17] and Gasparrini et al.[18]. These studies mostly focused on the oxidation
mechanism and ignition of UC in a low temperature regime (between 323 K and 848 K) in air or oxygen.
Even though many techniques have been used to characterise the products from the oxidation of UC, in
particular transmission electron microscopy (TEM)[15],[18] X-ray diffraction[15].[16] and
Spectroscopic Ellipsometry[17], the oxidation mechanism of UC is still not entirely understood. This
is due to the fact that the products of combustion are multiple, CO, CO, and CHa, and additionally
unreacted carbon can be found in form of graphite[ 15] within UO products. Some of this previous work
has assessed the morphology of the oxide via scanning electron microscopy (SEM) showing that a
fractured oxide is formed [15], [18], however it has never been shown that the fracture mechanism of
the oxide could have a direct effect on the rate of oxidation. The study presented in this work shows
that the fracture mechanism of the oxide is key as it affects the rate of reaction and consequently the

efficiency of conversion of UC to U30Os.

This is the first study reporting on UC oxidation where a thorough characterisation of the cracking and
spalling of the oxide is assessed. Previous to this work, Quémard et al.[19] demonstrated that kinetic
models postulated so far describing UO> oxidation lack of a fundamental understanding of the effects

of oxide cracking.

The findings reported in this work have direct application in the industry as recent large scale
experimental studies on UC oxidation in the laboratories at NNL Preston, have shown that the oxidation

of UC at an industrial level (processing kg at a time) is very challenging at high temperature, 1223 K.
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Converting UC to an oxide under controlled conditions in a furnace is difficult as the furnace
temperature varies widely as temperature generated from UC ignition can rise rapidly to 2773 K[16].
Additionally, the air flow patterns in the furnace are difficult to control due to the large heat release (the
enthalpy of reaction of UC ignition was estimated by Dell & Wheeler to be -1487 kJ/mol[4]) and spikes
in temperature during ignition. To achieve high carbide conversion, high temperatures, approximately
1223 K[20], were set in the belt furnace at NNL Preston. However, full conversion of UC to an oxide
in one step could not be achieved and unreacted UC was always present in the oxide product. The results
reported in this work show that the difficulties encountered in industry when trying to convert large
batches of UC at 1223 K were induced by the phenomenon of sintering and densification of the oxide.
A low temperature treatment, at 873 K, so far only applied to individual pellets, was found beneficial

in terms of conversion and oxide morphology.

This work not only provided a possible solution to an industrial problem, it also provides data for
improved modelling of the UC oxidation mechanism. As recently shown by the modelling efforts of
Shepherd et al.[21], depending on experimental conditions the oxide produced can be eitherprotective
or non-protective [21]. Shepherd et al.[21],[22] assessed the oxidation of UC pellets in air considering
the presence of an adherent[21] or non-adherent oxide layer[22]. The presence of an adherent or non-
adherent oxide layer was found to affect the reaction rate. The presence of an adherent oxide layer made
of U;0s, for example, was found to slow down the completion of the reaction from 3.71 h to 3.92 h in
a 0.935 cm radius spherical UC sample oxidised in air at 773 K[21]. Shepherd et al.[21] recommended
a temperature of 1023 K, in air, for an optimal conversion of UC to an oxide. However, the model
proposed|[21],[22] did not rely on enough experimental data to justify the choice of considering an
adherent or non-adherent oxide layer at the temperature considered. The adherent oxide layer modelled
by Shepherd et al.[21], for example, was made of U3Os, but usually the adherent oxide layer found on
the surface of uranium metal fuels[23] and UC[16] is made of UO». U3Os is generally found as a non-

adherent powdery layer[24].

Experimental investigations on the nature of the oxide layer formed on UC with temperature are
therefore needed to improve the industrial oxidation treatment at NNL and the modelling of its oxidation
mechanism. Gathering information on the nature of the oxide, i.e. either UO; or U3Os, and its thickness,
in the case of formation of an adherent oxide layer, would allow better simulation of oxidation reaction
rates. Thickness of the oxide layer influences the reaction rates as a thicker adherent oxide layer would
increase the time needed for the oxygen to diffuse and reach the interface carbide/oxide[25]. The aim
of this work was to provide microstructural information on the nature of the oxide formed on UC
fragments and pellets when oxidised in air and oxygen from 873 K to 1173 K. This study was done
analysing the products from oxidation in furnaces ex situ, and using in sifu techniques where oxidation
was monitored in partial pressures of oxygen as low as 10 Pa. The in situ analyses were performed with

a high temperature environmental scanning electron microscope (HT-ESEM), at the Marcoule Institute
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for the Separation Chemistry (ICSM), France, thanks to a collaboration with the Atomic Energy
Commission (CEA) Cadarache who provided UC pellets manufactured several years ago (summer
2013). The experiments performed in furnaces were done at NNL Preston, UK, on aged samples from
Dounreay, which were approximately 50 years old. Even though oxidation of UC has previously been
reported to be complex and greatly affected by temperature, O, partial pressure, reaction products[26]
and aging of the material[27], it is shown here that UC oxidation followed similar mechanisms at the
same temperature whether performed in 1 atm in air or in 10 Pa O,. Additionally, similar oxidation

behaviour was reported for samples aged 50 years (from Dounreay) and 5 years (manufactured at CEA).

