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Abstract

The synthesis, characterisation and crystal structure of a novel U>* (dominant) brannerite of
composition Ur.096)Ti1.293)Al0.713)Os 1s reported, as determined from Rietveld analysis of high
resolution powder neutron diffraction data. Examination of the UTi2xAlxOs system demonstrated
the formation of brannerite structured compounds with varying AI** and U°* content, from
Uo.936) Ti1.643Al0.36:3)06 to Uogoe)Tit.0o3Al1.003)Os. Substitution of AI** for Ti**, with U>* charge
compensation, resulted in near-linear changes in the b and c unit cell parameters and the overall
unit cell volume, as expected from ionic radii considerations. The presence of U** as the dominant
oxidation state in near single phase brannerite compositions was evidenced by complementary
laboratory U L3 edge and high energy resolution fluorescence detected (HERFD) U M4 edge X-
ray Absorption Near Edge Spectroscopy. No brannerite phase was found for compositions with
APP*/Ti** > 1, which would require U®* contribution for charge compensation. These data expand
the crystal chemistry of uranium brannerites to the stabilisation of dominant U* brannerites by

substitution of trivalent cations, such as Al**, on the Ti*" site.



1. Introduction

Synthetic analogues of stable titanate mineral phases have been considered for their suitability
as durable ceramic wasteforms for high actinide content nuclear wastes. One of the more promising
minerals is brannerite (prototypically UTi20s), with natural samples displaying the ability to retain
a large fraction of their initial U content despite high degrees of metamictisation and alteration.!™
Though the radiation tolerance* and aqueous durability®’ of brannerites are not as high as some
other materials (with critical amorphisation doses of 0.8 to 1.5 x 10'* ions cm™, compared with 2
to 6 x 10'* ions cm™ for synthetic zirconolites and pyrochlores), UTi2Os remains a particularly
attractive host for actinides because of its notably high U content (55.4% U by weight), and so
high waste loading.

It has been established that the synthesis of UTi20¢ requires heat treatment(s) under a low pO2
atmosphere in order to retain U*".3!! The substitution of U** by a lower valent dopant has also
been widely applied in the synthesis of U>* brannerites in air atmospheres.®!'?"'* It should be noted
that much of the recent work on brannerites has examined the formation of a brannerite ceramic
phase within a glass-ceramic composite (commonly within the Na:AlBSi6Oi16 glass system),
though in most cases the impact of the glass phase on the brannerite phase crystal chemistry is
limited (i.e. it is expected that the synthesis of a pure ceramic brannerite of the same composition
would be facile).!!-15-19

Common U-site charge-balancing dopants include Ca?*, Y?*, and trivalent lanthanides (notably
Ce** and Gd*), resulting in U>* brannerites (e.g. U*0.5Y>"05Ti206).51315-1720 I addition to
materials specifically targeting U>*, other doped or mixed U-site brannerites have been reported,
including: (Uo.9sCeo.1)1-xGdxTi206, where Ce was utilised as an analogue of Pu?!?%; U1xCexTi20s,
with average Ce oxidation states varying significantly according to process conditions'>!?; and
Gdo.2Hfo2Uo.4Puo2Ti206."7

In contrast to the significant volume of work on U-site doped brannerites, little attention has
been directed to the possibility of charge-balancing U* via dopants on the Ti-site. Materials with
stoichiometries of UTiisFeo20¢ and UTiieFeo4O¢ were reported to form near single phase
brannerites when synthesised under Ar, but formed a mixture of brannerite-structured
UTi1.60Fe0.490s, and the binary oxides U3Osg and TiO2 when synthesis was attempted in air.3?** In
the same work, the paired self-charge compensated substitution of Gd+Nb for U+Ti (overall Ui-
xGdxTi2xNbxOs) was examined, with materials synthesised under Ar. For x = 0.1 and 0.2, near
single phase brannerites of the nominal compositions were produced, with the material batched
with x = 0.5 forming a multiphase mixture containing the brannerite phase

Gdo.67U0.29T11.20Nb0.720¢.



A previous report of the ion size limits in the brannerite structure found that the Ti-site of Th
brannerite (ThTi20s, thorutite) could not be significantly expanded (by doping with Sn** or Zr*")
or contracted (by doping with Ge**).> In this work, materials across the compositional system
UTi2xAlxOs have been synthesised in air and characterised to identify the solubility and impact of
a high fraction, lower valence Ti-site dopant on the formation of, and U oxidation state in, U
brannerite. The use of Ti-site dopants to stabilise U>* brannerites is notable in that, compared to
U-site doping, the high U content is retained, where otherwise up to 0.5 f.u. would be substituted

for the charge-balancing element.
2. Experimental

Samples were prepared by a standard cold-press and sinter solid state route. Stoichiometric
amounts (according to UTi2xAlxOs, with x =0, 0.2, ..., 1.8, 2.0) of UO2 (ABSCO limited), TiO2
(rutile, Sigma Aldrich), and Al2O3 (Sigma Aldrich) were homogenised by planetary milling (500
rpm, 10 minutes, Retsch PM100) utilising yttria-stabilised zirconia mill pots and milling media,
with isopropanol as a carrier fluid. The milled slurries were dried at 85 °C, and the resulting powder
cakes broken up by hand in a mortar and pestle. The milled powders were then pressed into 10
mm pellets under 2 t (approx. 250 MPa). Pellets were heat treated in alumina crucibles at 1400 °C
for 48 hours in air.

