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Brannerite glass-ceramic composites have been suggested as suitable wasteform materials for high-
actinide content wastes, but the formation of glass-ceramic composites containing stoichiometric ura-
nium brannerite (UTi,Og) has not been well-studied. Uranium brannerite glass-ceramic composites were
synthesised at by a one-pot cold-press and sinter route from the component oxides. As a comparison,
two further samples were produced using an alkoxide-nitrate route. A range of compositions with vary-
ing molar ratios of uranium and titanium oxides (from 1:2 to 1:3.20) were synthesised, with a range of
different heat treatments (1200 °C for 12-48 h, and 1250 °C for 12 h). All compositions were analysed
by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray near-
edge spectroscopy, and found to contain UTi,Og as the majority crystalline phase forming within a glass
matrix of nominal stoichiometry Na,AlBSizOy6. In compositions with UO,:TiO, ratios of 1:2 and 1:2.28,
particles of UO, were observed in the glass matrix, likely due to dissolution of TiO, in the glass phase;
this was prevented by the addition of excess TiO,. This work demonstrates the suitability of this system
to produce highly durable wasteforms with excellent actinide waste loading, even with a simple one-pot
process. Some grains of brannerite consist of a UO, particle encapsulated in a shell of UTi,Og, suggesting
that brannerite crystallises around particles of UO, until either the UO, is fully depleted, or the kinetic
barrier becomes too large for further diffusion to occur. We propose that the formation of brannerite
within glass-ceramic composites at lower temperatures than that for pure ceramic brannerite is caused
by an increase in the rate of diffusion of the reactants within the glass.

© 2020 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Brannerite (UTi;Og) has been proposed as a suitable target ce-
ramic phase in glass-ceramics due to the retention of the branner-

Alongside glass and ceramic materials, glass-ceramic compos-
ites are one of the promising candidates for immobilisation of high
activity radioactive wastes [1-4]. They have attracted particular at-
tention for use as flexible host matrices for high actinide content
wastes that are otherwise unfit for reprocessing [5-7]. A suitable
glass-ceramic composite has the benefit of high actinide waste
loading due to the ability of ceramics to contain much higher ac-
tinide contents than glasses, but still retain the chemical flexibility
of glasses, able to contain and immobilise contaminant and/or fis-
sion product species [8].

* Corresponding author.
E-mail address: mdixonwilkins1@sheffield.ac.uk (M.C. Dixon Wilkins).
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ite structure even when doped with extremely high proportions
of actinide elements (stoichiometric UTi,Og has a uranium con-
tent of > 55% by weight) [9,10]. It crystallises in the monoclinic
space group C2/m (No. 12), with a structure consisting of sheets
of staggered, edge- and corner-sharing (TiOg) octahedra (similar to
TiO, anatase), with adjacent sheets connected by chains of corner-
sharing (UOg) octahedra [11,12]. Examples of natural brannerites
(with the oldest being found in host rocks 1.58 billion years old,
and the youngest between 5 and 11 million years old) [13,14]
are generally found to have been amorphised over time by their
high actinide content (metamictisation), but still retain a large pro-
portion of their original uranium inventory, with A-site uranium
atoms per formula unit of 0.4 to 0.9 [15,16]. It is also of inter-
est that natural brannerites have been found to contain a wide
range of dopant cations (including Ca, Pb, Th, Y, and REE on the

0022-3115/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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U site, and Fe, Al, and Si on the Ti site [15-17]), as the intro-
duction of lower valent cations (commonly Gd3+, Ca%*, or Y3+)
has been found to have a strong effect on the formation of the
brannerite structure under oxidising conditions by charge balanc-
ing higher valent U+ and US* cations [9, 18-20]. If brannerite is
to be considered as a wasteform for disposal of damaged or de-
graded MOX fuels, then this flexibility with regards to cation con-
tent allows for introduction of neutron absorbers such as Hf and/or
Gd to address criticality concerns. In this respect, it is notable that
Turuani et al., recently reported a comprehensive investigation of
lanthanide abundance in brannerites, which was shown to reflect
the geological conditions of formation [16].

