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Abstract

Brannerite, ideally MTi2O6, (M¼ actinides, lanthanides and Ca) occurs in titanate-based ceramics proposed for the

immobilization of plutonium. Standard enthalpies of formation, DH 0
f at 298 K, for three brannerite compositions (kJ/

mol): CeTi2O6 ()2948.8� 4.3), U0:97Ti2:03O6 ()2977.9� 3.5) and ThTi2O6 ()3096.5� 4.3) were determined by high

temperature oxide melt drop solution calorimetry at 975 K using 3Na2O � 4MoO3 solvent. The enthalpies of formation

were also calculated from an oxide phase assemblage (DH 0
f-ox at 298 K): MO2 + 2TiO2 ¼MTi2O6. Only UTi2O6 is en-

ergetically stable with respect to an oxide assemblage: U0:97Ti2:03O6 (DH 0
f-ox ¼ �7:7� 2:8 kJ/mol). Both CeTi2O6 and

ThTi2O6 are higher in enthalpy with respect to their oxide assemblages with (DH 0
f-ox ¼ þ29:4� 3:6 kJ/mol) and

(DH 0
f-ox ¼ þ19:4� 1:6 kJ/mol) respectively. Thus, Ce- and Th-brannerite are entropy stabilized and are thermody-

namically stable only at high temperature.

� 2003 Elsevier B.V. All rights reserved.
PACS: 65.50.+m; 61.16.Bg; 61.66.)f
1. Introduction

Brannerite, nominally MxTi3�xO6, where 0:7 < x <
1:1 and M¼U, Th, Ce, Ca, is a common accessory

phase found in uranium ore deposits and is one of the

principal uranium ore minerals [1–3]. Synthetic branne-

rite also occurs as a minor phase in the actinide-rich

formulations of Synroc, a titanate ceramic proposed for

the immobilization of high level radioactive waste [4]. In

some formulations brannerite comprises up to 30 wt% of
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a pyrochlore-based ceramic waste form proposed for Pu

immobilization [5–7]. Despite the importance of

brannerite as an actinide-host in titanate waste forms,

the thermodynamic data for this phase have previously

been poorly constrained [3]. Brannerite is susceptible to

radiation-induced amorphization from alpha-decay of

actinides, and damage accumulation models require a

knowledge of relevant thermodynamic parameters as a

function of composition [8,9].

The structure of brannerite (C2/m) consists of sheets

of edge-sharing TiO6-octahedra parallel to the b-axis
(Fig. 1, top) [1]. The TiO6-octahedral sheets are dis-

torted so as to resemble the structure of anatase, TiO2,

with the TiO6 polyhedra connected by columns of
erved.

mail to: kbhelean@ucdavis.edu


Fig. 1. The crystal structure of brannerite. TiO6-octahedra

share edges to form a zig-zag layer similar to the anatase

structure. The large A-site cations (Ce, U, or Th) occupy oc-

tahedral sites in the interlayer.
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UO6-octahedra (Fig. 1, bottom). The UO6-octahedra

are nearly regular in shape and share edges much like the

octahedra in rutile [11]. Each Ti-octahedron shares three

edges with other Ti-octahedra and three corners with

U-octahedra. Ce and Th can substitute onto the U-site

with little additional distortion of the octahedra [1].

Cerium is commonly used to estimate the properties

of solids containing plutonium owing to their similar

ionic radii (Ce(IV)¼ 0.087 nm; Pu(IV)¼ 0.086 nm for

CN¼ 6) [10]. The compound CeTi2O6 is isostructural

with PuTi2O6 [12,13]. In this study a calorimetric in-

vestigation of CeTi2O6 was undertaken in order to es-

timate the thermodynamic properties of PuTi2O6.

Natural brannerite samples typically contain a

number of cations in solid solution on both the U- and

Ti-sites [3,8,14,15]. Typical compositions consist of Pb,

Ca, Th, Y, Ce on the U-site and Si, Al, Fe on the Ti-site

[1,15,19]. Invariably, natural brannerite is metamict

(aperiodic) due to radiation damage caused by alpha-

decay events of the constituent U, Th and radionuclides

in their decay chains [1,20,21]. Radiation damage in

waste form phases generally causes swelling, resulting in

microfracturing that in turn reduces the chemical dura-

bility of natural brannerite by the increased leachability
of the aperiodic material and by increasing the total

leachable surface area [8,9].

The uranium in natural brannerite is almost always

partially oxidized [3]. With complete oxidation, i.e.,

U(IV) to U(VI), brannerite decomposes to UTiO5 and

TiO2 according to the reaction: 2UTi2O6 +O2 !
2UTiO5 + 2TiO2 [16,17]. UTiO5 has been reported to be

sub-stoichiometric, containing some U(V) [18]. This

suggests that natural brannerite may contain U(V) as

well as U(VI). A recent study reported that when alio-

valent cations substitute for uranium in synthetic

brannerite, charge balance is maintained by the oxida-

tion of U(IV) to U(V) [11]. An absorption band at 1448

nm, using diffuse reflectance spectroscopy, was observed

in Ca- and Gd-doped U-brannerite that was attributed

to an electronic transition in U(V) [11]. Therefore,

aliovalent uranium is possible in synthetic brannerite

samples with charge compensation provided by impurity

cations. X-ray absorption near edge structure (XANES)

was used to determine the oxidation state of U in the

brannerite sample in this study.

The purpose of this study is to experimentally de-

termine the enthalpies of formation of three brannerite

compositions: CeTi2O6, UTi2O6 and ThTi2O6. Because

they are refractory, high temperature oxide melt solution

calorimetry was used to measure the heats of solution

for the compounds and their binary oxides. These data

were used to estimate the enthalpy of formation of

PuTi2O6 and to assess the impact on waste form stability

due to the presence of large amounts (up to 30 wt%) of

brannerite [6,7].

2. Sample synthesis

The Ce-brannerite starting material was prepared by

ball-milling stoichiometric portions of the oxides, CeO2

and TiO2, anatase. The mixture was pressed into a pellet

and sintered in air at 1350 �C for >100 h. The

U-brannerite sample was synthesized by sintering the

oxides, UO2 and TiO2, anatase for 300 h in an atmo-

sphere of 5% CO/95% CO2 at 1200 �C. The initial

mixture was slightly enriched in Ti as this was necessary

to achieve a single phase sample, possibly because the

initial anatase contained some water. The Th-brannerite

sample was synthesized by sintering stoichiometric

portions of the oxides, ThO2 and TiO2, anatase. The

mixture was pressed into a pellet and sintered in air at

1500 �C for >100 h. Synthesis results were confirmed by

powder X-ray diffraction analysis.