2 Experimental procedure

Three sets of UC samples were used for this study, two sets came from Dounreay and were studied at
NNL in the UK with oxidation tests performed in an atmosphere of air in a conventional furnace. One
set came from CEA Cadarache and the oxidation studies were done in a HT-ESEM at ICSM in France.
The Dounreay pellets were of two types, here called Set A and Set B. Set A comprised of cylindrical
pellets with height and diameter of approximately 2 cm, weight of approximately 81 g (these were
stored and transported in a box labelled as batch SP 535/A155/1, box 1330 SL) and were stored in air.
Set B comprised of annular pellets, height of approximately 1 cm, and an outer and inner diameter of
approximately 0.8 cm and 0.2 cm respectively and weight of approximately 5 g. Set A and B,
approximately 50 years old, were used for furnace experiments at NNL, see sections 3.1 and 3.2, these
were kept in air during storage hence they were considered aged. Set C comprised of UC pellets
manufactured at CEA and used for experiments in the HT-ESEM, shown in section 3.3. These were
more recently manufactured and characterised at CEA, Cadarache, France and always stored in an inert
atmosphere. All three sets of pellets were 2°U depleted (< 0.3% *°U). Fragments described in section
3.1 were obtained by crushing a pellet from Set A in air in a fume hood. UC pellets were relatively
tough, hence the process of crushing with a hammer took several minutes. During crushing and handling
of UC in air sparks were visible. Set A comprised UC and a second phase, U,Cs, which was 5% in
weight calculated with Rietveld Analysis from X-Ray Diffraction (XRD). Set A and Set B were used
for oxidation experiments in an atmosphere of air using a Carbolite GSM 11/8 muffle furnace (Carbolite
Gero Ltd., Hope, UK) with a silica chamber of approximately 125 mm x 185 mm x 345 mm. Prior to
insertion in the furnace, samples were weighed and placed in an alumina crucible (Almath Crucibles
Ltd., Suffolk, UK), so that the change in weight would not be affected by oxide spallation. All samples
were inserted into the furnace at room temperature and removed from the furnace when it was cool or
at least when the temperature reached approximately 373 K (quenching could not be performed due to
safety issues and cooling usually took several hours). The heating rate was set at 10 K min.
Experiments on Set A fragments (approximately 1 g) were performed twice using the same conditions

and will be referred to as Run 1 and Run 2. Run 1 fragments were oxidised at 873 K, 973 K, 1073 K



and 1173 K for 4 h and at 1173 K for 17 h dwell times (Run 1). Run 2 fragments were oxidised at 873
K, 973 K, 1073 K and 1173 K for 4 h. UC pellets from Set A and Set B were oxidised at 873 K and
1173 K for 6 h dwell time. Dimensions of the remaining unreacted UC pellets were taken with callipers,
their mass was measured with a laboratory scale after wiping the surface several times to remove any
powder on the surface. UC conversion to an oxide, named X, was evaluated with equation 1 where n

represents the number of UC moles before and after oxidation.

X = ez M

Nit=o

UC moles prior to oxidation (at time ¢ = 0) are described by 7,=9, UC moles in the unreacted UC pellets
are described by .. n=9 is calculated dividing the initial mass of UC with its molecular weight, M. WV.,

(250.04 g mol™). n, is calculated dividing the mass of the UC remnant core by its M. W.

When the final product was completely oxidised into a powder, equation 1 could not be used as UC was
completely converted to UsOs. In this case, the pellet conversion was measured by noting the change in
weight from the initial UC pellet to the final oxide product. This can be calculated considering a simple
mass balance on equation Error! Reference source not found.. The expected increase in weight when

UC fully converts to U3Og is calculated with equation 2:

2)

Aw = MW.u30g T _1]x100
3x ((0.95><M.W.UC)+(0_05><%)>]

where w is the weight and M. W. is the molecular weight of either U3Os (842.1 g mol ™), U,C; (512.09 g

mol™!) or UC. Equation 2 was formulated considering that the initial UC pellet contained 5 % of U,C3
as a second phase. A mass gain of approximately 12 % was found to correspond to complete conversion

of UC to U30s.

UC fragments and uranium oxide powders were characterised by XRD using an X’Pert 3 powder
diffractometer (PANalytical, The Netherlands) with Ni-filtered CuKa radiation. Scans were performed
from 20 =10 to 75°. Phase identification was performed using the International Centre for Diffraction
Data (ICDD) database by comparing peak positions with those listed in the Powder Diffraction Files
(PDF 01 073 1709 for UC[28], PDF 01 074 0805 for U,Cs[29], PDF 00 041 1422 for UO,[30] all cubic
phases, PDF 00 031 1424[31] for U3Os). Specific surface area (SSA) measurements was performed by
B.E.T on U3Os samples using a Micromeritics Tristar 11 (Micromeritics Instrument Corp.Norcross,
GA, USA). Approximately 0.5 g of powder were used in duplicate for each individual run (filling <1/4
of the analysis tube bulb). Samples were first degassed for 1 h at either 373 K and/or 423 K, in vacuum

(<20 mTorr) using a Micromeritics VacPrep 061 degasser (Micromeritics Instrument Corp. Norcross,
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GA, USA), to remove volatile contaminants. Run 1 samples were all degassed at 423 K. Run 2 samples
were first degassed at 373 K, after the analysis was performed samples were reweighed and degassed
at 423 K for a second analysis (this was to check the influence of the degassing temperature on the SSA
measurements for U3Os). Technical grade N, was used and calibration was performed with a carbon
surface standard. Data were obtained using a Tristar 3000 Micromeritics Surface Area Analyser
(Micromeritics Instrument Corp.Norcross, GA, USA) evaluating the amount of N, adsorbed at 77 K.
SEM characterisation on the oxide powders was performed using a FEI Quanta 200 FEG (Thermo
Fisher Scientific, Massachusetts, USA). Carbon analysis on the oxide powders were performed using a
EA1108 Fisons (Thermo Fisher Scientific, Massachusetts, USA) (CHNS/O) Analyser Carlo — Erba.