X-ray diffraction (XRD) patterns of each sample were collected on powdered material (Bruker
D2 Phaser, Ni-filtered Cu Ka radiation). Phase analysis was conducted by matching the reflections
observed to phases in the PDF-4+ database.?® Unit cell parameters of each brannerite phase were

derived using LeBail method refinements, utilising the Topas®’ and JEdit*3

software packages. The
background of each diffraction pattern was modelled with an eight term shifted Chebyshev
polynomial; peak shapes resulting from instrumental and sample-based contributions were
modelled using a Pearson VII function. Additional phases including Al2O3, Al2TiOs, TiOz-rutile,
and U3Os were added according to the phases identified in the diffraction patterns.

The time-of-flight neutron diffraction pattern of a near-single phase sample with nominal
composition UTiAlOs was collected at the High Resolution Powder Diffraction beamline (HRPD)
at the ISIS neutron and muon source, Rutherford Appleton Laboratory, UK.?* Approximately 3.5
g of material was packed into a vanadium metal can which was then sealed with indium wire. Data
were collected over three banks, with a data collection time of ca. 5 hours; data from the
backscattering bank (158.46° <20 < 176.11°; Ad/d ~ 6x10™) was utilised for structure refinement.
Data normalisation and reduction were performed in the Mantid open source software package.*
Rietveld method refinements were used to examine the structure, utilising the Topas®’ and JEdit*®

software packages.



The semi-quantitative chemical composition of each brannerite phase was determined by
scanning electron microscopy with coupled energy dispersive X-ray spectroscopy (SEM/EDX).
Solid samples were prepared for SEM/EDX analysis by mounting in a cold-set epoxy resin,
polishing with increasingly fine grades of diamond suspensions, before coating with a conductive
carbon layer. Due to the semi-quantitative nature of the EDX measurements and low accuracy of
oxygen determination, a stoichiometric oxygen content was assumed.

U L3 edge XANES were collected using a modified EasyXAFS XES100 extended
spectrometer, utilising a 100 W Pd-anode X-ray tube and operating in Rowland circle
geometry.’!'? Samples were prepared by pressing pellets of sufficient material to form one
absorption length mixed with a polyethylene glycol binder (approximately 45 mg). Data were
acquired by placing samples in front of a Hitatchi Vortex Silicon Drift Detector (SDD), with a 5
mm exit slit to minimise stray scatter. The energy resolution of the SDD is ca. 140 eV, enabling
rejection of the harmonic content of the incident beam and background scatter. X-ray energies
were selected using the (1266) harmonic of a Si (211) spherically bent crystal analyser. A He flight
path (welded steel enclosure with kapton windows) was employed to minimise air scatter and
absorption. Data were acquired with (I(E)) and without the sample (Io(E)), using the same scan
parameters. A step size of 0.5 eV and count time of 20s / step were used in the XANES region, in
the pre- and post-edge regions the step size was 1.0 eV with a count time of 10s / step. Typically,
10 spectra were acquired for each composition and summed, the total data collection time was
around 20 h for each composition. The absolute energy scale was calibrated by comparison with a
spectrum of the UTi20¢ reference compound previously collected at Diamond Light Source, which
was in turn calibrated by using an Y foil by assigning the energy position of the first peak in the
derivative of the Y K-edge spectrum to 17038 eV. This correction, and a correction for leakage

effects, were performed as described by Mottram et al.,>*>*

and the data further processed in
Athena, part of the Demeter software package.>*® Spectra of well-characterised specimens of
UTi20s6, Uos5YbosTi206, and CaUQO4 were also collected to act as reference compounds of known
U oxidation state (U*", U°*, and U®" respectively).