3. Analytical methods

3.1. X-ray powder diffraction

X-ray powder diffraction (XRD) was conducted

using a Scintag PAD-V diffractometer with a Cu-anode



K.B. Helean et al. / Journal of Nuclear Materials 320 (2003) 231–244 233
and an accelerating voltage of 45 kV over an angular

range, 2h ¼ 15–90� and 0.02� step size with a dwell time

of 7 s. Rietveld analysis of the XRD data was completed

using both the general structure analysis system (GSAS)

and the RIQAS system [19,22].

3.2. Electron microprobe analysis

Quantitative chemical analysis was obtained using

a Cameca SX50 electron microprobe (EMPA) with

wavelength dispersive spectroscopy (WDS), an acceler-

ating voltage of 20 kV, a probe current of 10 nA and a

spot size of 1 lm. The following analytical standards

were used: U-metal, thoria (ThO2), cerianite (CeO2) and

rutile (TiO2).

3.3. X-ray absorption near edge structure spectroscopic

analysis

In order to evaluate the oxidation state of U in

U-brannerite, shifts in the U LIII-edge were measured

using XANES spectroscopic analysis. XANES mea-

surements were completed at the Stanford Synchrotron

Radiation Laboratory (SSRL) on wiggler beamline 4-3

using a Si(2 2 0) monochrometer in the / ¼ 0� orienta-

tion. Data were collected in transmission mode at room

temperature with the sample perpendicular to the beam.

Energy was calibrated using a Y-metal foil; the first in-

flection points of the Y K-absorption edge was set at

17 038 eV. Data were processed using EXAFSPAK [23].

The following analytical standards were used: UO2:08 (a

U(IV) standard) and c-UO3 (a U(VI) standard).

3.4. High-resolution transmission electron microscopy

High-resolution transmission electron microscopy

(HRTEM) was used to assess the crystallinity of the

synthesized brannerite samples. A JEOL 2010F electron

microscope with a field emission source at the University

of Michigan was used at an accelerating voltage of

200 kV. Both bright-field and high-resolution imaging

were used to characterize the nanoscale-structure of the

samples. Samples were prepared by polishing to thin,

electron-transparent wedges using an Ar-ion mill.

3.5. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) was per-

formed using a JEOL 2010F equipped with a Gatan

Imaging Filter (GIF) at the Australian Nuclear Science

and Technology Organization. Using an operating

voltage of 197 kV, spectra were collected for the Ce

MIV;V, U MIV;V and Ti LII;III edges in Ce-brannerite and

U-brannerite. For comparison, additional spectra were

obtained from reference samples, including TiO2, Ti2O3,
CeO2, CePO4, UO2 and CaUO4. Data were acquired in

image diffraction mode using pixel dispersions of 0.1–1.0

eV, depending on the element. The spectra for Ti also

include the O K edge at 532 eV, which is used as an

internal calibration of the energy scale. Based on mea-

surements of the full width at half maximum of the zero

loss peak, the energy resolution is approximately 1.0 eV.
4. Sample descriptions

4.1. Ce-brannerite: CeTi2O6

The refined lattice parameters for the Ce-brannerite

sample are similar to those reported for stoichiometric

UTi2O6 (Table 1) [1]. There is a slight (0.003 nm, 0.2%)

increase in the a-parameter and a corresponding de-

crease in c (0.002 nm, 0.5%). This indicates a slight

distortion of the octahedral M-site in order to accom-

modate the smaller Ce-ion. The refined lattice parame-

ters suggest that, within the anatase-type TiO6 layer, a

lengthening of bonds occurs in the a-direction. This is

apparently necessary to compensate for the reduction of

the c-parameter that results in bringing the anatase-type

layers closer together.

One impurity phase, CeO2, was identified by XRD.

Quantitative phase analysis using the Rietveld method

indicated that the Ce-brannerite sample consisted of

0.976(2) weight fraction CeTi2O6 and 0.024(2) weight

fraction CeO2 (Table 1). Converting to mole percent the

sample consisted of 95.5 mol% CeTi2O6 and 4.5 mol%

CeO2.

The CeO2 impurity was also observed in back-scat-

tered electron (BSE) images (Fig. 2). Semi-quantitative

analysis of digital images indicated that the Ce-branne-

rite sample consisted of 2.5 vol.% CeO2 and 97.5 vol.%

CeTi2O6. Using the calculated densities for CeO2 (7.194

g/cm3) and CeTi2O6 (4.966 g/cm3) the estimated volume

percents were converted to weight percent: 3.6% CeO2

and 96.4% CeTi2O6. This is in reasonable agreement

with the results from powder XRD.

The sample was analyzed using EMPA-WDS against

the following standards, CeO2, cerianite and TiO2, ru-

tile. Oxygen was estimated on the basis of stoichiometry

(Table 2). The measured Ce and Ti contents are, within

error, equal to the expected stoichiometric values. The

Ce-brannerite is therefore, CeTi2O6.

The EELS data (Fig. 3(a) and (b)) demonstrate that

both Ti and Ce are predominantly tetravalent. Fig. 3(a)

shows that the main peak positions of Ti in Ce-

brannerite (460.0, 462.1, 465.4, 467.5 eV) are nearly

identical to those of Ti in the TiO2 reference sample

(459.7, 461.8, 465.1, 467.2 eV) and only minor differ-

ences in the peak amplitudes were observed. For com-

parison, the main LII;III peak positions for Ti in the

trivalent reference sample (Ti2O3) are shifted by about



Table 1

Lattice parameters and quantitative phase analysis for the three brannerite samples determined by Rietveld refinement of powder XRD

data

Phases Brannerite lattice parameters (nm) Weight frxn

a b c b

CeTi2O6 0.98305(5) 0.37536(1) 0.68919(2) 119.203(2) 0.976(2)

CeO2 0.024(2)

ThTi2O6 0.98046(8) 0.38187(3) 0.70229(5) 118.852(5) 0.991(3)

ThO2 0.009(1)

UTi2O6 0.98043(5) 0.37632(2) 0.69152(3) 118.894(4) 0.982(10)

UO2 0.004(0)

TiO2 0.014(1)

Reference dataa

UTi2O6 0.98123(15) 0.37697(6) 0.69253(9) 118.957(6)

Lattice parameters are reported in nm with the error on the last digit in parentheses.
aRef. [1].