Samples were tested three times and the mass used for each measurement was in the range of 2 — 8 mg.

Set C, made of small UC fragments (4-20 mg), was oxidised in a HT-ESEM (FEI Quanta 200 FEG
ESEM, Hillsboro, Oregon, US) at ICSM, France. The description of Set C samples and the method for
monitoring the sample surface during oxidation can be found in a previous publication[18]. Samples
were heated to the desired temperature, between 873 and 1073 K, under vacuum (approximately 6 x10°
3 Pa), only when the set temperature was reached and stabilised (no fluctuations) was an oxygen flux
introduced into the ESEM chamber. UC fragments (mass of 6.8, 8.6 and 17.5 mg) were oxidised and
monitored in situ at 873 K in 10 Pa Oz and in 50 Pa of air to simulate 10 Pa O,. UC fragments (mass 9.3
and 10.4 mg) were oxidised at 973 K and 1073 K in 10 Pa O,. Oxide powders were characterised ex
situ using a HRTEM, JEOL 2100Plus (JEOL, Tokyo, Japan). Selected Area Diffraction Patterns
(SADP) were indexed by matching the duq values with PDF reference patterns, (PDF 00 041 1422[30]
for UO,, PDF 00 015 0004[32] for tetragonal U307 and PDF 01 075 0944[33] for cubic U4Oy) obtained
from the ICDD database. Oxide powders for TEM analysis were prepared by crushing the oxide in pure
ethanol with an agate pestle and mortar. Approximately 10 pl of ethanol solution was then deposited

on a carbon-coated TEM copper grid.

The influence of volume changes on the oxidation mechanism and on the stresses present in the oxide
layer were calculated retrieving crystal structure data from literature[28],[30],[31] and matching these
with the compounds analysed by XRD. The percentage volume change, 4V (%), was calculated using

equation 3:

Vreagent
Z

Vproduct Vreagent (3)
AV(%)=100><< z z )

V'is the cell volume and Z is the formula per unit cell.



3 Results

Figure 1a is a photograph of a Set A pellet where the outer rim, or outer layer, and the central pellet
core are highlighted. Figure 1b shows XRD analysis of fragments taken from the outer layer (which
was envisaged to have slowly oxidized during the years of long storage in air) and from the pellet core
of Set A pellet (Set B and C did not have an outer rim). XRD showed that both fragments, obtained
after crushing the UC pellet in air, were made of UC, U,C; and UO; (see Figure 1b), no significant
difference was found between the outer layer and the pellet core. The UC and oxide phases present in
the samples were identified using PDF 01 073 1709 for UC[28], PDF 01 074 0805 for U,C3[29], PDF
00 041 1422 for UO,[30] all cubic phases, PDF 00 031 1424[31] for U3Og. The UO; phase may have
been present in Set A pellets since their fabrication or formed by slow oxidation during the decades of
storage in air atmosphere. The UO, and U,C; phases are anyway present only in small quantities

compared to UC.

3.1 Fragments oxidised in a furnace

The effect of temperature on the morphology of the oxide products was first monitored on Set A
fragments. Runs 1 and 2 showed identical results: at 873 K, the lowest temperature investigated in this
study, samples showed a powdery morphology on visual inspection after 4 h (see Figure 2a). On
increasing temperature to 1173 K, the oxide was made of coarser fragments recognisable within the
powder (see Figure 2d). The transformation of the sample into oxide powder (called here the
pulverisation process) at the highest temperature tested, 1173 K, occurred only when the sample was

exposed to the oxidising environment for a long time: for 17 h (see Figure 2e).

Secondary electron images (SEIs) revealed that the oxide produced after heat treatment at 1173 K in air
for 4 h was made of large rounded particles (particle diameter ranging from 1 to 5 um, see Figure 2d).
These particles had spheroidal equiaxed shape (after 4 h tests) or cuboidal shape (after 17 h test), see
SEIs and backscattered electron images (BSEIs) in Figure 2d and e. The oxide formed at 1073 K also
showed spherical particles but these were much smaller than those observed at 1173 K (particle diameter
ranging from 0.5 to 1 pm, see Figure 2c). Particle sizes of oxide produced at 873 K could not be
observed in the SEM as the size was probably too small to be detected with the magnification used (a
few particles observed with a diameter < 0.2 um, see Figure 2a). Both Run 1 and Run 2 powders
oxidised at 1173 K for 4 h consisted of spheroidal particles, showing necking between them. Necking
is commonly ascribed to sintering processes. Despite the absence of a pressing force, the oxide looked
compacted and partially sintered. Particle sizes increase with temperature as shown by the SEIs and
BSEIs shown in Figure 2c¢, d and e. B.E.T. analysis performed on Run 1 and Run 2 samples showed
that SSA decreased with increasing temperature (from 873 K to 1173 K) and time (from 4 h to 17 h),



see Figure 3a. Samples oxidised at 873 K had a SSA of 0.57 + 0.04 m? g''which decreased to 0.18 +
0.03 m? g"'for samples oxidised at 1173 K for 4 h. By increasing oxidation time from4 hto 17 hat 1173
K SSA further decreased to 0.14 + 0.01 m? g'!. Previous studies performed on UO; pellets oxidised in
air showed similar results as the particle size of UsOs powder formed increased with oxidation
temperature[34]. An increase in particle size with temperature was also observed on different parts of
the oxide where particles assumed a columnar morphology instead of spherical, see SEIs in Figure 3b,
c and d for samples oxidised at 973 K, 1073 K and 1173 K. Columnar oxide has been reported by Song
& Yang[35] during oxidation of UO,at 1173 K for 0.5 to 4 h in air in a muffle furnace.