The direct synthesis of ceramic UTi;Og from the component ox-
ides is hampered by slow diffusion through the solid state. This
can be simply remedied by increasing the reaction temperature
(e.g. reacting at 1400 °C rather than 1300 °C), increasing the re-
action time, or by introducing an intermediate re-grinding of the
sample to break up reacted material, re-exposing the reactants.
Other synthetic routes reported in the literature use wet chemi-
cal processes to ensure mixing of the reactants occurs at the nano-
or atomic-scale, followed by a reaction at high temperature. The
most commonly reported method is an alkoxide-nitrate route, util-
ising U-nitrate and Ti-isopropoxide (this is discussed in more detail
below), but other methods using soluble U and/or Ti precursors
have been reported. Mesbah et al. reported a comparison of four
different synthetic routes, including a dry oxide-based route, the
alkoxide-nitrate route, an acetate-sulphate route, and a hydroxide
route starting from U-chloride and Ti-isopropoxide [21].

Although brannerite glass-ceramic composite materials have
been reported in the literature, only a single study has attempted
the production of end-member U-, Th-, and Ce-brannerite glass-
ceramic composites. In that study, we observed that UTi;Og (and
to a lesser extent ThTi,Og) crystallises well in the Na,AIBSigOqg
glass system, assuming that atmospheric pO, is conducive to an
average composition with overall 4+ charge on the A-site. Glass-
ceramic composites with UTi,Og as the ceramic phase have not
yet been extensively studied, but are of interest as a model sys-
tem for understanding structure - composition — property relation-
ships. The majority of brannerite phases reported as crystallising
in glass have been U5t species, with M3+ doped onto the U-site
to act as a charge balancer (including trivalent Y, Eu, Tb, Dy and
mixed tri- and tetravalent Ce) [22-25]. All previous uranium bran-
nerite glass-ceramics introduced the ceramic phase as a ceramic
precursor prepared by calcining a stir-dried alkoxide-nitrate reac-
tion mixture at 700 °C under either air or Ar (for Pu-containing
samples). The ceramic precursor was then mixed with a glass pre-
cursor, pressed into pellets, and heat treated at 1200 °C. For the
purpose of industrial application, it would be useful to develop
a one-pot synthetic route for brannerite glass-ceramics, from the
component oxides and a glass precursor, reducing the number of
handling operations necessary to produce the final wasteform. The

Table 1

development of such a synthesis route, applied to stoichiometric
UTi,Og brannerite glass-ceramics, is the focus of this contribution.
It is envisaged that, in a conceptual industrial process, wasteforms
would be produced by hot isostatic pressing (HIP). This means that
the wasteform material would ideally form at or below 1300 °C
(the maximum service temperature for stainless steel HIP canis-
ters), to avoid necessitating the use of more expensive and exotic
alloys. This presents a challenge to the formation of pure or doped
ceramic UTi,Og by solid state reaction, which generally requires
temperature in excess of 1300 °C (typically in the range of 1320-
1350 °C).

2. Experimental

Brannerite glass-ceramic compositions were prepared by a one-
pot cold-press and sinter method. The glass phase (composition
Na,AlIBSig06) was introduced as a batched precursor, prepared by
calcining a stoichiometric mixture of H3BO3, Na,CO3, Al,03 and
Si0, at 600 °C for 6 h. The ceramic components were added as
the oxides, UO, and TiO, (anatase).

A stoichiometric mixture of UO, and TiO, (as UO, was ob-
served in compositions with required amounts of U0, and TiO,
(excess TiO, was added to form some compositions (see Table 1)),
were milled together with the precursor mixture in a Fritsch Pul-
verisette 23 reciprocating ball mill for 5 min at 30 Hz. The re-
sulting slurry was dried in an oven at 85 °C and the powder re-
trieved and broken up using a mortar and pestle. The milled pow-
ders were pressed into 10 mm diameter pellets under 2 t (approx.
250 MPa). The green pellets were placed into crucibles on a bed
of coarse ZrO, to prevent attachment to the crucible surface, then
heat treated in a tube furnace under an inert (Ar) atmosphere. Any
ZrO, adhered to the outside of the pellets was manually removed.