Fig. 2. BSE micrograph of the Ce-brannerite sample showing

the presence of cerianite impurity (bright areas) in the Ce-

brannerite matrix (gray). The black areas are pore spaces.
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)2 eV and the two weaker LII;III� peaks on the low

energy side (due to molecular orbital splitting) are

poorly resolved.

Because the O K edge intensity cannot be collected in

the vicinity of the Ce MIV;V edge, the spectra for Ce are

aligned on the Ce MIV edge. Results for Ce are shown in

Fig. 3(b) and reveal that the main peak amplitudes are

nearly identical for Ce-brannerite and the CeO2 stan-

dard. The Ce MIV/MV ratios for the sample and refer-

ence material are both approximately 1.1. For

comparison, the Ce MIV/MV ratio is 0.8 in the trivalent
Ce reference material CePO4. The energy loss fine

structure is similar in both samples, except for the

presence of a distinct peak at approximately 920 eV in

the spectrum of the CeO2 standard. This feature is

probably due to differences in the local coordination

environment around Ce in the two structure types.

The CeO2 impurity was not observed in bright field

TEM images (Fig. 4, top). HRTEM micrographs and

selected area electron diffraction (SAED) indicated that

the CeTi2O6 phase was crystalline with no apparent

structural defects observed on the nanoscale (Fig. 4,

bottom).

4.2. U-brannerite: UTi2O6

The refined lattice parameters for the U-brannerite

sample are slightly less (0.001 nm) than those previously

reported for stoichiometric UTi2O6 (Table 1) [1]. This is

consistent with the U-deficiency observed in the sample

(see below). Two impurity phases, UO2 and TiO2, rutile,

were identified by XRD. Quantitative phase analysis

using the Rietveld method indicated that the U-

brannerite sample consisted of 0.982(10) weight fraction

U-brannerite, 0.004(0) weight fraction UO2 and 0.014(1)

TiO2 (Table 1). This converts to 92.5 mol% U-branne-

rite, 0.6 mol% UO2 and 6.9 mol% TiO2.

The UO2 impurity was also observed in BSE images.

The rutile impurity that was observed in the XRD pat-

tern was not observed by BSE. This could be due to the

presence of fine-grained TiO2 too small to be detected by

the microprobe. Therefore, digital image analysis was

not used to estimate the impurity content of this sample.

The U-brannerite sample was analyzed using EMPA-

WDS against U metal and TiO2, rutile, standards. Oxy-

gen was estimated on the basis of stoichiometry (Table 2).



Table 2

Results of EMPA-WDS analysis for Ce-brannerite, U-brannerite and Th-brannerite

Measured data Nominal values: CeTi2O6

Ave(12) Error

Ce-brannerite

O 28.76 0.19 O 28.93

Ce 42.44 0.34 Ce 42.22

Ti 28.53 0.25 Ti 28.85

Total 99.73 0.60 Total 100.00

Ave(6) Error Nominal values: UTi2O6

U-brannerite

O 21.95 0.15 O 22.34

U 52.68 0.50 U 55.38

Ti 22.25 0.20 Ti 22.34

Total 96.88 0.65 Total 100.00

Ave(12) Error Nominal values: ThTi2O6

Th-brannerite

O 22.45 0.34 O 22.65

Th 54.72 0.98 Th 54.75

Ti 22.31 0.33 Ti 22.60

Total 99.48 1.59 Total 100.00

Data are reported as weight percent element. Averages of measured data are reported. Nominal values are reported for comparison.

Errors are 2r.
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The measured U content was lower by two percent than

the stoichiometric value. The Ti was correspondingly

high. This is consistent with observations that natural

U-brannerite is commonly uranium deficient and Ti-rich

[13]. The calculated stoichiometry of the U-brannerite

was U0:97Ti2:03O6:00.

The XANES spectrum of U-brannerite was com-

pared to UO2:08 (a U(IV) standard) and to c-UO3 (a

U(VI) standard) to evaluate the oxidation state of U in

the sample (Fig. 5). The UO2:08 and the c-UO3 spectra

are consistent with published spectra of UO2þx (x6 0:1)
[24], and UO3 [25]. The shoulder on the high-energy side

of the main absorption edge of c-UO3 is a multiple-

scattering resonance feature characteristic of the axial

oxygen atoms from a uranyl (UO2þ
2 ) group [24]. The

XANES spectrum of the U-brannerite sample is con-

sistent with the spectrum of the UO2:08. Both the edge

position as well as the lack of the resonance feature

characteristic of the uranyl group indicate that the U-

brannerite consists primarily of U(IV) although the

presence of U(V) can not be ruled out on the basis of the

XANES results.

The EELS data (Fig. 3(a) and (c)) also indicate that

Ti and U are predominantly tetravalent in U-brannerite.

Fig. 3(a) shows that the main peak positions of Ti in

U-brannerite (459.6, 462.8, 465.1, 467.2 eV) compare

favorably to those of Ti in the TiO2 standard (459.7,
461.8, 465.1, 467.2 eV). As noted above, these spectra

are quite distinct when compared with the spectrum of

trivalent Ti in octahedral coordination (Ti2O3).

The O K edge is not in the vicinity of the U MIV;V

edge; therefore, the spectra for U are aligned on the U

MIV edge. Fig. 3(c) shows that the U peak amplitudes

are approximately the same for U-brannerite and the

TiO2. The U MIV/MV ratios for U-brannerite and the

TiO2are both approximately 0.6. For comparison, the U

MIV/MV ratio is close to 0.5 in the hexavalent U stan-

dard, CaUO4.

Bright field TEM images revealed the presence of the

TiO2 that was not observed in the BSE images (Fig. 6,

top). HRTEM micrographs and SAED indicated that

the U0:97Ti2:03O6:00 phase was crystalline with no appar-

ent structural defects at the nanoscale (Fig. 6, bottom).

Given the fine-grained nature of the TiO2 impurity as

observed in the bright field TEM image, the EMPA

analysis may represent an average composition for the

U-brannerite and some TiO2 particles. However, the

stoichiometry calculated from the EMPA results indi-

cated that the brannerite was enriched in Ti by only 1.5

mol%. This will have little effect (<0.5 kJ/mol) on the

thermodynamic calculations. Thus, the U-brannerite

sample will be treated as a mechanical mixture of 92.5

mol% U0:97Ti2:03O6:00, 0.6 mol% UO2 and 6.9 mol%

TiO2.