The oxide powders shown in Figure 2 and Figure 3, from Run 1 and 2, were examined by XRD. The

oxides were comprised of U3Os, see Figure 4a and b.

3.2 Pellets oxidised in a furnace

Oxidation of pellets from Set A and B were used to assess UC conversion with temperature. The oxide
produced at 1173 K appeared dense due to a sintering process (see Figure 2d), while the oxide produced

at 873 K was a powder (see Figure 2a).

The initial pellet dimensions and the conditions they were exposed to in the furnace are summarised in
Table 1. Figure 5 shows the pellets before and after oxidation. The temperatures 873 K and 1173 K
were chosen because 1173 K was the temperature generally used in the industrial treatment, while 873
K proved to be sufficient to reach complete oxidation of fragments (see section 3.1). After a dwell time
of 6 h Set A pellets did not oxidise completely as an unreacted UC core was found underneath the oxide
product (an image of the remaining UC core after oxidation is shown in Figure 5a and c). Set B pellets,
on the other hand, were fully rendered into a powder. The oxide products from oxidation at 873 K were
observed as a uniform dispersed powder (see BSEIs in Figure 5a and b). The oxide products from
oxidation at 1173 K were, instead, found as agglomerates (see BSEIs in Figure 5c and d), at higher
magnification the oxide particles were rounded and interconnected (see SEI in Figure 5d) as previously
observed at the same oxidation temperature on fragments (Figure 2d). Visual inspection indicated the
oxide layers formed on Set A pellets, at 1173 K, were thicker and bulkier than those formed at 873 K,
which resembled fine detached layers (see images in Figure 5a and c). By evaluating the mass of the
unreacted UC cores it was possible to carry out a quantitative evaluation of oxide conversion at 873 K
and 1173 K on Set A pellets. Table 2 summarises the dimensions and weights of the unreacted UC
cores, the weights of the oxide powder from Set B oxidations, oxide conversion, termed X, and the
carbon content analyses performed on Set A and B oxide layers. Conversion was calculated using
equation 1, the pellet oxidised at 873 K showed an oxide conversion of 76%, while the pellet oxidised

at 1173 K showed an oxide conversion of 73%. Given that the heat treatment at 1173 K, which resulted



in a 73% conversion, lasted 22 h in total (as quenching could not be allowed for safety reasons, pellets
were kept in the furnace during the heating and cooling stages) while the one at 873 K, which resulted
in a 76% conversion, lasted 17.5 h, it can be concluded that lowering the oxidation temperature by 300

K is shown to be not only as effective but even more efficient (see Table 1).

Pellets from Set B were fully oxidised as shown in Table 2, a 100% conversion corresponded to a
calculated 12% change in mass between the initial carbide sample and oxide products using equation 2.
This is in agreement with XRD analyses performed on the oxide powders for all samples shown in
Figure 5: all of them matched with U3zOg only. Carbon analyses performed on the oxide (see Table 2)
showed that even though all oxide products were identified as UsOg by XRD, the oxide from Set A
pellets contained 10 times the amount of unreacted carbon compared to Set B pellets. This difference
may be associated with either the fact that Set A pellets were not fully converted (only reaching
approximately 73% and 76% conversion, hence, particles from the unreacted UC might have been
present in the oxide powder) or due to the different type of pellets (cylindrical versus annular). The
analysis used to determine carbon content cannot differentiate between elemental carbon and bonded
carbon, hence a definitive answer on whether the oxide product contained unreacted carbon or unreacted
carbide cannot be evaluated as the XRD could not detect either of these two phases. The difficulties in
detecting the residual carbon via XRD may be associated with the fact that the quantity is too low
(below detection limits) and it is present together with high Z uranium atoms[36], or to the fact that

carbon is amorphous and/or present in nanodomains.

3.3 Fragments oxidised in a HT-ESEM

Furnace experiments on fragments and pellets showed the oxide to partially sinter from 973 K to 1173
K. The start of the sintering process was observed under SEM investigation as the oxide showed neck
growth between equiaxed particles (see Figure 2d) along with the presence of columnar grains (see
Figure 3b, c and d). Columnar grains are typically found during oxidation of metals[37][38] or during
solidification processes[39] and were previously reported by Song & Yang[35] during oxidation of
UO,.Oxide conversion was found to be reduced by 3 % at 1173 K compared to the lowest temperature
studied, 873 K. The decreased conversion may therefore be related to formation of a sintered oxide
layer that slowed further oxidation. The oxide formed at high temperature, 1173 K, was identified as
UsOs by XRD and the same phase was identified on the low temperature oxide, 873 K. Us3Ogs is,
however, usually considered a detachable powder, poorly sinterable at these temperatures. To observe

the morphology changes on the oxide with temperature during heating an in situ technique was used.

UC fragments inserted in the HT-ESEM chamber readily oxidised when exposed to an oxygen

atmosphere, the corners and edges were monitored to follow the surface morphological changes.



Fragments were oxidised at 873 K, the temperature found to improve oxide conversion and render the
U305 oxide in a powder form. Other UC fragments were exposed to higher temperatures, 973 K and
1073 K at the same oxygen partial pressure to compare the effect of temperature on oxide morphology.
Figure 6 summarises the findings on fragments oxidised at 873 K, 973 K and 1073 K in a 10 Pa oxygen
partial pressure. For all temperatures, as soon as oxygen was inserted into the chamber the sample edges
cracked and spallation or exfoliation of small particles occurred. After ~2 minutes from oxygen
insertion, what is normally referred to as a “popcorn morphology” of the oxide[40], [41] appeared
mostly along sample edges (see Figure 6a to ). In samples oxidised at 873 K, the morphology of the
oxide resembling Us;Os homogeneously appeared on the entire surface within 5 minutes of oxygen
exposure (see Figure 6a, b and c). Within 20 minutes of oxygen exposure samples oxidised at 873 K
did not move: they were thus considered fully oxidised at this stage. The behaviour of samples exposed
to air or oxygen at the same oxygen partial pressure were similar, showing that oxidation performed in

a few tens Pa oxygen can be compared with oxidation in air.