The heat-treated pellets were broken into pieces for charac-
terisation. Powder X-ray diffraction (XRD) was used to identify
the phases present (Bruker D2 Phaser using Ni-filtered Cu Ka
radiation), and the relative quantities of the crystalline phases
were qualitatively measured using a standard Rietveld refinement
method, utilising the software package TOPAS [26,27]. For the pur-
pose of crystalline phase quantification, the amorphous content
was neglected, as it contributed little to the overall diffraction pat-
tern in the presence of UTi;Og and UO,. The background was mod-
elled with a tenth order shifted Chebyshev polynomial and peak
shapes were modelled using Pseudo-Voigt functions. The unit cell
parameters of each phase (UTi;Og and UO,, with TiO, in some
compositions) were allowed to refine, along with the atomic po-
sitions of U and Ti. XRD is insensitive to light elements such as
0, especially in the presence of heavy elements such as U, so the
atomic positions of O were not refined.

Scanning Electron Microscopy with coupled Energy Dispersive
X-ray analysis (SEM-EDX) was used to examine the microstructure
and microchemical composition of the glass-ceramic products (Hi-

As-batched oxide stoichiometries (samples U9 and U10 were produced following an alkoxide-nitrate synthesis) and details of
heat treatments for different UTi,Og glass-ceramics. The difference in each composition relative to a parent composition is
underlined (i.e. U5 to U8 had the same starting composition as U3, but underwent different heat treatments).

ID Glass U0, TiO, U:Ti molar ratio Heat treatment

U1 50.00% 31.42% 18.58% 1:2 1200 °C, 12 h, Ar
U2 48.75% 30.63% 20.62% 1:2.28 1200 °C, 12 h, Ar
u3 47.50% 29.85% 22.65% 1:2.57 1200 °C, 12 h, Ar
U4 45.00% 28.28% 26.71% 1:3.20 1200 °C, 12 h, Ar
us 47.50% 29.85% 22.65% 1:2.57 1200 °C, 24 h, Ar
ué 47.50% 29.85% 22.65% 1:2.57 1200 °C, 36 h, Ar
u7 47.50% 29.85% 22.65% 1:2.57 1200 °C, 48 h, Ar
U8 47.50% 29.85% 22.65% 1:2.57 1250 °C, 12 h, Ar
U9 50.00% 31.42% 18.58% 1:2 1200 °C, 12 h, Hy/N,
u10 47.50% 29.85% 22.65% 1:2.57 1200 °C, 12 h, Hy/N,
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tachi TM3030, operating at 15 kV; Bruker Quantax 70 EDX system).
Samples were prepared for SEM-EDX by mounting in a cold set
epoxy resin, before polishing to an optical finish using increasingly
finer grades of abrasive paper and diamond suspensions (finishing
at 1 pym) and coating with a conductive carbon layer.

The alkoxide-nitrate synthesis is described in detail elsewhere
[22]. The reaction mixture was calcined for 24 h at 700 °C under a
reducing atmosphere (5% H, in N,). The calcine was then used in
place of UO, and TiO, to form a glass-ceramic following the cold-
press and sinter method detailed above. Two compositions were
made by this route: U9, with a U:Ti ratio of 1:2, and U10, with
a U:Ti ratio of 1:2.57, matching other compositions in this study
prepared by a one-pot cold press and sinter process, as well as
similar titanate ceramics and glass-ceramics in the literature (many
contain a small excess of Ti-isopropoxide to encourage full reaction
of the mixture and to account for loss of isopropoxide as it readily
hydrolyses in air and disperses).

In order to confirm the uranium oxidation state, X-ray absorp-
tion spectra were acquired in fluorescence mode at Diamond Light
Source beamline B18 [28]. Diamond Light Source operates with an
electron energy of 3 GeV and a beam current of 300 mA. Samples
were prepared by mixing a small amount of the materials to be
examined with polyethylene glycol and pressing into pellets. Spec-
tra were collected at room temperature and pressure in the range
16,940 to 17,970 eV, with a step size of 0.3 eV, and a counting
time of 200 ms per step. The energy was selected using a Si (111)
monochromator, and aligned using the K-edge of an yttrium metal
foil. A 36 element Ge solid state fluorescence detector was used.
The data were processed and the resulting spectra analysed using
the Demeter suite of programs [29].