Fig. 3. Electron energy loss spectra for Ti (a), Ce (b) and U (c) in synthetic Ce-brannerite, U-brannerite, TiO2, CeO2 and UO2.
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4.3. Th-brannerite: ThTi2O6

The refined lattice parameters for the Th-brannerite

sample are similar to those previously reported for sto-

ichiometric UTi2O6 (Table 1) [1]. The Rietveld analysis

revealed that the unit cell of ThTi2O6 is slightly ex-

panded by approximately 0.01 nm (2%) along the b and

c directions relative to UTi2O6. This expansion occurs to

accommodate the slightly larger Th-ion.

One impurity phase, ThO2, was identified by XRD.

Quantitative phase analysis by the Rietveld method in-

dicated that the Th-brannerite sample consisted of

0.991(3) weight fraction ThTi2O6 and 0.009(1) weight

fraction ThO2. This converts to 98.7 mol% ThTi2O6 and

1.5 mol% ThO2.

The ThO2 impurity was also observed in BSE images.

Semi-quantitative analysis of the digital images indi-

cated that the sample was composed of 0.60 vol.% ThO2

and 99.40% Th-brannerite. Using the calculated densi-
ties of ThTi2O6 (6.1112 g/cm3) and ThO2 (10.0183 g/

cm3) the estimated volume percents were converted to

weight percents: 99.02% ThTi2O6 and 0.98% ThO2. This

is in excellent agreement with the results from powder

XRD that indicated the sample consisted of 99.1 wt%

ThTi2O6 and 0.9 wt% ThO2.

The Th-brannerite sample was analyzed using

EMPA-WDS against ThO2 and TiO2, rutile, standards.

Oxygen was estimated on the basis of stoichiometry

(Table 2). The measured Th- and Ti-contents were,

within error, equal to the stoichiometric values. The Th-

brannerite sample is considered stoichiometric ThTi2O6

in all subsequent calculations.

TEM bright field imaging indicated that the sample

consisted of Th-brannerite (Fig. 7, top). No impurity

phases were detected. HRTEM-SAED images revealed

extra diffraction spots. These extra spots were attributed

to multiple diffraction along the [1 1 0] direction (Fig. 7,

bottom). The TEM examination indicated that the



Fig. 4. Bright field image (top), and HRTEM image with

SAED pattern (bottom) of Ce-brannerite of the [0 1 0] zone.

The sample consists primarily of the Ce-brannerite phase.

Fig. 5. XANES spectra of UO2:08, a U(IV) standard c-UO3, a

U(VI) standard and U-brannerite. The U LIII edge position

indicates that the U-brannerite sample consists primarily of

U(IV).
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sample is crystalline with no apparent structural defects

at the nanoscale.
5. Calorimetric methods

High temperature oxide melt solution calorimetry

[26,27] was used to measure drop solution enthalpies of

the brannerite samples plus their binary oxide compo-

nents. A Tian–Calvet twin microcalorimeter was used.

The details of its design and operation are described in

detail elsewhere [26,27]. Prior to calorimetry, the powder

samples were dried at 700 �C for a minimum of 1 h. The

exceptions to this were the UO2:08 and the U-brannerite

samples that were dried at 200 �C for 1/2 h to avoid

oxidation of the uranium. The solvent used in this study

was 3Na2O � 4MoO3, at 975 K. Drop solution enthal-

pies, DHds were measured by dropping pellets (�5 mg) of

the powdered samples from room temperature into the
solvent at calorimeter temperature. Thus, these mea-

surements consist of two components, the heat content

of the sample, 298

R T Cp dT , and the heat of solution, DHs

Solution enthalpies, DHs were measured by equilibrating

a pellet above the solvent at calorimeter temperature

before dropping the pellet into the solvent. In this

manner, the heat content of the sample is eliminated

from the signal received by the calorimeter. In both

experiments, oxygen was bubbled through the melt to

aid in the dissolution of the pellets and to provide high

oxygen fugacity that ensured the oxidation of U(IV) to

U(VI) [28]. The calorimeters were calibrated using the

heat content of a-Al2O3 [29]. The measured values of

drop solution enthalpies were used in the appropriate

thermodynamic cycles to calculate the enthalpies of

formation from the oxides. Reference data for the bi-

nary oxides were used to calculate the enthalpies of

formation from the elements [30].
6. Calorimetric results

6.1. Enthalpy of formation: Ce-brannerite

Drop solution experiments using 3Na2O � 4MoO3

solvent at 976 K were conducted for CeO2, TiO2, rutile

and the Ce-brannerite sample (Table 3). The DHds value

for the Ce-brannerite sample was corrected for the CeO2

impurity through a thermodynamic cycle assuming a

mechanical mixture of 0.955CeTi2O6 + 0.045CeO2

(Table 4).



Fig. 6. Bright field TEM image of U-brannerite sample show-

ing two phases U-brannerite and rutile (top). HRTEM micro-

graph of the [0 1 0] zone of the U-brannerite phase (bottom).

Fig. 7. Bright field image (top), and HRTEM image with

SAED pattern (bottom) of Th-brannerite. The sample consists

primarily of the Th-brannerite phase. A superstructure appears

in the SAED and the HRTEM micrograph.

Table 3

Drop solution enthalpies, DHds and solution enthalpies, DHs

used in the thermodynamic cycles

Material DHds (kJ/mol) DHs (kJ/mol)

CeO2 73.39� 1.65(10)

TiO2 58.92� 0.82(16)

Ce-brannerite 157.68� 3.04(5)

UO2:08 )124.62� 2.30(11)

c-UO3 9.49� 1.53(2)

U-brannerite )1.27� 1.91(7)

ThO2 0.89� 0.48(3) )47.92� 2.14(3)

Th-brannerite 98.01� 1.01(4)

Errors are calculated as two standard deviations of the mean.

Data was collected using 3Na2O � 4MoO3 solvent at 976 K.

Number of experiments is in parentheses.
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The DHds value for TiO2 is consistent with previously

published data [31,32]. Prior experiments used the so-

lution calorimetry technique to measure the enthalpy of

solution, DHs by equilibrating the TiO2 above the sol-

vent before mechanically stirring the powder into the

solvent. In order to compare the DHds to DHs for TiO2,

the calculated heat content (48.91 kJ/mol) was sub-

tracted from Hds according to the relationship

DHs ¼ Hds � 298

R 976 CpðTiO2ÞdT . The resulting value of

10.02� 0.82 kJ/mol falls within the range of previously

reported data which ranged from 9.96 to 10.33 kJ/mol

[31,32]. The DHds value for CeO2 in 3Na2O � 4MoO3

solvent at 976 K was previously published and used in a

thermodynamic cycle that gave results consistent with

observed lanthanide orthophosphate enthalpies [33].