High Energy Resolution Fluorescence Detected (HERFD) U M4 edge XANES were collected
at ESRF beamline BM20.%” The incident energy was selected using the (111) reflection from a
double Si crystal monochromator. XANES spectra were measured in high energy resolution
fluorescence detected (HERFD) mode using an X-ray emission spectrometer.’® The sample,
analyser crystal, and photon detector (Si drift detector) were arranged in a vertical Rowland
geometry. U M4 edge spectra were obtained by recording the maximum intensity of the U Mg
emission line (approx. 3337 eV) as a function of the incident energy, The emission energy was
selected using the (220) reflection of five spherically bent striped Si crystal analysers (1 m bending
radius) aligned at a 75° Bragg angle. The paths of the incident and emitted X-rays through are



were minimised in order to avoid losses in intensity due to absorption. Spectra were processed and
linear combination fitting performed in Athena, part of the Demeter software package.>>*¢ Spectra
of well-characterised specimens of UTi20s, CrUQO4, and CaUO4 were also collected to act as

reference compounds of known U oxidation state (U**, U%*, and U®* respectively).

3. Results

3.1. X-ray diffraction

X-ray diffraction was used to determine the phases present in each composition, which are
summarised in Table 1. A phase with the brannerite structure (UTi206; PDF #01-084-0496) was
formed in all compositions examined except the end-member compositions, i.e. those batched
according to the stoichiometries UTi20¢ and UAI2Os (see Figure 1 and Figure 2). The brannerite
phase was the major crystalline phase identified in materials with nominal stoichiometries of UTiz2-
xAlxOs with 0.4 < x <1.6, inclusive. As the relative Al content increased, the brannerite unit cell
volume decreased, as determined by LeBail refinements (further discussed below).

In the end-member composition UTi20e6 the only crystalline phases present were TiO2 (rutile;
PDF #01-070-7347) and U30Os (PDF #04-006-7307), in agreement with literature reports of the
attempted synthesis of UTi20e in air.® The nominal end-member composition UAI20s comprised
only Al203 (corundum; PDF #04-006-3495) and U3Os.

At low Al incorporation, in nominal composition UTii.8Alo20es, a relatively small amount of
brannerite phase was formed, and TiO2 and U3Os remained the major components. For nominal
compositions in the range UTi2xAlxOs 0.4 < x <1.0, U3Os was no longer observed as an accessory
phase. Compositions with x > 1.0 contained increasing amounts of U30s, Al203 and Al2TiOs. TiO2
(rutile) was observed in all samples with as-batched Ti / Al > 1, ie. those with nominal
compositions from UTi20¢ to UTi1.2Al0.80e; the relative amount of TiO2 present decreased from a
maximum in UTi20e, to only a trace amount in UTi1.2Alo.806.

AlO3 and AlTiOs (PDF #00-041-0258) were also observed as accessory phases in some
compositions. Al2O3 was observed in increasing amounts in all samples with nominal Al
incorporation of 0.8 < x < 2.0 (i.e. UTi1.2Al0806 to UAL2O¢). Al2TiOs, with a pseudobrookite

structure, was observed alongside Al203 in nominal compositions UTi1.2Alo.806 and UTi1.0Al1.00s.



Table 1: Phases identified in the XRD patterns of materials with nominal compositions in the system UTi,-

«AlOg heat treated in air. The relative amounts of the phases present, in terms of major, minor and trace

amounts, have been inferred from examination of the relative intensities of the reflections indexed to each

phase present. The compositions of the brannerite phases present in each material as derived from semi-

quantitative EDX measurements are also shown.

Nominal X in . . . Brannerite
UTirs AL O¢ Brannerite U304 TiO; AlLOs  ALTiOs composition (EDX)
0 - Major  Major - - N/A
0.2 Major Major Major - - Uo‘93(6)Ti1‘64(3)A10_36(3)06
04 Major - Major - - U1‘04(6)Ti1‘53(3)A10_47(3)06
0.6 Major - Minor - - U1‘05(6)Ti1‘46(3)A10_54(3)06
0.8 Maj or - Trace Trace Trace U1_06(6)Ti1_40(3)A10_60(3)06
1.0 Maj or - - Trace Trace U1‘09(6)Ti1‘29(3)A10_71(3)06
1.2 Maj or Minor - Minor - U1‘00(6)Ti1‘27(3)A10_73(3)06
14 Maj or Minor - Minor - Uo‘gg(é)Ti1‘22(3)A10_73(3)06
1.6 Major Maj or - Major - U0_91(6)Ti1_01(3)A10_99(3)06
1 8 Minor Maj or - Major - U0_89(6)Ti1_00(3)A11_00(3)06
2.0 - Major - Major - N/A
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Figure 1: X-ray diffraction patterns of materials with nominal compositions in the system UTizxAlxOs,

where 0 <x < 1. Only those compositions that formed brannerite are shown. Tick marks above display the



positions of reflections of a brannerite structure with unit cell parameters approximating those of UTiAlOe.
Reflections indexed to non-brannerite phases are marked with symbols: yellow circle, UsOg; green circle,

TiO; (rutile); red square, Al,O3 (corundum); blue square, Al,TiOs.
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— 110
— 202
— 11
— o002
— 201

Intensity (a.u.)