The sample composition and heat treatments are summarised
in Table 1. Of note is that additional TiO, was added by reduc-
ing both the targeted amount of UTi,Og and glass (e.g. a sample
with 10% additional TiO, can be described as a ratio of 45:45:10
glass:UTiy0g:TiO,), this means that the overall weight percent
of glass varies slightly between samples, from 45% to 50% (see
Table 1 for further details). Previous work on glass-ceramic com-
posites in this system has shown that the formation of UTi;Og
in the Na,AIBSigOq system is relatively insensitive to the overall
glass fraction, so this slight variation in glass fraction will not have
a significant effect on the phase assemblages of each product [30].

3. Results
3.1. X-ray diffraction

All samples produced formed brannerite as the majority ce-
ramic phase, with small amounts of UO, observed in the XRD

Table 2

patterns of all compositions except U8, and TiO, observed in
those compositions made from component oxides having a tar-
get UO,:TiO, ratio of 2.28 or greater (all compositions, other than
U1, U2, and the alkoxide-nitrate samples U9 and U10). The results
of qualitative phase abundances, as-derived from Rietveld refine-
ments of XRD data, are shown in Table 2. Due to the presence
of high molar fractions of uranium (a very strong scatterer of X-
rays), the comparatively weakly scattering glass phase has a very
low contribution to the overall diffraction pattern, so cannot be
reliably quantified from XRD-based methods; however, qualitative
observations can still be made from the trends observed. The val-
ues in Table 2 were calculated by using Rietveld refinements to
obtain the relative abundances of the different crystalline phases
present, then, with the assumption that all ceramic-forming pre-
cursors were accounted for in these phase abundances, reduced to
the abundance present in the final glass-ceramic product, accord-
ing to the as-batched weight fractions of glass and ceramic. In re-
ality both UO, and TiO, were observed in the glass matrix, as well
as in the crystalline phases, but for the purpose of identifying the
trends observed in these samples, this is not a significant consid-
eration. The as-refined unit cell parameters are in good agreement
with reference values, with no significant changes caused by the
differing synthetic conditions (see Supplementary Information Ta-
ble 1). Some variation is seen, most obviously in the unit cell vol-
umes, but, as the measurements did not include an internal stan-
dard, and the variation is small, we cannot confidently establish
the variation to be attributable to differences in composition or
synthesis.

When visually comparing the observed relative intensity of TiO,
reflections in the series U1 to U4 (where all four samples under-
went the same heat treatment, but had differing UO,:TiO, molar
ratios, from 1:2 in U1 to 1:3.20 in U4), it is clear that addition of
hyperstoichiometric amounts of TiO, does not lead to elimination
of UO,; indeed, TiO, is observed in samples U3 (approx. 2.22 wt%)
and U4 (approx. 9.22 wt%).

Similarly, the phase assemblage of compositions with the same
U0,:TiO, ratio heat-treated at 1200 °C, but for differing lengths
of time (samples U3, and U5-7), are very similar. As the length of
heat treatment was increased from 12 to 48 h, the relative abun-
dance of UO, reduces slightly (from approx. 1.10 wt% in U3 to
0.64 wt% in U7), and a corresponding reduction in the relative in-
tensity of the UO, (111) reflection is also seen, but does not com-
pletely disappear. Similarly, when comparing a sample heat-treated
at a higher temperature (U8, fired for 12 h at 1250 °C), to one
with the same UO,:TiO, ratio heat-treated at a lower temperature
(U3, fired for 12 h at 1200 C), there is a marked reduction in the
observed intensity of the UO, (111) reflection (however, UO, is ob-
served in SEM micrographs, see Section 3.2). These observations

Compositional information for samples U1-10. The glass composition was measured using EDX, averaging 10 regions of glass
for each composition (B,05; content was assumed to be as-batched), then converted into oxide wt%. The relative amounts of
the crystalline phases as-determined from Rietveld refinements of XRD data are also shown.