The calorimetric data were used in a thermodynamic

cycle to calculate the enthalpy of formation from the

oxides, DH 0
f-ox ¼ þ29:4� 3:6 kJ/mol (Table 4). Using

reference data for the standard enthalpies of formation
from the binary oxides the standard enthalpy of for-

mation for Ce-brannerite was derived, DH 0
f ¼�2948:6�

4:3 kJ/mol (Table 4).



Table 4
Thermochemical cycles for the calculation of the enthalpies of drop solution, DHds (kJ/mol), for the brannerite samples, correcting for impurities, the

enthalpies of formation from the oxides, DH 0
f-ox and the standard enthalpy of formation, DH 0

f at 298 K

Reaction DH (kJ/mol)

(1) DHds Ce-bran (s, 298)! [0.955 CeTi2O6 + 0.045CeO2] (sln, 976) 157.68� 3.04(5)

(2) DHds CeO2 (s, 298)!CeO2 (sln, 976) 73.39� 1.65(10)

(3) DHds TiO2 (s, 298)!TiO2 (sln, 976) 58.92� 0.82(16)

(4) DH 0
f Ce (s, 298) +O2 (g, 298)!CeO2 (s, 298) )1088.68� 1.46a

(5) DH 0
f Ti (s, 298) +O2 (g, 298)!TiO2 (s, 298) )944.75� 1.26a

(6) DHds 0.92UO2 (s, 298) + 0.08UO3 (s, 298)!UO3 (sln, 976) )124.62� 2.30(11)

(7) DHds UO3 (s, 298)!UO3 (sln, 976) 9.49� 1.53(2)

(8) 298H 975 1/2 O2 (g, 298)! 1/2 O2 (g, 976) 9.97a

(9) DH 0
f U (s, 298) +O2 (g, 298)!UO2 (s, 298) )1084.91� 1.00a

(10) DH 0
f U (s, 298) + 3/2 O2 (g, 298)!UO3 (s, 298) )1223.80� 0.80a

(11) DHds U-bran (s, 298)! [0.925U0:97Ti2:03O6 + 0.006UO3 + 0.069TiO2] (sln, 976) )1.27� 1.91(7)

(12) DH 0
f U (s, 298) +O2 (g, 298)!UO2 (s, 298) )1084.91� 1.00a

(13) DHds Th-bran (s, 298)! [0.987ThTi2O6 + 0.013ThO2] (sln, 976) 98.01� 1.01(4)

(14) DHds ThO2 (s, 298)!ThO2 (sln, 976) 0.89� 0.48(3)

(15) DH 0
f Th (s, 298) +O2 (g, 298)!ThO2 (s, 298) )1226.41� 3.51a

Cycle for calculating DHds of CeTi2O6 correcting for impurities

(16) DHds CeTi2O6 (s, 298)!CeTi2O6 (sln, 976)

½DHð1Þ � 0:045DHð2Þ�=0:955 161.65� 3.01(5)

Cycle for calculating DH 0
f-ox of CeTi2O6

(17) DH 0
f-ox CeO2 (s, 298) + 2TiO2 (s, 298)!CeTi2O6 (s, 298)

�DHð16Þ þ DHð2Þ þ 2DHð3Þ +29.6� 3.6

Cycle for calculating DH 0
f of CeTi2O6

(18) DH 0
f Ce (s, 298) + 2Ti (s, 298) + 3O2 (g, 298)!CeTi2O6 (s, 298)

DHð17Þ þ DHð4Þ þ 2DHð5Þ )2948.6� 4.3

Cycle for calculating DHds of UO2 correcting for oxidation

(19) DHds UO2 (s, 298) + 1/2 O2 (g, 976)!UO3 (sln, 976)

½DHð6Þ � 0:08DHð7Þ�=0:92 )136.29� 2.34

Cycle for calculating DH 0
oxidation of UO2

(20) DH 0
oxidation UO2 (s, 298) + 1/2 O2 (g,298)!UO3 (s, 298)

Measured DHð19Þ � DHð7Þ þ DHð8Þ )135.9� 2.8

Reference �DHð9Þ þ DHð10Þ )138.8� 1.3a

Cycle for calculating DHds of U0:97Ti2:03O6 correcting for impurities

(21) DHds U0:97Ti2:03O6 (s, 298)! 0.97UO3 (sln, 976) + 2.03TiO2 (sln, 976)

½DHð11Þ � 0:006DHð19Þ � 0:069DHð3Þ�=0:925 )4.87� 1.91

Cycle for calculating the H 0
f-ox of U0:97Ti2:03O6

(22) DH 0
f-ox 0.97UO2 (s, 298) + 2.03TiO2 (s, 298)!U0:97Ti2:03O6 (s, 298)

�DHð21Þ þ 0:97DHð19Þ þ 2:03DHð3Þ )7.7� 2.8

Cycle for calculating the DH 0
f of U0:97Ti2:03O6

(23) DH 0
f 0.97U (s, 298) + 2.03Ti (s, 298) + 3O2 (g, 298)!U0:97Ti2:03O6 (s, 298)

DHð22Þ þ 0:97DHð12Þ þ 2:03DHð5Þ )2977.9� 3.5

Cycle for calculating DHds of ThTi2O6

(24) DHds ThTi2O6 (s, 298)!ThO2 (sln, 976) + 2TiO2 (sln, 976)

½DHð13Þ � 0:013DHð14Þ�=0:987 99.29� 1.01

Cycle for calculating DH 0
f-ox of ThTi2O6

(25) DH 0
f-ox ThO2 (s, 298) + 2TiO2 (s, 298)!ThTi2O6 (s, 298)

�DHð24Þ þ DHð14Þ þ 2DHð3Þ +19.4� 1.6

Cycle for calculating DH 0
f of ThTi2O6

(26) DH 0
f Th (s, 298) + 2Ti (s, 298) + 3O2 (g, 298)!ThTi2O6 (s, 298)

DHð25Þ þ DHð15Þ þ 2DHð5Þ )3096.5� 4.3

The reaction enthalpies are DHds in 3Na2O � 4MoO3 at 976 K. Number in parentheses is the number of experiments. The error is propagated assuming

linear combinations of independent variables.
a
Data from Ref. [30].
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6.2. Enthalpy of formation: U-brannerite