Figure 2: X-ray diffraction patterns of materials with nominal compositions in the system UTizxAlxOs,
where 1 <x <2. Only those compositions that formed brannerite are shown. Tick marks above display the
positions of reflections of a brannerite structure with unit cell parameters approximating those of UTiAlOe.

Reflections indexed to non-brannerite phases are marked with symbols: yellow circle, UsOg; green circle,

TiO; (rutile); red square, Al,O3 (corundum); blue square, Al,TiOs.

3.2. Neutron diffraction

Time of flight neutron diffraction data were acquired from near single phase material with
nominal composition UTiioAli.0Os and were analysed by Rietveld method refinements. The
structure of UTi20¢ was used as the starting model for the structure refinement,*” with the unit cell
parameters initially set at the values calculated from a LeBail method analysis of X-ray diffraction
data (see Section 3.4). The background was fitted using a six term shifted Chebyshev polynomial,

followed by systematic refinement of profile and structure parameters until a satisfactory fit was



achieved. Two minor impurity phases were identified in the neutron diffraction pattern, Al2O3
(corundum; PDF #04-006-3495; 4.8(1) wt.%) and UsOs (PDF #04-006-7307; 8.9(5) wt.%); the
structures of both were included in the refinement.

The refinement rapidly converged to an excellent fit (Rwp4.90%, %> 2.041) with 57 variables,
33 of which were structural parameters of the brannerite phase. The final structural parameters and
fit are shown in Table 2 and Figure 3 respectively. The Ti / Al ratio was allowed to refine under
constraint of full site occupancy and the U site occupancy allowed to refine, affording the
composition UTii.231)Alo.77(7)Os (no change in U site occupancy occurred during refinements).
This implies an average U oxidation state of 4.8+, in reasonable agreement with the EDX
determined composition of Uti.096)T11.293)Al0.713)06, and the X-ray absorption spectroscopy
determination of average oxidation state discussed below.

In comparison to the UTi2Os structure reported by Szymanski and Scott*’, the unit cell
parameters and overall unit cell volume are smaller, as expected from ionic radii considerations
arising from substitution of AI** (0.675 A) for Ti**(0.745 A), and charge compensation by
oxidation of U*" (1.03 A) to U%" (0.90 A; ionic radii are for 6-fold co-ordination*’). The UQOs
octahedra are relatively compact in UTii231)Alo.77(1)0s, with an average U-O bond length of
2.2034(3) A, compared to 2.2813 A in UTi20s, and more distorted relative to a regular octahedron
(quadratic elongation, 1.052(1) and bond angle variance 169.4(3) °; compared to 1.047(2) and
156.1(3) °2 for UTi20).

The BOg octahedra in UTii.23(1)Alo.77(1)Os also displayed a similar compaction and increase in
distortion compared to the TiO¢ octahedra in UTi20s. The average (Ti,Al)-O bond distance in
UTii23mAlo77000s was 1.9406(3) A (compared to 1.9625 A in UTi20s), with a quadratic
elongation of 1.037(1) and bond angle variance of 116.4(3) °* (1.035(2) and 110.6(3) °2
respectively for UTi20¢). These structural changes are linked to the decreases in ionic radii of both
U (on partial oxidation from U*" to U°") and B (as Ti*" is partially substituted by Al*").
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Figure 3: Rietveld refinement fit (yca; red line) of the neutron time-of-flight diffraction pattern (yoss; black
circles) of a material with as-refined composition Uy oo1)Ti1231)Alo.771)Os, the difference plot is shown
below (yay; blue line). The allowed reflections for the three phases present (UTii231yAlo.771yOs, U3Os,

Al>,O3) are shown as black tick marks.

Table 2: Structural parameters of a material with as-refined composition UTi1231)Alo.77(1)Os, as determined

from time-of-flight neutron powder diffraction data.

C2/m(12)  a:9.68255(3) A b:3.68910(1) A  ¢:6.69628(2) A B: 118.548(1)°  V:210.108(1) A’
z floce) Ui U Us; Uis
0 1 122(5) 0404) 0.97(6)  0.53(5)
0.3858(12) 0.614(4) 2.18(5) 1.09(4) 1.23(4)  1.05(3)
0.3858(12) 0.386(4) 2.18(5) 1.09(4) 1.23(4)  1.05(3)

Atom  Site X
U 2a 0
Ti 4i 0.8255(9)
Al 4i 0.8255(9)

y
0
0
0
0
0
0
o 4.

o) 4 0.9779(1) 0.3026(2) 1 097(5) 1.084) 1.08(6)  0.49(5)

o) 4 0.6487(1) 0.1008(2) 1 1.035)  1.10(4) L1155  0.32(4)

0 4 0.2815(1) 0.4033(2) 1 146(5) 042(4) 1.76(5)  1.13(4)
¥ 2.04 90% R, 4.50% Uaniso X 100 A2

3.3. SEM-EDX

Scanning electron microscopy (SEM) with coupled energy dispersive X-ray spectroscopy
(EDX) was primarily used to investigate the compositions of the brannerite phases formed within
the multiphase products described above. The microstructures of the produced materials were also

examined by backscattered electron imaging.