The typical “popcorn” morphology of U3Os homogeneously covered the entire surface of samples
oxidised at 873 K within 5 minutes of oxygen exposure, while in samples oxidised at 973 K and 1073
K (see Figure 6d and e) a similar morphology was only observed at the edges and on cracked surfaces
after 10 minutes of oxygen exposure. Even after 20 minutes of oxygen exposure, the top sample surface
remained visible and the “popcorn” morphology of UsOs preferentially occurred on the new surface
formed after sample cracking. Oxidation completed after approximately 1 h at 973 K, while for the
sample oxidised at 1073 K the reaction was not complete even after 2 h of exposure. Like the oxide
produced from furnace oxidation (see sections 3.1 and 3.2), the oxide produced in HT-ESEM oxidations
showed a particle size increase with temperature increase. The oxide particles were larger after
treatment at 973 K than after treatment at 873 K (see Figure 7c and a respectively). HRTEM was used
to characterise the products from oxidation, the SAD patterns obtained from samples oxidised at 873 K
and 973 K are shown in Figure 7b and d. They could both be identified either as polycrystalline cubic
UO; (PDF 00 041 1422[30]), tetragonal U307 (PDF 00 015 0004[32]) or cubic U4sO9 (PDF 01 075
0944[33]). A summary of the d spacings calculated from the rings obtained in the SADPs of samples
oxidised at 873 K and 973 K is given in Table 3. As is well known, diffraction patterns from these
uranium oxide compounds are similar due to the fact that UO; can incorporate extra oxygen atoms in
its fce cubic fluorite-type structure[42] with minimal distortions. Even though it was not possible to
exactly identify the compound formed, apart from being either UO, or UO»+, it is remarkable that no
reflections of the higher oxide, U3Os, were found. The typical “popcorn-like” morphology of UsOg
formed during oxidation of UO, in a HT-ESEM[19], was here observed during oxidation from UC to
UOz+x . The reasons for this behaviour may be related to the fact that 10 Pa O, was not sufficient for
UO,:« to undergo complete oxidation to UsOs or that longer times would have been needed to finish the

UO; conversion to U3Og. Still, the oxide morphology at the end of the heat treatment and the crack
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formation during oxidation were similar to those observed in the work of Quemard et al.[19] on
oxidation of UO; to UsOs in a HT-ESEM in an oxygen partial pressure of 265 Pa. To better understand
the connection between oxide morphology (popcorn-like) and phase formed (UO- instead of UsOs), the
stresses involved in the change in volume from UC to UO; were considered. Usually, the popcorn-like
morphology of U3Os is associated with stresses arising from the 36% volume increase during
conversion from UQO,[41],[43]. When calculating the volume changes involved in the transformation
from UC to UO; and from UO; to UsOg using equation 3, it is clear that these two transformations are
comparable. In particular, the transformation from UC to UQO, undergoes a considerable volume
expansion, 35%, which is only 1% lower than the one calculated from UO, to U3Os. Hence, the popcorn-
like morphology of the oxide observed at 873 K, 973 K and 1073 K during HT-ESEM experiments in
Figure 6 and 7 could be associated with the significant volume expansion induced by the transformation

from UC to UO,.

3.4 Stresses involved during oxidation

The volumetric stresses involved in the transformation from UC to U3Os are significant, however, to
better explain the exfoliation process on samples at the beginning of the oxidation (see Figure 6a, b, c,
d, and e: 2 minutes after oxygen insertion) and the fragmentation process (oxide cracks producing
fragments) of samples exposed to 973 K and 1073 K (see Figure 6d and e), the stresses between the
carbide and oxide layer were estimated. Cracks were observed to initiate the pulverisation process at
973 K and 1073 K, as the “popcorn-like” morphology developed only on newly cracked surfaces.
Cracks on the oxide could either be ascribed to a thermal expansion coefficient mismatch with the
carbide or to a mismatch between crystal structures. Measuring stresses between UC and the newly-
formed oxide is quite complex (no in situ XRD data or neutron diffraction data were available during
oxidation), so only a rough estimate of the stresses present in the oxide layer could be performed. An
ideal system was considered where the oxide is sitting on top of the carbide layer and the structures of
the carbide and oxide were considered isotropic. A simplified isotropic and hydrostatic stress was

calculated using the model of Wang et al.[44] via equation 4:

E 4)

where E is Young’s modulus, v is the Poisson ratio and ¢ is an averaged strain along all directions. An

average isotropic strain in the oxide growing on top of the carbide was calculated using equation 5:

g = ddo _ W-3v, ®))
el =g = T

11



where d and d are the approximated cubic lattice spacing of the stressed and stress-free material along
one particular [hkl] direction, calculated from the retrieved XRD volume cell. As no lattice spacing
during oxidation could be measured on UC fragments, the lattice spacing of the stressed oxide layer, d
in equation 5, was constrained to match the UC lattice spacing. The stress-free oxide layer, dy in
equation 5, was taken from the tabulated values of the oxide (free from constraints). The calculated
values of the stresses in the oxide layer are given in Table 4. These values are approximate as the system
considered was isotropic and the growing oxide layer was constrained on the UC crystal structure. Even
though several necessary approximations were used, the stresses evaluated in Table 4, 34 - 52 GPa for
UC oxidation to UO, and 52 GPa for UO; oxidation to U3Os, are on the same order of magnitude with
stresses previously calculated on oxidation of UQO; pellets by Ahn[45] and by Szpunar et al.[46].
Ahn[45] reported that a stress of 43.63 GPa for oxidation from UO; to UsOs is above the fracture
strength value for UO,, which has been reported to be between 16 and 42 MPa by Ahn[45] and between
50 and 250 MPa by Salvo et al.[47]. Hence, the stress generated during the volume expansion from UO»

to UsOg appears to be sufficient to cause the oxide to fracture.