Drop solution experiments were carried out for

UO2:08, c-UO3 and the U-brannerite sample using

3Na2O � 4MoO3 solvent at 976 K (Table 3). The UO2:08

sample showed a large exothermic enthalpy of drop

solution with DHds ¼ �124:62� 2:30 kJ/mol. The large

exothermic DHds along with a color change observed in

the solvent from white to yellow indicated that uranium

oxidized during dissolution in the melt. The c-UO3

generated a small heat signal with less than approxi-

mately 0.3 J per experiment. As a result only two of the

five experiments had less than five percent relative

baseline contributions and were used in further calcu-

lations. Usually when the DHds value for a sample is

small, the solution calorimetric technique is used. This

approach could not be used here because c-UO3 is un-

stable at calorimeter temperature. The DHds value for

the U-brannerite sample is approximately zero

()1.27� 1.91 kJ/mol). Because the U also would oxidize

while this sample was equilibrating at calorimeter tem-

perature, the solution calorimetric technique was not

used and we relied on the drop solution data.

The DHds of UO2:08 was corrected for the presence

of 0.08 mol per formula unit of U(VI) (Table 4). The

calculated DHds value for stoichiometric UO2 is

)136.29� 2.34 kJ/mol. To cross-check the accuracy of

the U drop solution data and to verify that the U(IV) is

oxidized to U(VI) in the solvent, reference data for UO2

and c-UO3 were compared to the measured data (Table

4) [28]. The calculated enthalpy of oxidation of UO2 to

c-UO3 using measured data was )135.9� 2.8 kJ/mol.

This is within error equal to the value calculated from

reference data, )138.8� 1.3 kJ/mol. Therefore, the DHds

values for UO2 and c-UO3 are accurate and the final

state of uranium in the solvent is U(VI) and is the same

whether the starting material contains U(IV) or U(VI).

The DHds value for the U-brannerite sample was

corrected for the UO2 and TiO2 impurities by assuming

a mechanical mixture of 92.5 mol% U0:97Ti2:03O6:00, 0.6

mol% UO2 and 6.9 mol% TiO2 (Table 4). The enthalpy

of formation from the oxides, DH 0
f-ox at 298 K was cal-

culated for the U-brannerite sample (Table 4). The

U0:97Ti2:03O6:00 is stable with respect to its oxides with

DH 0
f-ox ¼ �7:7� 2:8 kJ/mol. Reference data were used to

calculate the standard enthalpy of formation from the

elements, DH 0
f ¼ �2977:9� 3:5 kJ/mol (Table 4).

There are two potential sources of error in the cal-

culation of DH 0
f of U-brannerite. One is that the pres-

ence of a small amount of U(V) can not be eliminated on

the basis of the XANES analysis. The smaller U(V)

(ionic radius¼ 0.076 nm, CN¼ 6) would facilitate the

apparent cation mixing observed in U-brannerite and

result in a decrease in the lattice parameters that were

attributed to the sub-stoichiometric U in the sample [12].

However, no reports of U(V) in brannerite in the ab-
sence of aliovalent dopant cations such as Ca or Gd

have been reported in the literature. Therefore, the

presence of pentavalent uranium in this sample is un-

likely. The second potential source for error is in the

EMPA-WDS results. Any slight oxidation of the U

metal standard used in the analysis would cause an

underestimation of the U-content in the sample. In order

to assess this uncertainty, the DH 0
f-ox was calculated for

the calorimetric data assuming the U-brannerite was

stoichiometric UTi2O6. This value )13.6� 2.9 kJ/mol,

is approximately 6 kJ/mol more exothermic than

that calculated for the U-deficient brannerite. The

DH 0
f-ox ¼ �7:7� 2:8 kJ/mol calculated for the non-stoi-

chiometric U-brannerite is more conservative (in terms

of assessing stability) and was used in all subsequent

thermodynamic calculations in this study.

6.3. Enthalpy of formation: Th-brannerite

Drop solution experiments were conducted for ThO2

and the Th-brannerite sample using 3Na2O � 4MoO3

solvent at 976 K (Table 3). The ThO2 gave a small

thermal signal (<0.15 J per experiment). As a result these

data were checked by conducting solution calorimetry

where the ThO2 sample was equilibrated at calorimeter

temperature before lowering into the solvent for disso-

lution. The DHds less the heat content of the sample

should equal the enthalpy of solution: DHds�
298

R 976
Cp dT ¼ DHs The measured heat content of ThO2

was 50.13� 0.51 kJ/mol [34]. This is, within error, equal

to the tabulated heat content value of 50.5 kJ/mol

[28]. The calculated enthalpy of solution is DHs ¼
�49:24� 0:70 kJ/mol. This value compares well with the

measured heat of solution for ThO2, DHs ¼ �47:94�
2:14 kJ/mol. Thus, the measured value for the DHds for

ThO2 (0.89� 0.48 kJ/mol), although small, is accurate

and was used in all subsequent thermodynamic calcu-

lations.

The DHds value for Th-brannerite was corrected for

the small amount of ThO2 impurity (Table 4). The

enthalpy of formation from the oxides, DH 0
f-ox at 298 K

for ThTi2O6 was calculated (Table 4). Th-brannerite

is metastable with respect to its oxides with DH 0
f-ox ¼

þ19:4� 1:6 kJ/mol. Reference data were used to cal-

culate the standard enthalpy of formation from the

elements, DH 0
f ¼ �3096:5� 4:3 kJ/mol (Table 4).
7. Discussion

7.1. The role of entropy in the stabilization of brannerite

Both CeTi2O6 and ThTi2O6 have positive enthalpies

of formation from the oxides with DH 0
f-ox equal to

+29.4� 3.6 and +19.4� 1.6 kJ/mol respectively. A pos-

itive DH 0
f-ox generally indicates that the compound has



Fig. 8. The enthalpy of formation from the oxides, DH 0
f-ox of

three brannerite phases versus the M-site ionic radius (CN¼ 6,

M4þ) [10]. Both the Ce- and Th-brannerite samples are meta-

stable with respect to their oxide assemblages. U-brannerite is

stable with respect to its oxides.
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limited stability or is metastable. Stability is determined

by the value of the free energy, DG0
rxn for a given reaction

according to the relationship:

DG0
rxn ¼ DH 0

rxn � T ðDS0
rxnÞ: ð1Þ

For compounds with positive DH 0
rxn to have negative

DG0
rxn the �T ðDS0

rxnÞ term must be sufficient to offset the

enthalpy. As T increases so does the impact of the

�T ðDS0
rxnÞ term. Therefore, entropy stabilized com-

pounds may be unstable with respect to decomposition

to their binary oxides below some critical temperature,

though often slow kinetics may hinder decomposition.