All samples were porous and poorly sintered, with some pores large enough to have filled with
epoxy resin during sample preparation. Compositions that were near single phase brannerite
exhibited the lowest porosity, but with evident accessory phases of Ti and Al oxides (e.g. the
material with nominal composition UTii.0Ali.00¢, see Figure 4b). Compositions identified as
producing grossly multiphase products contained many large pores (e.g. the material with nominal
composition UTio.4Al1.60s, see Figure 4c).

Semi-quantitative energy dispersive X-ray spectroscopy (EDX) was used to examine the Ti:Al
ratios of the brannerite phases produced (see Table 1). The Al content of the brannerite phase was
found to increase alongside the increase in nominal Al content (i.e. as x in UTi2xAlxOs increased
from 0.2 to 1.8). The brannerite with the highest Ti content was produced in the material with
nominal composition UTiisAlo20s, and was rich in Al compared to the overall batch
stoichiometry, with a determined composition of Uo.936)Ti1.64(3)Al0.36(3)Os.

The nominal composition UTii0AlioOs produced a brannerite phase with determined
composition U1.096)Ti1.203)Al0.713)O6. This suggested that some U*" remained after heat treatment,

13" was present to charge-compensate the presence of U* only. This was in

as insufficient A
agreement with the average U oxidation state determined by U L3 (U**V*) and HERFD U M4 edge
(U*77@*) XANES, and the evident U*" contribution to the HERFD U M4 XANES, as discussed
below.

The brannerites produced in nominal compositions with the highest Al incorporations,
UTi04Ali.60s and UTio2Ali.sOs, had, within error, the same determined compositions
Uo.91(6)T11.013)Al0.993)06 and Uo.89(6) T11.003)Al1.003)O6 respectively. Following the expected charge
compensation of U*" + Ti*" for U>* + AI*", this suggested that all U in these brannerite phases was
present as U°", charge-balanced by 1 f.u. of AI**. As both compositions produced brannerites of
the same stoichiometry, the limit of Al solid solubility in the air-fired system UTi2xAlxOs is at x

= 1, where half of the Ti*" is substituted for AI**.

(a) x = 0.4 - UTy, 53Al5 4,04 (¢) x = 1.6 - UTi; 5,Aly5904
- : 3 T
4 )

y - ]
AL D7.6 x1.0k 100 um AL D7.8 x1.0k 100 um

Figure 4: Representative SEM micrographs of materials with nominal compositions in the system UTi,-

AlOg: (a) x = 0.4; (b) x = 1.0; and (c) x = 1.6. Brannerite is present in all micrographs as the brightest

11



phase in (a, b); and second brightest in (c). Some regions of the other phases present are marked with: black
circle, U3zOg (c, white); green circle, TiO, (a, dark grey); red square, Al,O3 (b, c, dark grey). The darkest

regions of each micrograph are pores.

3.4. U L3 and HERFD M4 edge XANES

The charge compensation mechanism in the UTi2-xAlxOe solid solution was investigated by X-
ray absorption spectroscopy at the U L3 and HERFD Ma edges. Initially, conventional U Lz edge
XANES were acquired in transmission mode from all compositions using a laboratory X-ray
spectrometer, providing a convenient survey of the average U oxidation state. These data were
utilised to guide acquisition of high resolution fluorescence detected (HERFD) U Mua-edge
XANES from selected compositions of particular interest, to determine the specific contributions
of U*, U* and U®* to average U oxidation state.*! HERFD XANES is of particular use at the U
M edge as the high resolution is sufficient to directly differentiate the chemical shifts of U*+, U,
and U® species, where a mixed U*/U®" sample may have a similar L3 edge spectrum to material
containing U>* only.

In U L3 edge XANES, the energy position of the absorption edge is correlated with the oxidation
state of the U absorber species. In this work, the position in energy of the edge, Eo, was taken as
the energy at half the edge step. The Ls-edge spectra of two well-characterised brannerite-
structured reference compounds, U*Ti206 and U>*05YbosTi206, were also measured, with Eo
values of 17164.72 eV and 17166.23 eV respectively. The spectra of the UTi2xAlxOs compositions
examined here had Eo values close to that of the U>* brannerite reference (see Figure 5a),
suggesting the majority of U was present as U>*. Linear interpolation of the measured Eo values
with respect to U oxidation state was performed, with all compositions having average U oxidation
states of 4.7+ or higher (see Table 3).