Small fragments were observed originating from the outer layer of the samples just after oxygen
insertion, then cracking of samples was observed on samples oxidised at 973 K and 1073 K. A behaviour
similar to the one observed in this study, like initial fragmentation producing very small fragments
followed by a second fragmentation involving large fragments has been previously reported for
combustion of carbon materials, like coal[48] [49]. Senneca et al.[48], for example, described a primary
fragmentation to be correlated with the formation of small fragments on the outer shell as a consequence
of thermal stresses. Large fragments were instead said to originate from core fragmentation due to
internal stresses produced by volatilisation[48]. In the case of UC oxidation, the stresses inducing
sample fragmentation are considered here to be related with volumetric stresses induced by formation
of an oxide and not by thermal stresses. This was observed in situ on a UC sample oxidised in 10 Pa O;
from room temperature to 623 K with heating rate of 20 K min' followed by heating to 723 K at 1 K
min'. The UC sample (see Figure 8a) did not show signs of volumetric expansion or visible cracking
during heating until the first signs of oxidation became visible (particles sat on the surface oxidised) at
around 644 K (see Figure 8d). At this stage cracks developed along with a significant volumetric

expansion.

4 Discussion

Both oxidation of UC performed in situ in a low oxygen atmosphere (10 Pa partial pressure) and in
furnaces in air showed that at 873 K oxidation proceeded more quickly and the product was a powder.
Oxidation performed at 873 K produced powders with higher SSA (0.57 = 0.04 m* g'') while oxidation
at 973 K and 1073 K produced fragments or powders with smaller SSA (0.18 +0.03 m* g™ at 1173 K).
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Moreover, conversion of UC pellets to UsOg was more efficient at 873 K than at 1173 K. One of the
reasons for a slower oxidation at high temperature (1173 K) could be related to the formation of a thick
and compact oxide layer (see Figure 2d and Figure 5c¢). The thickening of the oxide scale observed at
1173 K could be explained by the increase in plasticity of U3;Os previously observed at this temperature
by Peakall & Antill[25] on UO». Peakall & Antill[25] reported thicker oxide layer when oxidation of
UQO; pellets in air was performed at high temperatures (1173-1273 K) instead of low temperatures (623-
873 K). An increase in plasticity of the oxide with temperature allows the oxide to accommodate the
stresses via deformation rather than cracking. As observed in this work the oxide densifies, partially
sinters, delaying cracking at high temperatures (973 K — 1173 K). Partial sintering was shown in Figure
2c, d and e on samples heated at 1073 K and 1173 K; delayed cracking inducing fragments, a
phenomenon here called fragmentation, was shown ex situ in Figure 5 c and d for samples heated at
1173 K and in situ in Figure 6d and e at 973 K and 1073 K. On the contrary, at 873 K the oxide
pulverised as soon as oxygen was inserted in the atmosphere, this can be observed in Figure 6a, b and
c. The phenomenon here called pulverisation (formation of fine powder) was observed on samples
heated at 873 K and it was shown ex sifu in Figure 5a and b and in situ in Figure 5a, b and c. This
phenomenon can be explained by the fact that the oxide at this temperature cannot accommodate the
stresses via deformation, hence, it cracks. The word pulverisation was chosen because the oxide under
visual inspection resembles a fine powder, as no large fragments can be seen. This is confirmed by
B.E.T. analysis (see Figure 3a) where samples oxidised at 873 K have a larger SSA to the ones oxidised
at 1173 K(SSA decreased from about 0.6 m?g'to 0.2 m* ¢! with increasing temperature). The presence
of important stresses in the oxide layer are known to be substantial as shown in Table 4. The formation
of'a dense oxide layer (at 1173 K) instead of a cracked one (at 873 K) would therefore slow the diffusion
of oxygen through the oxide layer and reduce the available surface area for the reaction to occur. HT-
ESEM experiments enabled the surface morphological changes of UC samples to be monitored and
confirmed the results obtained on UC pellets and fragments oxidised in a furnace in air. Oxidation at
873 K occurred more rapidly than oxidation at 973 K and 1073 K, samples at 8§73 K pulverised while
samples at 973 K and 1073 K fragmented before pulverisation occurred. Samples oxidised at 873 K
pulverised homogeneously and oxidation was completed within 20 minutes in the HT-ESEM. Samples
oxidised at 973 K and 1073 K, instead, only pulverised around the edges and on freshly cracked
surfaces. Cracks were observed across the sample while the top surface remained visible with no or
little change detectable (see Figure 6d and e). The product from furnace experiments in air was U3Os,
while HT-ESEM experiments produced UO, or UOs:x due to the reduced oxygen partial pressure
available. However, in both cases temperature influenced the oxide products morphology in the same
way and the time needed to reach complete oxidation. Temperature was a key parameter for control of
the oxide product characteristics. The influence of mechanical stresses on oxidation with temperature
has been studied in silicon nitride based ceramics [50] and similar findings were reported but in a
different temperature range. In the case of reaction-bonded silicon nitride, below 1273 K the oxide was
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considered brittle and cracked as the plasticity of the oxide was insufficient to accommodate mechanical
stresses arising from volume expansion, between 1273 K and 1573 K, instead, the oxide was found to

be ductile.