Many examples of entropy stabilized compounds have

been reported, e.g., mullite and pseudobrookite [35].

In order to estimate the entropy contribution for the

reaction MO2 + 2TiO2 !MTi2O6 where M¼Ce and

Th, Eq. (1) was solved for DG0
f-ox 6 0 where T was given

by the synthesis temperature. The CeTi2O6 sample was

synthesized at 1623 K. The lower limit for DS0
f-ox is,

therefore, given by:

0P DG0
f-ox ¼ H 0

f-ox � T ðDS0
f-oxÞ; ð2Þ
DS0
f-ox PDH 0

f-ox=T ¼ ð29380� 3630 J=molÞ=1623 K

¼ 18:1� 2:2 JK�1 mol�1: ð3Þ

The ThTi2O6 sample was synthesized at 1723 K. The

lower limit for DS0
f-ox is, therefore, given by:

DS0
f-ox PDH 0

f-ox=T ¼ ð19440� 1610 J=molÞ=1723 K

¼ 11:3� 1:0 JK�1 mol�1: ð4Þ

These are probably underestimates because the com-

pounds are almost certainly thermodynamically stable

somewhat below their synthesis temperature.

Configurational entropy likely contributes signifi-

cantly to the stability of brannerite. The non-stoichi-

ometry commonly observed in U-bearing brannerite

indicates that a small, but significant mixing of Ti may

occur on the U-site. This cation mixing may also occur

in other brannerite compositions. In order to investigate

this hypothesis, a detailed structural investigation of the

crystallographic site occupancies would be required.

7.2. Trends in the enthalpy of formation of brannerite and

the prediction of PuTi2O6 energetics

A plot of the ionic radius of the M-site cation

(CN¼ 6, M4þ) versus the enthalpy of formation from

the oxides, DH 0
f-ox, for the three brannerite phases defines

a non-linear trend (Fig. 8), with a clear minimum near

the ionic radius of uranium [10]. Both the Ce- and Th-

bearing brannerite samples are stoichiometric and en-

ergetically metastable with respect to their binary oxides.

The U-brannerite is non-stoichiometric and energeti-

cally stable with respect to its binary oxides.
A phenomenological explanation for this trend may

be inferred from the XRD data. In both the Ce- and Th-

brannerite samples the refined lattice parameters deviate

slightly, but significantly from those reported for

U-brannerite (see Table 1). The Ce-brannerite sample,

relative to the U-brannerite, is expanded along the

a-axis, and shortened along the b and c axes. The net

result is a shortening of the distance between the anatase-

type sheets concurrent with additional distortions within

these layers. The Th-brannerite sample has a 2% ex-

pansion in both the b and c directions. The net result is a
lengthening of the distance between the anatase-type

layers. These results are consistent with the varying ionic

radii from the smaller Ce ion (0.087 nm, CN¼ 6) to the

larger Th ion (0.094 nm, CN¼ 6) [10]. The thermo-

chemical data suggest that there is an ideal (i.e., most

stable) separation distance between the anatase-type

layers that is approached when U is the predominant

cation on the M-site.

An analogous trend was observed in ion beam irra-

diation studies of these same three brannerite samples

[8,9]. The �relative� resistance of each brannerite com-

position to radiation-induced amorphization can be as-

sessed by comparing their critical amorphization doses,

Dc, at room temperature [8,9]. Using the U-brannerite as

a baseline, Dc at room temperature increased in this

order: DcðCeTi2O6Þ < DcðThTi2O6Þ < DcðUTi2O6Þ [8,9].
This is the same trend observed for the enthalpy mea-

surements. CeTi2O6 is the least stable with respect to its

oxides and the most easily amorphized of the three

compositions. UTi2O6 is the most stable in enthalpy and

is most �resistant� to radiation damage. The resistance of

a phase to radiation damage is related to its thermody-

namic stability and the ability to epitaxially anneal the

damage along the boundaries of the cascade [36].
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Previous work reported that the synthesis of PuTi2O6

was extremely difficult [11]. Significant (>70 wt%) yields

were achieved only with sintering at approximately 95%

of the melting temperature, 1550 �C. Even then a max-

imum yield of only 75 wt% brannerite was achieved [11].

The impurity phases in all syntheses were the binary

oxides, PuO2 and TiO2. This suggests that PuTi2O6 has a

limited temperature range of stability and a small ther-

modynamic driving force for its formation. An estimate

of the formation enthalpy of PuTi2O6 was made by as-

suming that DS0
f-oxðCeTi2O6Þ � DS0

f-oxðPuTi2O6Þ ¼ 18�
4:4 JK�1 mol�1. The uncertainty is estimated as twice

the uncertainty of the Ce value. Then setting DG0
f-ox ¼ 0

at the synthesis temperature of 1823 K, DH 0
f-ox is 33� 8

kJ/mol. This reasoning and the data for CeTi2O6 suggest

that PuTi2O6 will be significantly energetically metasta-

ble with respect to its binary oxides, and metastable in

terms of free energy at all but very high (>1500 �C)
temperature, an observation consistent with the syn-

thesis difficulties.
7.3. The impact of brannerite on waste form stability

The phase assemblages in the proposed titanate waste

form for plutonium immobilization can be described by

a pseudoquaternary phase diagram. The nominal com-

positions for the end-member phases are: Hf-zirconolite

or �hafnolite�, CaHfTi2O7; Gd-titanate pyrochlore,

Gd2Ti2O7; U-pyrochlore, CaUTi2O7 and Pu-pyrochlore,

CaPuTi2O7 [6]. The baseline waste form ceramic consists

of (wt%) CaO – 10.0; HfO2 – 10.6; TiO2 – 35.9; Gd2O3 –

7.9; UO2 – 23.7 and PuO2 – 11.9. The total actinide-

oxide fraction is nearly 36 wt%. Such a high actinide

content requires the presence of neutron absorbers to

lessen the possibility of criticality. Hence gadolinium

oxide and hafnium oxide are present in the baseline

composition.

