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a  b  s  t  r  a  c  t

Branneritecontaining  ceramics  were  produced  by  cold  pressing  and  sintering  (CPS) and  cold  crucible
inductive  melting  (CCIM)  methods  and  examined  by  X-ray  diffraction  and  absorption  and  by  scanning
electron  microscopy.  Brannerite  content  in  the  ceramics  ranged  between  ∼20 and  90  vol.%.  Uranium  is
mainly  partitioned  between  brannerite  and  minor  mixed  U/RE  oxide  but since  brannerite  is  a  dominant
phase,  it  takes  up  to 90%  of total U. Uranium  in  the  ceramics  is  present  as  U(IV)  and  U(V).  In the low-
brannerite  ceramics  U occurs  as U(IV)  whereas  in  the  ceramics  with  brannerite  as  major  phase  U(V)
dominates  over  U(IV).  Ce  in  the  brannerite  ceramics  is  mainly  trivalent.  The  first  coordination  shell  of U
in  ceramics  produced  by CPS  is  split  into  two sub-shells  with U-O  distances  of 1.7–1.9  Å and  ∼2.1  Å  while
in  the melted  ceramics  this  interatomic  distance  is  2.1–2.2  Å. The  next  three  atoms  (Ti) are  positioned  at
a distances  of  3.1–3.2  Å.

© 2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Actinides are the longest-lived and the most hazardous compo-
nents of nuclear wastes. They require immobilization in chemically
durable waste forms for long-term storage. A number of host phases
were proposed for this goal such as titanates, zirconates, mixed
titanozirconates with fluorite-derived structure (cubic zirconia,
pyrochlore, murataite, zirconolite), phosphates and silicophos-
phates with monazite, apatite and kosnarite structures. They all
possess high isomorphic capacity with respect to actinides and
their rare earth (RE) analogs and good isolation characteristics (see,
for example, [1–3]). Another titanate phase encountered in nuclear
waste ceramics is a brannerite structure phase which was also sug-
gested as a potential actinide form [4,5].

Brannerite with nominal formula AВ2O6–(U,Th,Ca,RE)(Ti,Fe)2O6
has a monoclinic lattice symmetry (space group C2/m, Z = 2). This
is a typical accessory mineral of alkaline granites, pegmatites and
metasomatic rocks. In deep geologic formations brannerite is resis-
tant to underground water attack [6]. The brannerite structure
allows broad range of substitutions in both A and B sites, oxida-
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tion state of incorporated uranium varies from U(IV) to U(VI) and
on average is 4.4–4.7 [7].

Synthetic brannerite was found in some Synroc varieties
proposed for immobilization of high-U wastes [5,8–12] and
Actinide/RE fraction of high level waste (HLW) [13]. Both natural
and synthetic brannerites as well as the brannerite-based ceramics
are chemically quite durable [2,6,14–21] although their resistance
against self-irradiation from 238Pu dopant is somewhat lower than
that of pyrochlore and zirconolite [22,23]. Nevertheless, isolating
properties of brannerite are sufficient to consider it as a candidate
actinide host phase.

In the present work, we perform a comparative study of
phase composition and elemental partitioning in brannerite-based
ceramics produced by the cold pressing and sintering (CPS) method
(TCN1-1450, TCN2-1450, TCN1-1500, TCN2-1500) and brannerite-
containing polyphase ceramic (LC2-CCIM, TCN2-CCIM) produced
by cold crucible inductive melting (CCIM) [24] with a special goal
to determine uranium speciation in these ceramics.

2. Experimental

The target chemical compositions of the ceramics and actual
compositions of constituent phases as measured by energy-
dispersive X-ray spectrometry (EDX) are given in Table 1. The TCN-1
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Table 1
Chemical composition of starting powder mixtures (TCN1, TCN2 and LC2) and their constituent phases (B, T, O, S, R) after sintering, as measured by EDX, along with the calculated stoichiometry of the phases.