EDX glass composition (wt%) Refinement of crystalline phase abundances (wt%) UTi
mo-
b Si0, Na,0 Al 03 B,03 TiO, uo, UTi; 06 uo, TiO, lar
U1 733 96 6.8 25 55 24 4841009 160 £0.09 - yo
U2 73.9 8.9 6.1 2.5 7.3 1.4 49.89 +0.06 1.36 +£0.06 - 1:2.28
U3 71.8 10.6 6.0 2.5 7.6 1.5 49.18 +0.30 1.10 +£0.06 2.22 +0.31 1:2.57
U4 731 9.1 5.9 2.5 8.4 1.0 44,71 £0.43 1.07 +0.08 9.22 +0.43 1:3.20
us 68.4 10.8 6.0 2.5 8.5 3.9 45.68 +0.34 0.23 +0.08 6.58 +0.34 1:2.57
u6 69.3 10.8 6.0 2.5 8.2 3.2 46.71 +£0.34 0.64 +0.08 5.14 +£0.34 1:2.57
u7 72.2 9.5 5.9 2.5 6.6 33 45.83 +0.56 0.60 +0.15 6.07 +£0.55 1:2.57
U8 72.5 9.1 6.1 2.5 6.5 3.4 45.22 +0.53 0.17 +£0.13 7.11 £0.52 1:2.57
U9 723 8.8 6.0 2.5 9.0 1.5 4493 +0.10 5.07 £0.10 - 1:2
u10 70.8 9.8 5.6 2.5 10.1 1.2 51.91 +0.09 0.59 +0.09 - 1:2.57
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Fig. 1. XRD patterns of samples U1-U10 in the 26 range 10-75° with a zoomed
view (marked by the dashed border) of the 27-29° 26 range. The reflections of
UTi; 06 are marked with lines (PDF card 01-084-0496). The peaks associated with
the TiO, (110) and UO, (111) reflections are marked with filled and empty circles
respectively.

show that there is a relationship between heat treatment time and
temperature, suggesting that diffusion kinetics play an important
role in determining the phase assemblage.

The samples prepared by the alkoxide-nitrate route also formed
brannerite as the major ceramic phase. U9 contains a relatively
high amount of UO, (approx. 5.07 wt%, compared to < 1.6 wt% for
all other compositions) compared to other compositions, as judged
from reflection intensity ratios (even sample U1 with the same tar-
get UO,:TiO, ratio). The phase assemblage of U10 is very similar
to that of U3, consisting of UTi,Og as the majority phase, with a
small amount of UO, also observed. This was expected from their
compositions and similar conditions of heat treatment (the only
difference being U10 was fired under a mixed H,/N, atmosphere,
whereas U3 was fired under Ar).

3.2. SEM-EDX

The phase assemblages observed by SEM were in good agree-
ment with the XRD data previously discussed, and offer an expla-
nation for the presence of residual UO, in all samples. A common
feature in the microstructure of all samples was the presence of
small regions of UO, within the interior of some brannerite ce-
ramic grains; this suggests that brannerite forms around, and from,
the original grains of UO,. A plausible reaction mechanism would
involve dissolution of TiO, in the glass phase, which then diffuses
to, and reacts with, UO,. The microstructures of all samples ex-
hibited some macroscale porosity and smaller, irregular pores in
large regions of glass. However, it was apparent that the ceramic
phases did not exhibit any intragranular porosity. Examination of

the microstructures of samples U1 and U9, batched with the low-
est UO,:TiO, molar ratio of 1:2, showed these compositions to
have only partially reacted, with small clusters of UO, observed
within the glass matrix throughout the samples, not just confined
to the interior of brannerite grains. These particles of UO, are here-
after referred to as “free UO,” to distinguish them from UO, ob-
served within grains of brannerite. As the relative amount of TiO,
with respect to UO, was increased from 1:2.28 to 1:3.20 in sam-
ples U2, U3, and U4 the inclusions of free UO, disappear, however,
the incidence of UO, within the grains of brannerite remained ef-
fectively constant. Regions identified as TiO, were also observed in
samples with other than U1l and U9, showing that at least some
of the excess TiO, remains undissolved in the glass matrix (it is
also possible that this TiO, had dissolved, but precipitated out of
the glass as the materials cooled). Of note is that very small (<
0.5 pm) regions of UO, are observed within grains of brannerite in
sample U8 (see Fig. 2 for a comparison between samples U7 and
U8), where it was not clearly apparent in the XRD pattern due to
the relatively low sensitivity of XRD to phases with a particularly
low concentration.