The final ceramic product contains the following

average phase proportions (vol.%): pyrochlore – 80,

brannerite – 12, zirconolite – 0, rutile – 8 and actinide
Table 5

A summary of the thermodynamic data for the components of the w

Material DS0
f-ox (J/molK) DH

Ce-pyrochlore 16.4� 0.5a )54
U-pyrochlore 20.9� 0.3a )12
Gd-pyrochlore – )11
Ce-brannerite 18.1� 2.2 +29

U-brannerite – )7.
Th-brannerite 11.3� 1.0 +19

Pu-brannerite – +33

The entropy values for the brannerite phases were estimated assumin
aData taken from Ref. [37] actual pyrochlore compositions: Ce-pyr

Gd-pyrochlore Gd2Ti2O7.
oxide – 0.5 [6]. The major actinide-bearing impurity

observed was brannerite, MTi2O6, where M¼ actinide.

If actinides were absent during synthesis, brannerite did

not form. A mixture of CeO2 and TiO2 formed instead.

Adding UO2 to the initial mixture increased the pyro-

chlore yield (�80 vol.%) with brannerite, UTi2O6, being

the major impurity (�12 vol.%) plus minor amounts

of TiO2 (�8 vol.%) and a U-Ca oxide compound

(<1 vol.%) [6]. The observed range for brannerite con-

tent was from 0 to 22 vol.% (630 wt%).

A recent assessment of the thermodynamic stability

of the titanate waste form based on a consideration of

the pyrochlore and zirconolite end-member Gibbs en-

ergies of formation has recently been made [37]. This

study concluded that the proposed waste form compo-

sition is stable with respect to both an oxide assemblage

and an oxide plus perovskite assemblage [37]. This as-

sessment assumed ideal mixing of the pyrochlore/zir-

conolite end-members and did not account for

intermediate compound formation or the presence of

impurity phases such as brannerite.

A summary of the enthalpies of formation of the

relevant waste form components is given in Table 5. The

three pyrochlore end-members are all stable with respect

to their binary oxides. The U-pyrochlore is marginally

stable with respect to a perovskite plus oxide assem-

blage. The Ce-pyrochlore is metastable with respect to

perovskite plus oxides. Assuming ideal mixing, the

enthalpy of formation at 298 K from the perovskite plus

oxide assemblage, DHf-pvþox for the baseline waste form

ceramic is calculated as a weighted average of the end-

member contributions (mol frxn) [37]:

0:24ðCaHfTi2O7Þ þ 0:10ðGd2Ti2O7Þ
þ 0:42ðCaUTi2O7Þ þ 0:23ðCaPuTi2O7Þ; ð5Þ

0:24ðþ6:0�3:5Þþ0:10ð�113:4�2:8Þþ0:42ð�5:1�4:0Þþ
0:23ðþ21:0�6:0Þ¼�7:6�4:3 kJ/mol.

The brannerite compositions that formed during

syntheses of the waste form ceramic all contained a

mixture of U and Pu with minor amounts of Hf, Gd and
aste form for excess weapons plutonium

0
f-ox (kJ/mol) DH 0

f (kJ/mol)

.2� 5.2a )3656.0� 5.6a

3.7� 3.4a )3610.6� 4.1a

3.4� 2.8a )3822.5� 4.9a

.4� 3.6 )2948.8� 4.3

7� 2.8 )2977.9� 3.5

.4� 1.6 )3096.5� 4.3

� 8 )2909� 8

g DG0
f 6 0 at synthesis temperatures.

ochlore Ca0:93CeTi2:04O7; U-pyrochlore Ca1:46U
4þ
0:23U

6þ
0:46Ti1:85O7;
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Ca on the M-site and were U-rich with approxi-

mately four times as much U+impurity cations as Pu

[6,7]. Using an average brannerite composition of

U0:8Pu0:2Ti2O6, and assuming U replaces the impurity

cations, we can estimate an enthalpy of formation from

the oxides. Assuming that ideal mixing occurs between

the U- and Pu-brannerite end-members, the DH 0
f-ox is

given by a weighted average of the end-member en-

thalpies:

0:8DH 0
f-oxðU-branneriteÞ þ 0:2DH 0

f-oxðPu-branneriteÞ
¼ DH 0

f-oxðU0:8Pu0:2Ti2O6Þ: ð6Þ

Thus, the DH 0
f-oxðU0:8Pu0:2Ti2O6Þ � þ0:4� 3:4 kJ/mol.

This suggests that despite the significant metastability of

the Pu- and Th-brannerite end-members, the brannerite

in the waste form may be only marginally energetically

metastable in enthalpy with respect to decomposition to

its binary oxides. Two factors contribute to brannerite

stability in the waste form ceramic, a high U-content

and significant cation mixing on the M-site (not ac-

counted for in this estimation). Assuming an ideal

mixture of 30 wt% (32.5 mol%) brannerite and 70 wt%

(67.5 mol%) baseline waste form ceramic, the overall

enthalpy of formation at 298 K can be estimated:

0:325DHf-oxðU0:8Pu0:2Ti2O6Þ
þ 0:675DHf-pvþoxðbaseline ceramicÞ
¼ 0:325ðþ0:4� 3:4Þ þ 0:675ð�7:6� 4:3Þ
¼ �5:0� 4:8kJ=mol: ð7Þ

The presence of up to 30 wt% brannerite in the ceramic

will, therefore, not significantly decrease the thermody-

namic stability of the waste form.
8. Conclusions

Ce- and Th-brannerite are higher in energy than their

binary oxides with DH 0
f-ox ¼ ðþ29:4� 3:6Þ and

(+19.4� 1.6) kJ/mol respectively. These materials are

entropy stabilized with DS0
f-oxðCeTi2O6Þ ¼ 18:1� 2:2

and DS0
f-oxðThTi2O6Þ ¼ 11:3� 1:0 Jmol�1 K�1. U-

brannerite is energetically stable with respect to its bi-

nary oxides by )7.7� 2.8 kJ/mol. This is consistent with

the relative ease of formation of this material. The trend

in the enthalpies of formation is the same trend observed

for the critical amorphization doses, Dc, at room tem-

perature for the three compositions. CeTi2O6 is the least

stable with respect to its oxides and the most easily

amorphized. UTi2O6 is the most stable in enthalpy and

is the most �resistant� to radiation damage. The DH 0
f-ox

for CeTi2O6 provides an adequate estimate the DH 0
f-ox

for PuTi2O6 �+33 kJ/mol. Despite significant metasta-

bility of the end-member Pu- and Th-brannerite com-

positions at low temperature, the presence of large
amounts (up to 30 wt%) of brannerite in the final ce-

ramic is not likely to significantly decrease waste form

stability.
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