Even though the final destiny of the U3;Os powders produced during oxidation treatment of the Dounreay
UC pellets is not clear yet, having a powder with higher SSA, using 873 K treatment, could benefit the
sintering process of possible recycled fuels in the future. Previous studies by Yang et al.[40] on
oxidation of UO; showed that by lowering the temperature from 723 K to 598 K, the U3;Os powder
produced had higher SSA and smaller particle size (SSA of 1.50 m? g"'for U3Os powder oxidised at 598
K and SSA of 0.66 m? g! for UsOs powder oxidised at 723 K). Yang et al.[40] observed that a finer
U;Os powder was more sinter-active and improved the densification of recycled UO; pellets compared

to high-temperature (723 K) oxidised UsOg powder[40].

The drawback of using 873 K for UC oxidation was the increase in unreacted carbon in the oxide
product, however, the quantities measured remained in the ppm range. The lower concentration of
carbon measured in the uranium oxide produced at 1173 K compared to that produced at 873 K could
be related to the different oxide product morphology, which may trap carbon nanodomains, or to the
increased gasification of unreacted carbon as CO,. The columnar grain morphology observed on the
oxide formed at 1173 K could have had an effect on the escape of CO/CO, gas from the oxide. Columnar
grains are reported in other systems in conjunction with void migration[51] or bubble migration along
steep thermal gradients[52]. In this case the columnar morphology was reported to be a favourable route
for vapour-phase transport[52]. The increased ease by which CO/CO; could leave the system when the
oxide assumes columnar morphology (after oxidation at 973 K, 1073 K and 1173 K, see Figure 3b, ¢

and d) would lead to less carbon dispersed in the oxide layer.

A schematic of the mechanism of UC oxidation is shown in Figure 9. All samples observed under the
HT-ESEM underwent pulverisation along the edges and corners as soon as oxygen was inserted (see
Figure 6), this process is called exfoliation in Figure 9. The slower oxide conversion observed at 1173
K compared to 873 K was linked with the fragmentation process of the oxide observed ex situ on the
UC pellets oxidised in a furnace (see Figure 2b, ¢ and d and BSEIs in Figure 5¢ and d) and in situ during
oxidation in a HT-ESEM (see Figure 6d and e). The fragmentation process was induced by the ability
of the oxide to plastically deform accommodating the stresses related to the volumetric expansion from
UC to the oxide before cracking. At 873 K samples pulverised homogeneously with time all over the
observable surface (see Figure 6a, b and ¢), this was related to the inability of the oxide to accommodate
volumetric stresses related to oxidation.. Fragmentation occurred on samples exposed to 973 K, 1073
K and 1173 K where a columnar morphology of the oxide was also observed. The hypothesis of the

columnar morphology of the oxide facilitating the escape of gases, CO/CO,, from the system is also
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shown in Figure 9, however further analyses should be performed to clarify the escape route for
CO/CO:,.

5 Conclusions

UC oxidation studied from 873 K to 1173 K in air and in 10 Pa oxygen atmosphere revealed that:

e [owering the temperature, from 1173 K to 873 K, in furnace treatments was found beneficial
in converting UC pellets to U3Os. The benefits in using 873 K when converting UC to an oxide,
Us;0Os, were related to an improved oxide conversion (76% at 873 K versus 73% at 1173 K) and
to a finer oxide powder. UsOs powder produced at 873 K was made of smaller particles and
higher SSA (0.57 + 0.04 m* g'") compared to the one found at 1173 K (0.18 +0.03 m* g).

e Slower conversion at 1173 K was related to a dense oxide formed of equiaxed particles and
columnar grains.

e UC oxidation was influenced by temperature in the same way as in experiments performed in
furnaces in 1 atm air and in a HT-ESEM in 10 Pa O,: notably oxidation at 873 K proceeded
more quickly and produced a finer powder.

e Using in situ techniques enabled the changes of sample morphology with temperature to be
detected. Samples exfoliation (pulverisation along edges and corners as soon as oxygen was
inserted) occurred on all samples oxidised from 873 K to 1173 K just after oxygen insertion.
Samples oxidised at 873 K pulverised homogeneously all over the surface until oxidation
completed. Pulverisation on samples oxidised at 973 K and 1073 K instead only occurred after
samples cracked into fragments.

e Cracks and pulverisation observed during oxidation were correlated with the significant stresses
involved in the volume change associated with oxide formation on UC (UO; formation comes
with a 35% volume expansion, subsequent formation of U3Og comes with a 36% volume

expansion).
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8.1 List of Figures
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Figure 1 a) Photograph of a cylindrical UC pellet from Set A: the outer layer is highlighted with a red dashed
line; b) XRD patterns of fragments taken from the pellet core and the outer layer
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T=873K
4 h dwell

T=973K
4 h dwell

T=1073 K
4 h dwell

T=1173K
4 h dwell

T=1173K
17h dwell

Figure 2 Morphology of the oxide observed on Run 1 samples from Set A fragments. From left to right:
photographs, BSEIs and SEls of fragments oxidised in air at: a) 873 K for 4 h, b) 973 K for 4 h, ¢) 1073 K for 4
h,d) 1173 K for4 hand ¢) 1173 K for 17h.
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Figure 3 a) B.E.T. analysis of powders from Run 1 and Run 2 after oxidation in air at 873 K, 973 K, 1073 K and
1173 K. SEIs of samples oxidised at 973 K b), 1073 K ¢), and 1173 K d) for 4 h in air from samples shown in