Oxide TCN1 TCN1-1450 TCN1-1500 TCN2 TCN2-1450 TCN2-1500 TCN2-CCIM LC2 LC2-CCIM

target B T B O S1 S2 target B O R B O S T B S A target B T O S

Al2O3 – – – – – – – – – – – – – – 1.6 15.0 52.6 – – – – –
SiO2 – – – – 10.5 17.4 – – – – – – 14.6 – – 26.8 – – – – – 23.6
CaO  – – – – – – – – – – – – – – – 1.4 – 0.8 – 0.7 0.6 5.3
TiO2 45.0 43.7 52.1 42.4 0.0 29.4 27.4 42.0 41.8 – 99.5 41.5 – 12.0 51.6 36.0 13.4 47.4 51.9 44.5 52.8 0.9 15.7
La2O3 – – – – – – – – – – – – – – – – – 5.9 2.1 5.9 3.1 10.1
Ce2O3 15.0 14.1 21.0 12.6 27.8 26.6 25.4 10.0 9.8 17.5 – 9.0 38.2 10.9 40.3 5.2 18.9 – 10.7 10.9 12.2 18.7 9.3
Pr2O3 – – – – – – – – – – – – – – – – – 5.2 1.9 4.8 2.9 12.2
Nd2O3 15.0 11.1 25.9 10.7 17.3 31.5 29.8 10.0 8.7 15.7 0.5 7.7 13.7 52.1 6.3 6.2 19.3 – 17.0 17.2 17.2 11.4 4.6
Sm2O3 – – – – – – – 2.0 1.5 3.3 – 1.9 2.8 5.9 – 1.4 3.6 – 3.3 2.1 3.4 2.9 13.6
Eu2O3 – – – – – – – – – – – – – – – – – – 0.5 0.7 0.8 1.0 2.6
Gd3O3 – – – – – – – 2.0 2.0 4.5 – 2.4 3.4 4.5 1.8 2.0 1.6 – 0.8 1.0 0.9 1.5 0.4
UO2 25.0 31.1 1.0 34.3 54.9 2.0 – 34.0 36.2 58.0 – 37.5 41.9 – – 47.5 – – 3.9 28.4 1.3 57.0 2.6

Ions  Formula units (fu)
Al3+ – – – – – – – – – – – – – 0.12 3.11 1.89 – – – –
Si4+ – – – – 2.37 3.61 – – – – – 3.72 – – 4.72 – – – – 4.89
Ca2+ – – – – – – – – – – – – – – 0.26 – – 0.17 0.02 1.18
Ti4+ 2.01 9.00 2.00 – 4.98 4.28 1.99 – 1.00 1.99 – 2.30 8.95 1.71 1.76 1.08 2.00 9.00 0.02 2.46
La3+ 0.05 0.50 0.04 0.77
Ce3+ 0.32 1.77 0.28 0.36 2.20 1.93 0.23 0.23 – 0.21 0.46 1.02 3.40 0.12 1.22 – 0.24 1.02 0.24 0.71
Pr3+ – – – – – – – – – – – – – – – – 0.04 0.40 0.04 0.92
Nd3+ 0.24 2.13 0.24 0.22 2.54 2.21 0.20 0.21 – 0.17 0.16 4.74 0.52 0.14 1.21 – 0.18 1.39 0.14 0.34
Sm3+ – – – – – – 0.03 0.04 – 0.04 0.03 0.52 – 0.03 0.21 – 0.04 0.26 0.03 0.97
Eu3+ – – – – – – – – – – – – – – – – 0.03 0.07 0.01 0.19
Gd3+ – – – – – – 0.04 0.05 – 0.05 0.04 0.38 0.14 0.04 0.09 – 0.03 0.06 0.02 0.19
U4+ 0.42 0.05 0.48 0.43 0.10 – 0.51 0.46 – 0.54 0.31 – – 0.63 – – 0.40 0.06 0.44 0.03
�cations 3.00 12.97 3.00 1.00 12.18 12.04 3.00 1.00 1.00 3.00 1.00 12.66 13.02 2.80 12.59 2.97 3.01 13.02 1.00 12.57
O2− 5.72 24.00 5.74 1.72 22.00 22.00 5.75 1.73 2.00 5.76 1.66 22.00 24.00 6.00 22.00 5.00 6.00 24.00 1.72 22.00
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