Further analysis of the U L3 edge spectra was limited by both the instrumental resolution and
the multiphase nature of some compositions. For example, composition UTio2Al1.806 contained a
significant fraction of U in U3Os (average U oxidation state of 5.33). To further elucidate the trend
in U oxidation state in these materials, HERFD (high energy resolution fluorescence detected) U
Ma edge XANES were acquired on selected UTi2-xAlxOe compositions containing no (x = 0.6, 1.0)
or little (x = 1.2) U3Os.

Examination of the HERFD M4 edge spectra (see Figure 5b) showed that the majority of U in
all compositions was present as U>*, with a smaller fraction of U*, in excellent agreement with
the laboratory U L3 edge XANES. Linear combination fitting (LCF) of the spectra was undertaken
to obtain a better qualitative description of the average U oxidation state, utilising the spectra of
UTi206, CrUO4, and CaUQOs4 as reference compounds of known oxidation state. The best fits

obtained for each spectrum are shown in Figure 5c, d, and e (the refined fraction of CaUO4 in each
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fit was zero). The contribution of UTi20e¢ to the fit was highest for the nominal composition
UTi1.4Al0.606 (determined composition U1.os6)Ti1.463)Alo.543)06), suggesting this material had the
lowest average U oxidation state. Similarly, the best fit of the spectrum of composition
UTio.8Al1206 (determined composition Ut.0o6)T11.273)Al0.733)06) had smallest contribution from
UTi20e6, suggesting this material had the highest average U oxidation state. The fit of the spectrum
of composition UTi1.0Al1.006 (determined composition U1.096)Ti1.293)Al0.713)O6) had a contribution
from UTi206 approximately halfway between those of (nominal composition) UTi1.4Alo.6Os and
UTi0.8Al11.20e.

The overall trends observed in the spectra of both U HERFD M4 and L3 edge XANES suggest
that the U oxidation state in these materials is primarily controlled by the concentration of Al**
substitution on the Ti*" site. This is in agreement with observations of previously reported mixed
U site substituted brannerites.'>!**! There was no evidence to support the presence of significant

U in the U HERFD M4 edge XANES.

Table 3: Tabulated data extracted from U L; and HERFD M, edge X-ray absorption spectra of materials
with nominal compositions in the system UTi>.xAlxOs. Eo was defined as the energy position at half the
edge step of the Ls;-edge spectra; mean oxidation states were calculated from a linear regression of the three
materials of known valence: UTi2O¢, UosYbosTi2Os, and the material with nominal composition UAL,Os

containing U3Os as the only U-bearing phase.

Nominal x in  Brannerite composition Eo of L3 L3 edge mean LCF LCF M, edge mean
UTi,.<AlO¢ (EDX) edge (eV) U ox. state f(UTi,06)  ACrUOy) U ox. state
0.2 Uo.ose) Ti1643Alo36306  17166.34 5.0(1) - - -

04 UioaeTi1533)Aloa7306  17166.30 5.0(1) - - -
0.6 Uiose) Ti1463)Alos54306  17166.24 4.9(1) 0.901 0.303 4.75(2)
0.8 Ui.os6)Ti1.40)Alo603 06  17166.26 4.9(1) - - -
1.0 Ui Ti1203Alo71306  17166.07 4.8(1) 0.917 0.281 4.77(2)
1.2 Ui oo Ti1273)Alo73306  17165.81 4.7(1) 0.934 0.243 4.79(2)
1.4 Uo.ose) Ti1.223)Alo 78306 17166.04 4.8(1) - - -
1.6 Uooi6)Ti1.013)Alo.9930s  17166.33 5.0(1) - - -
1.8 Uosoe Ti1.003)AlLoo30s  17166.64 5.2(1) - - -
2.0 (U305 formed) 17167.03 533 - - -

- UTi,0¢ 17164.72 4 - - -

- Uo5YbosTi206 17166.23 5 - - -
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Figure 5: XANES spectra of materials with nominal compositions in the system UTi,<AliOs. (a) Overlaid
U L; edge XANES spectra of UTi,<AlOs (x s 0.6, 1.0, 1.2, 2), with UTi,0¢ and Uy sYbosTi2O¢ reference
compounds (for U*" and U’* respectively). (b) Stacked U HERFD M, edge XANES spectra of select
compositions, with UTi,0s, CrUQ4, and CaUQ4 reference compounds (for U*, U*", and U respectively).
(c, d, e) linear combination fits (red dashed lines) of UTi,.xAlxOs compositions with x = 0.6, 1.0, 1.2, with

compositions determined from EDX measurements inset.
3.5. Changes in brannerite phase crystal chemistry