The samples heat treated for longer than 12 h show very sim-
ilar microstructures, with no obvious differences from those heat
treated for only 12 h. The grain sizes are approximately the same
across U5, U6, and U7 (in the range 2 to 15 pm), suggesting that
no significant growth of the brannerite grains in this glass system
occurs on this timescale at the temperature used (1200 °C).

Although EDX is often a useful tool in analysing the elemental
composition of materials such as these, the microstructure of these
glass-ceramics make quantitative analysis difficult. As the volume
of sample that characteristic X-rays are emitted from is larger than
that of back-scattered electrons, the EDX spectrum may contain
contributions from uranium and titanium dissolved within a region
of glass and/or contributions from grain of brannerite located some
distance below the surface of the region of glass. This leads to sig-
nificant uncertainty in quantification of the EDX data, and must be
taken into account when drawing conclusions from these analyses.
This problem is compounded by the high molar fraction of light el-
ements including oxygen and boron, as EDX is insensitive to such
elements.

Quantification of EDX spectra of regions of glass in each sam-
ple largely yield the same result (B,O3 content was assumed to
be equal to the as-batched content, see Table 2) - apparent ura-
nium abundances (calculated assuming UO,) in the glass are all
< 3.9 wt% with absolute errors of the magnitude +0.3 wt%. It is
apparent that the uranium content of the glass phase in all sam-
ples is very low, showing excellent partitioning of uranium into
the ceramic phases. A spectrum of an area of sample U6 is shown
in Fig. 3, and is representative of those seen in all samples. X-ray
emission lines showing the presence of uranium and titanium are
present but minor in comparison to those of glass-forming species.

Fig. 2. Representative BSE micrographs of samples U7 and U8 (micrographs A and B respectively). White regions are UO,, light grey are UTi,Og, dark grey are TiO,, and the

dark background is glass. Some regions of UO, are circled for clarity.
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Fig. 3. BSE micrograph and associated EDX spectrum of U6. The region of glass relating to the spectrum is marked. The identities of each X-ray emission line are also
marked. The presence of carbon is due to the conductive carbon coat applied during sample preparation.

It should be noted that these measurements will also contain pos-
sible systematic errors, and the results have only been used for
qualitative analysis.

3.3. Uranium L3-edge X-ray absorption near-edge spectroscopy

The average uranium oxidation states of all compositions, were
examined using U L3-edge XANES. The spectra of UTi,Og and
Uo5Ybg5Ti,Og were also acquired for use as reference compounds
with known uranium oxidation state (U** and U>* respectively).
These reference compounds were chosen because they are both
brannerite structured, giving them the closest possible match in
uranium local structure, and so were the most relevant standards
to measure in comparison to our samples. Samples of the ceramic
precursors formed by the alkoxide-nitrate route were also analysed
in order to confirm that the initial calcination under H,/N, had
fully reduced all of the U5+ starting material to U**t. This is impor-
tant, as all other brannerite glass-ceramics formed by an alkoxide-
nitrate route were targeting U>*, and so were calcined in either air
or argon, with no control needed over the atmospheric pO,.

The precise energy position of the U-L3 X-ray absorption edge
(the minimum energy necessary to remove a core electron) is de-
pendent on the U oxidation state. Higher U oxidation states require

UO SYbU STiZO(v

U9 (pre.)

uo

U10 (pre.)

Intensity (a.u.)

ulo

UTi,0,

17120 17140 17160 17180

Energy (eV)

17200 17220 17240

Fig. 4. Representative XANES spectra of samples U9, U10 and their ceramic pre-
cursors, along with those for UTi;Og and UgsYbgsTi;Og standards. The blue dashed
line shows the white line energy position of the UTi,Og standard.