Figure 2 showing a columnar morphology of the oxide.
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Figure 4 XRD spectra of UC fragments oxidised in air in a muffle furnace: a) Run 1: treatments at 873 K, 973 K,
1073 K, 1173 K for 4 h and at 1173 K for 17 h; b) Run 2: treatments at 873 K, 973 K, 1073 K, 1173 K for 4 h.
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T=873K
6 h dwell

T=873K
6 h dwell

T=1173 K
6 h dwell

T=1173K
6 h dwell

Figure 5 Macroscopic appearance of UC pellets and morphology of the products from oxidation (remaining UC
pellet shown in a and ¢) revealed by photographs, BSEI and SEI respectively for: a) cylindrical pellet oxidised at
873 K for 6 h (sample P3); b) annular pellet oxidised at 873 K for 6 h (sample P4); ¢) cylindrical pellet oxidised
at 1173 K for 6 h (sample P1); d) annular pellet oxidised at 1173 K for 6 h (sample P2). For clarity, the same
photographs from a) and b) were used in ¢) and d) to represent the initial stage of the pellet.
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10Pa O,

50 Pa air OXIDE SURFACE
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U0,>U,0,? OXIDE SURFACE

OXIDE SURFACE

t=10mins 300 um

T=1073K10Pa O, 2 mins 10 mins 20 mins
OXIDE SURFACE
' OXIDE SURFACE
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Figure 6 SEIs sequence showing UC fragments oxidation at T= 873 K in a HT-ESEM in 10 Pa O, atmosphere (a

and b) and 50 Pa air atmosphere (c). Sequence shows three stages: initial sample (before oxidation), 2 minutes
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after oxygen insertion, 5 minutes after oxygen insertion. Sequence showing UC fragments oxidation at T=973 K

(d) and 1073 K (e) before oxidation and after 2, 10 and 20 minutes of oxygen exposure

Figure 7 SEIs on the products of oxidations performed in situ in a HT-ESEM at 873 K (a) and 973 K (¢) in 10 Pa
O, atmosphere. SADP from the oxide powders: b is related to the oxide produced at 873 K and d to the oxide
produced at 973 K.
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Figure 8 Sequence of SEIs showing a UC sample oxidised in situ in a HT-ESEM in a 10 Pa O, atmosphere from
room temperature to 623 K at 20 K/min and from 623 K to 723 K at 1 K/min

Brittle Oxide
Better conversion

T=873K uc Large SSA
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Worst conversion

T=1173 K uc Small SSA

Exfoliation Fragmentation Fine particles and large fragments

Time =0 > Oxidation completion

“ Columnar oxide O Equiaxed oxide B Powder made of fine particles ————p O,

Figure 9 Summary of the mechanism of oxidation of UC from 873 K to 1173 K showing pulverisation and

fragmentation processes with temperature.
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8.2 List of Tables

Table 1 Masses of Set A and B pellets used for oxidation in air at 873 K and 1173 K for 6 h dwell time.

Sample Mass (g) Temperature (K) Dwell time (h) }:2;:; ?ﬁ;
Set A (P1) 81.54+0.01 1173 6 22
Set B (P2) 5.45+0.01 1173 6 22
Set A (P3) 81.85+0.01 873 6 17.5
Set B (P4) 5.44 +£0.01 873 6 17.5

Table 2 Dimensions and masses of oxide products (oxide powder and unreacted UC) from Set A and Set B pellets
used for oxidation at 873 K and 1173 K for 6 h in air. Oxide conversion, X, was calculated on Set A pellets

considering the mass of the unreacted UC core after oxidation. Carbon analysis was performed on the oxide layer.

Sample Dimensions UC Mass (g) Conversion X Carbon %
core (mm) (%) (w/w)
Set A (P1) 15.6 x13.4 21.78 £0.01 73 0.2
(UC core)
Set B (P2) N/A 6.11+£0.01 100 0.0327 £ 0.0042
Set A (P3) 14.5x12.9 19.68 + 0.01 76 0.47
(UC core)
Set B (P4) N/A 6.08 £0.01 100 0.047

Table 3 Calculated d spacings at room temperature measured on SADP rings from oxide produced at 8§73 K and

973 K, these were compared with PDF tabulated for UO,, U307, UsO. Peak intensity (I) is given within brackets.

d spacing (A)
SADP SADP c-UO: t-UsO7 c-U409
873 K oxide 973 K oxide PDF 041 PDF 015 0004[32] PDF 01 075
1422[30] 0944[33]
3.2140.03 3.13+0.01 3.15 (1=100%) 3.14 (I=100%) 3.14 (1=100%)
2.77£0.01 2.72+0.02 2.73 (1=50%) 2.72 (1=30%) 2.72 (1=38%)
1.96+0.01 1.92+0.01 1.93 (1=50%) 1.93 (1I=20%) 1.92 (1=44%)
1.68+0.01 1.64+0.01 1.65 (1=45%) 1.65 (1=20%) 1.64 (1=35%)
1.39+0.01 1.39:0.01 137 (1I=10%) 1.37 (1=5%) 1.36 (1=5.4%)
1.26+0.01 1.23+0.01 1.25 (1=20%) 1.25 (I=10%)

1.25 (I=11.6%)
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Table 4 Approximate values of strain and stresses in oxide layer during oxidation of UC to UO, and of UO; to

U303,

Species | Z | V/Z per d E v Reaction € c Ref.
metal
(A% A) | (GPa) (GPa) (E, v)

ucC 4 30.45 3.123

8[6)) 4 40.85 3.444 145 0.302 | UC->UO; -0.094 | -34.42 [45], [53]

220 52.22 [54]

Us0s 2 55.516 3.815 151 0.36% | UO,>U;0s | -0.097 | -52.31 [55], [56]

UC>U;0s | -0.181 | -97.61 | [55],[56]
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