The unit cell parameters of the brannerite compositions were determined using LeBail method
refinements of powder XRD patterns. Compositional information was derived from semi-
quantitative EDX measurements to aid in determining the actual stoichiometry of the brannerite
phases formed. For the purpose of quantifying the trends observed and allowing for comparison
between compositions, an average cation radius was calculated, with the assumption that each

13* charge-balanced the equivalent amount of U°".

formula unit of A
As the average ionic radius decreased with increasing AI** (6-coordinate crystal radius of AI**,
0.675 A and Ti*", 0.745 A*’) and U* contents (6-coordinate crystal radii of U**, 1.03 A and U,

0.9 A*), the b and ¢ unit cell parameters and the overall unit cell volume decreased near linearly
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(6/max of 0.62%, 0.94% and 1.80% respectively). The a unit cell parameter also decreased, but
the observed trend was not directly correlated with the decrease in average ionic radius and was of
a lower relative magnitude (8/max of 0.40% in the brannerites reported here). This is in good
agreement with previous reports of the trends observed in U-site doped brannerites, where cation
size does not have a strongly correlated effect on the a parameter.'”'® The observed angle B
exhibited a small and linear increase as the average ionic radius decreased; this corresponds to a
decrease in overall unit cell volume.

The brannerite structure, AB20e, is formed of corrugated sheets of edge-sharing (BOs) distorted
octahedra connected by chains of (AQOs) octahedra parallel to the b-axis. The geometry of the (BOe)
sheets is complex, but can be described as two-wide ‘zig-zag’ chains of edge-sharing (BOe)
octahedra parallel to the b-axis connected by edge-sharing with neighbouring (BOe) chains, with
the ensemble overall parallel to the a-axis (similar arrangements of octahedra are observed in the
TiOz-anatase structure). See Figure 6 for a representation of the structure.

On consideration of the crystal structure, it is apparent that the decrease in average cation size
caused by the substitution of Ti** with Al** (and the associated change in average U oxidation
state) has differing impacts on the three unit cell length parameters (see Figure 7 and Table 4). The
strong correlation with the b parameter appears to be primarily caused by the edge-sharing (AOe)
chains directly parallel to b, with the ‘zig-zag’ (BOe¢) chains having an additional, but lesser
contribution. Changes in the ¢ parameter are primarily controlled by the (AOs) octahedra, as the
O1-A-Ol1 bonds are parallel to the c-axis, with changes in bond length causing corresponding
changes in the spacing of the (BOs) sheets. The lack of strong correlation between average cationic
radius and the a parameter is likely due to the tilting of the ‘zig-zag’ (BOs) chains relative to the a
axis: these rigid chains are parallel to b, but, though the overall sheets are parallel to a, the
individual chains are out of plane. This suggests, in agreement with the trends observed here and

in the literature, that the changes in the a parameter are the result of subtle structural changes.
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Figure 6: A polyhedral representation of the UTi,Os brannerite structure, as reported by Szymanski and
Scott*, with (AOg) octahedra in grey, (BOs) octahedra in light blue, and O atoms in red. The diagram shows
a 2x2x2 unit cell ensemble. Produced in the VESTA software package**.
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Figure 7: Plots of a, b, and c unit cell parameters and overall unit cell volumes for the brannerite structured

phases present in materials with nominal compositions of UTi» AlxO¢ with 0.2 < x < 1.8 (labelled). The

overall average cationic radius for each brannerite was calculated as a weighted average of the cation radii,

with relative cationic abundances from EDX measurements (U”* content presumed equal to A

13+

content).
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Table 4: Unit cell parameters and EDX derived approximate compositions for the brannerite structured
phases present in materials with nominal compositions UTi».«AlxOs. Unit cell parameters were calculated
using LeBail method refinements of XRD patterns. The unit cell parameters of U*Ti,Os, as previously

reported in the literature®, are included for comparison.