Table 3

White line energy positions and E, (both in eV) values
for all compositions U1-10, as well as the precursors to
samples U9 and U10, and the standards of known valence
UTiy06 (4+4) and UgsYbosTi;Og (5+), as determined from
U L3-edge XANES. E; was determined as the maximum in
the first derivative of p(X).

ID White line position (eV)  Ey (eV)

U1 17,167.1 17,161.1
U2 17,166.8 17,161.0
U3 17,166.6 17,161.1
U4 17,166.5 17,161.0
us 17,167.1 17,161.2
u6 17,167.3 17,161.1
u7 17,1671 17,161.0
us 17,167.2 17,160.9
U9 17,166.6 17,161.0
u10 17,166.4 17,161.2
U9 (pre.) 17,166.6 17,161.0
U10 (pre.) 17,166.4 17,161.0
UTi, O0g 17,166.7 17,161.1
UosYbosTi,0s  17,170.8 17,163.2

more energy to remove an electron because each electron is more
strongly bound to the nucleus, and vice versa for lower oxidation
states. The Ey values (as determined by the first maximum of the
first derivative of intensity) of all compositions match that of the
UTi,0¢ standard, and the white line positions are also in excel-
lent agreement (see Table 4). This showed that the uranium was
present in all compositions as U4, as expected from the behaviour
of ceramic brannerites in inert or reducing processing atmospheres
such as those used in this study. It is promising that the precur-
sors of U9 and U10 were fully reduced, even prior to the final heat
treatment under a reducing atmosphere at 1200 °C, as it suggests
that an inert atmosphere in this final step would be sufficient to
retain the desired U4t oxidation state.

4. Discussion

With respect to the final glass-ceramic composite products, all
compositions produced had favourable phase assemblages, with
stoichiometric UTi,Og being produced in every sample as the ma-
jority product, despite the processing temperature of 1200 °C re-
maining being below the 1300 °C usually necessary for full ce-
ramic samples of UTi;Og to form from their component oxides. It
is thought that this increase in reactivity is caused by the presence
of the glass phase increasing the ease of diffusion of the reactants,
analogous to viscous phase assisted sintering. This is supported by
the microstructures observed by SEM: regions of UO, held within
grains of brannerite, as well as small amounts of both uranium and
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Fig. 5. Representative BSE micrographs of U2 (A), U7 (B), and U10 (C). Small white regions are UO,, light grey are UTi,Og, dark grey are TiO,, the dark background is glass.

titanium remaining dissolved in the glass matrix. The fact that all
compositions formed large amounts of brannerite is important, as
this demonstrates the ability of this system to form high-quality,
high brannerite-fraction glass-ceramic composites using a simple
one-pot cold-press and sinter method.

Sample U1 was the only composition produced from the com-
ponent oxides where UO, particles are seen within the glass ma-
trix (in addition to those regions of UO, seen in grains of bran-
nerite), suggesting an incomplete reaction. There are two plausi-
ble reasons as to why some apparently unreacted UO, remains: ei-
ther the amount of TiO, dissolved in the glass matrix was greater
than that of UO, (this could be due to differences in solubility
at high temperature, and/or solubility at low temperatures, re-
sulting in precipitation), or the brannerite formed was actually
U-deficient (resulting in excess UO,, although synthetic uranium
brannerites are not often reported to be non-stoichiometric, com-
pared to cerium brannerites). As mentioned above, it is difficult to
analyse how much uranium and titanium are dissolved in the glass
using EDX, so this alone cannot distinguish the cause.

To address the presence of free UO, samples U2-4 were fab-
ricated, with different amounts of excess TiO, added. The UO,
(111) reflections seen in the diffraction patterns are less intense
than that seen in U1, but there was only slight variation in in-
tensity between U2, U3 and U4. This suggests that the addition
of 2.5 wt% TiO, was sufficient to prevent formation of free UO,
(and thus decrease the amount of UO, observed in the diffrac-
tion patterns), but not the UO, found within grains of brannerites.
The observations from SEM support this interpretation, with no
free UO, visible in U2, U3 or U4, but small regions of brannerite-
encapsulated UO, seen in all three. In addition, grains of TiO, are
also observed in increasing amounts. Further measurement and
analysis of the uranium and titanium content in the glass phase
will be investigated using more advanced synchrotron techniques;
in particular, p-focus X-ray fluorescence and p-focus XANES mea-
surements will allow for quantification of the uranium distribution
and uranium oxidation states within the different phases of these
samples.