I;Ij(’)rnilzl_l:ilf 01:)1 Brannerl(tg ];())(n)lposmon a(A) b(A) c (&) B () VE)IAu;)ne 57:[), ”
0.2 Uooze Tires3)Alose3Os  9.7293(3) 3.7047(1) 6.7411(2) 118.53(1) 213.46(2) 7.10 1.426
0.4 Uioae Ti1533)Aloa7306  9.7196(2) 3.7004(1) 6.7284(2) 118.55(1) 212.58(1) 7.62 1.509
0.6 UioseTiras3)Aloss3Os  9.7064(2) 3.6958(1) 6.7164(2) 118.54(1) 211.67(1) 8.12 1.667
0.8 Ui os6) Ti1403)Alo603 06 9.6981(3) 3.6940(1) 6.7137(2) 118.55(1) 211.28(1) 9.75 2.141
1.0 Ui o9 Ti1203)Alo71306  9.6993(2) 3.6920(1) 6.7040(1) 118.56(1) 210.86(1) 7.85 1.621
1.2 Ui oo Ti1273)Alo73306  9.6908(2) 3.6885(1) 6.6931(1) 118.55(1) 210.15(1) 6.79 1.587
1.4 Uoose Ti1.223)Alo78306  9.6943(2) 3.6871(1) 6.6889(1) 118.56(1) 210.00(1) 8.08 1.820
1.6 Uooi6Ti1013)Alnge3 O 9.7017(2) 3.6853(1) 6.6856(2) 118.56(1) 209.94(1) 7.90 1.858
1.8 Uogoe Ti1.003)AlLoo3 s 9.7088(5) 3.6818(2) 6.6780(3) 118.58(1) 209.63(2) 8.96 2.073
- UTi,06" 9.8123 37697 69253 11896  224.14 - -

4. Discussion

In agreement with the previously reported solid solubility of Fe in air-fired brannerites*, AI**
is highly soluble in the brannerite structure. From the phase assemblages produced in this work it
is apparent that, whilst the solubility of AI** is closely related to the average U oxidation state,
when synthesised in an air atmosphere the structure is chemically flexible, supporting varied Al**
content and mixed U*>* oxidation state. Initially it was expected that the addition of greater than
1 fu. of AI** would allow for charge compensation of a fraction of U®, supported by both
sufficient charge-balancing species and the decrease in unit cell size; however, there was no
evidence of brannerite U oxidation states greater than 5+ from either the U L3 or HERFD Ma-edge
XANES, and no evidence of any U%" contribution to HERFD Ms-edge XANES.

The use of a lower valence Ti-site dopant has allowed for close examination of changes in the
crystal chemistry of the brannerite structure. The observed changes in the unit cell parameters are
similar to those reported for U-site doping, with b, c, and the overall unit cell volume being strongly
correlated to the average cationic radius, with the a parameter having a secondary response only.
Due to ionic size considerations, it is expected that Al** was present on the Ti** site only, though
further characterisation of the cationic coordination environments is necessary. The addition of up
to 1 f.u. of AlI** and U’ into the brannerite structure results in an increase in relative B-site cationic

radius, as evidenced by an increase in the ratio r(B)/r(A) from 0.723 in stoichiometric UTi20s, to
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0.789 in the sample with nominal composition UTi0.2Al180s (brannerite composition approx.

Uo.89¢6)T11.003)Al1.003)Os).
5. Conclusions

This investigation has synthesised and characterised a novel U*" brannerite with composition
Ur.ooTi1.231)Alo.77(1)Os. The structure of this material was examined using TOF powder neutron
diffraction, with AI** substitution on the Ti-site leading to shrinkage of the unit cell and increased
distortion of the UO¢ and (Ti,Al)Os octahedra compared to UTi20e.

The compositional system UTi2xAlxOs was synthesised at 1400 °C under an air atmosphere,
producing multiphase samples containing Al-doped brannerites as the major phase. The crystal
chemistry of the brannerite phases produced has been examined, utilising LeBail method
refinements of XRD data and U L3 and HERFD M4 edge XANES. The trends observed are in
excellent agreement with those previously observed in U-site doped brannerites, with cationic sizes
having a strong, linear effect on the b and c unit cell parameters, as well as the overall unit cell
volume.

The brannerites produced display a relatively wide compositional range, with EDX-derived
compositions from Uo.v36) Ti1.643)Alo363)06 to  Uo.soe) Tir.003)Al1.003) 06, demonstrating an

1** content and U oxidation state,

unexpected degree of chemical flexibility with respect to A
despite the oxidising process atmosphere. The average U oxidation state in the brannerite phases
increased towards U>" as the relative amount of Al** increased.

The use of a high fraction, lower valence Ti-site dopant to charge balance U>* has been

13+

successfully demonstrated, with additions of Al°* stabilising the brannerite structure when fired in

1** in the

air, whilst allowing for retention of the full U content. The limit of solid solubility of A
air-fired system UTi2-xAlxOs has been inferred to be when x = 1. No evidence for the possibility

of Al content higher than 1 f.u., charge-balancing U®", in the brannerite structure was found.
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Synopsis:

The synthesis, characterisation and crystal structure of new U(V) dominant brannerite in the
system UTi2xAlxOe are reported, utilising neutron diffraction and laboratory U L3 and synchrotron
HERFD M4 edge XANES to examine the produced materials. This is the first comprehensive study
examining the use of a Ti-site dopant to stabilise U* in the brannerite structure, allowing for
retention of the brannerite structures high U loading whilst still permitting the materials to be fired

in air.
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