The appearance of UO, encapsulated within grains of branner-
ite suggests that the reaction occurs at the surface of particles of
UO,, reaching a point, as the layer of brannerite grows, where dif-
fusion becomes kinetically unfavourable. Samples U5-7 were heat
treated for longer periods of time to see if an extended dwell at
1200 °C would be sufficient to allow full reaction of these UO,
regions, however, the results do not fully bear this out; although
there was a reduced amount of UO, observed, it was still present
(if in trace amounts) in both the XRD and SEM. The same observa-
tions are extended to sample U8, where a higher reaction temper-
ature of 1250 °C produced a product that only contained a very
trace amount of UQO,. It is possible that this behaviour was caused
either by an epitaxial mechanism of brannerite growth on the sur-
face of particles of UO, or simply caused by the higher mobility
of Ti** cations and/or particles of TiO, within the glass, leading to
the reaction occurring closer to the particles of UO, (and eventu-
ally encapsulating them). It is clear that an important factor pre-

venting a completely single-ceramic-phase product from forming
was the kinetic barrier to diffusion caused by this encapsulation of
the reactant UO,.

The samples produced by an alkoxide-nitrate route (samples
U9 and U10) display largely the same behaviour as the equivalent
oxide stoichiometries. The notable difference being the relatively
larger amount of UO, observed in the XRD pattern of U9. It is as-
sumed this was caused by the ease at which titanium isopropox-
ide hydrolyses in air and is lost, leading to non-stoichiometry of
the batch during processing. This was corrected for by the addi-
tion of excess titanium isopropoxide in sample U10, where the ad-
ditional titanium precursor accounts for both this effect, and the
amount of excess TiO, necessary to prevent formation of free UO,.
The phases observed by SEM agree with this interpretation (and
match the trend seen in samples U1-4); where in sample U9 UO,
was observed in the glass matrix and within grains of brannerite,
whereas in sample U10 UO, was only rarely observed in grains of
brannerite, comparable to the microstructure of sample U7. Of note
is that the UTi,Og grain sizes are of the same approximate magni-
tude as the samples made from solid state precursors, but tend to
have a slightly wider range of grain sizes (see Fig. 5).

5. Conclusion

Near single-ceramic-phase UTi,Og glass-ceramics were pro-
duced at 1200 and 1250 °C. The secondary crystalline phase
present in all samples was UO,, found held within grains of bran-
nerite in all samples, as well as within the glass matrix in com-
position U1 and U9, both of which had the lowest UO,:TiO, mo-
lar ratio of 1:2. The addition of excess TiO, prevented generation
of UO, within the glass matrix, but small regions of UO, within
grains of brannerite remained, even when samples were subjected
to longer or higher temperature heat treatments (Figs. 1 and 4).

This microstructure leads to the observation that, whether
caused by different rates of diffusion of the uranium and titanium
species or by epitaxial growth of brannerite on the surface of UO,
particles, the brannerite phase forms around regions of UO,, un-
til the thickness of the brannerite layer forms a kinetic barrier to
diffusion and further reaction (resulting in regions of brannerite-
encapsulated UO,), or the core region of UO, is fully depleted (re-
sulting in a grain of brannerite, with no observable UO, core).

The use of a ceramic precursor synthesised by an alkoxide-
nitrate route did not have an effect on the phases formed. This
is notable, as it confirms that a one-pot synthetic route allows
or formation of high quality glass-ceramic products, without the
additional heat treatment and handling steps necessary for an
alkoxide-nitrate synthesis, or other wet chemical processes.

It is assumed that the presence of trace amounts of fully-
encapsulated remnant UO, would not be an issue, but if materials
similar to those produced in this study were to be suggested as a
wasteform material for high U-content wastes, then the effect of
the presence of this U0, would have to be examined to confirm
they do not have a deleterious effect on final wasteform perfor-
mance (Table 3).
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