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bstract

Murataite-based ceramics doped with U or Th were produced by inductive cold crucible melting (ICCM) at operating frequencies of 1.76 and
.28 MHz and examined using X-ray diffraction and scanning and transmission electron microscopy. Three distinct murataite polytypes were
dentified in the U-bearing ceramics: a five- (5C), eight- (8C), and three-fold (3C) fluorite unit cell crystals that respectively make up what is
esignated as the core, intermediate and rim zones. In contrast, the Th-bearing ceramic contained only the five-fold (5C) fluorite unit cell polytype.
he core zone of the murataite in the U-bearing specimens is characterized by UO2 concentrations as high as 12.1 wt%, which successively
iminishes in concentration through the intermediate zone to the rim, the latter of which contains 5.2 wt% UO . On the other hand, Th distribution
2

ithin the murataite crystals is uniform. The difference in phase composition and actinide partitioning in the ceramics is influenced by synthesis
onditions. Larger cold crucible size ensures lower crystallization rate yielding zoned crystals with maximum actinide concentration in the core of
he murataite crystals that minimizes exposure of the actinide elements to potential leach solutions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

An inductive cold crucible melting (ICCM) is an effective
ethod for growing single crystals for various technical and

ewelry purposes and for production of glassy and ceramic
aterials [1]. The ICCM is currently developed as an alterna-

ive to vitrification of high- (HLW) [2,3] and intermediate-level
astes (ILW) [4] in Joule-heated ceramic melters. The ICCM

eems to be very promising method of HLW ceramization due
o small dimensions of the equipment, a high-active hydrody-
amic regime, and high temperature availability. This method
as used to producing numerous ceramic waste forms (see, for

xample [5–8]). In one of the ICCM ceramics developed for

mmobilization of rare earth/actinide-bearing waste of the Rus-
ian spent fuel reprocessing plant “RT-1”, we found a phase
hat accumulated more than 40% of the total uranium in the
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eramic, which has been attributed to murataite [6]. This phase
as earlier found in the ceramic designed for immobilization of
avannah River Plant defense waste [9]. Its natural analogue is a
are naturally-occurring mineral, murataite, whose structure has
een investigated in details in [10].

The crystal structure of natural murataite with the idealized
ormula A6B12C4TX40−x (A = Y, Na; B = Ti; C = Fe; T = Zn;

= O, F) according to [10] is cubic with space group F 43m,
= 14.89 Å, Z = 4. The structure contains four distinct cationic

ites: the A [8] – sites are eight-coordinated distorted cubes filled
ith large-sized cations (REE3+/4+, An3+/4+, Zr4+, Ca2+, Mn2+);

he B [6] – sites are octahedrally coordinated and filled with Ti4+,
e3+, Al3+, Nb5+ cations; the C [5] – sites are five-coordinated

riangular bipyramids filled with Mn3+ and Fe3+ cations; and
he T [4] – sites are tetrahedral filled with small cations (Zn2+,
i4+) in the naturally-occurred specimens and empty in the syn-
hetic analogues. Recently we have shown [11] that the formula
f the synthetic phase may be represented as A3B6C2O20−x and
ts structure is considered as fluorite-derived with a three-fold
lementary fluorite unit cell. Thus, the murataite structure is

mailto:profstef@mtu-net.ru
dx.doi.org/10.1016/j.jallcom.2007.01.067
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apable of accommodating a broad spectrum of elements with
idely variable ionic radii including actinides, rare earths and

ron group elements (potential corrosion products) that makes
urataite an attractive candidate host phase for immobilization

f actinide/rare earth-bearing wastes with complex chemical
ompositions [11,12].

It has also been established that pyrochlore AVIII
2BVI

2O7 and
urataite AVIII

3BVI
6CV

2O20−x, both having fluorite-derived
tructures with two- (2C) and three-fold (3C) fluorite unit cell,
espectively [11–13], are end-members of the polysomatic series
11] comprising the phases with combined structures built from
lternating pyrochlore (2C) and murataite (3C) modules (lay-
rs of atoms): 8C (3/2/3), 5C (3/2), and 7C (2/3/2). Based on
modular structure of the polytypes and combining formulae

f the pyrochlore and murataite (3C polytype) their formu-
ae were suggested to be A8B14C2O47−x, A5B8C2O27−x, and

7B10C2O34−x, respectively. The capability of the polytypes to
ccommodate actinides and rare earths (lanthanides) and zirco-
ium increases in the row: 3C (murataite) < 8C < 5C < 7C < 2C
pyrochlore).

Because ceramics based on the pyrochlore/murataite series
re capable of incorporating various waste elements, have high
hemical durability [14] and radiation resistance comparable to
yrochlore [12,15], it is expedient to apply the ICCM to develop
igh-productive, compact, and remote operated process with
igh volume reduction yielding leach resistant waste form.

. Experimental
Specified chemical compositions of the ceramics were as follows (wt%): 5
l2O3, 10 CaO, 55 TiO2, 10 MnO, 5 Fe2O3, 5 ZrO2, 10 AnO2 (An = U, Th).
he UO2-bearing ceramic (U-ICCM) was produced from an oxide mixture at

he Radon bench-scale cold crucible (108 mm inner diameter, stainless steel)
nit energized from a 1.76 MHz/60 kW generator (Fig. 1 left and upper right).

fl
o
p
o

ig. 1. Flowsheet of the Radon bench-scale ICCM unit (160 kW, 1.76 MHz) (left), in
iew of lab-scale cold crucible unit (10 kW, 5.28 MHz) (lower right).
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he ThO2-bearing ceramic (Th-ICCM) was produced in a lab-scale unit with a
5 mm inner diameter copper cold crucible energized from a 5.28 MHz/10 kW
enerator (Fig. 1, lower right).

The samples were examined with X-ray diffraction using a Rigaku D/MAX-
200 diffractometer (Cu K� radiation, voltage is 40 KeV, beam current is 30 mA,
well time is 0.6 s, step size is 0.02◦, 2-theta ranged between 5◦ and 75◦, and Si
s an internal standard), scanning electron microscopy with energy dispersive
ystem (SEM/EDS) using a JSM-5300 + Link ISIS unit (voltage is 25 KeV, beam
urrent is 1 nA, probe diameter is 1 to 3 �m, dwell time is 100 s; metals, oxides
nd fluorides were used as standards), and transmission electron microscopy
TEM) by selected area electron diffraction (SAED) pattern mode using a JEM-
00c + KEVEX-5100 unit (resolution is 7 Å, accelerated voltage is 100 KeV).

. Results

.1. Preparation and characterization of the U-bearing
eramic

Production of the U-ICCM ceramic began with the inclusion
f a SiC rod. The melting initiation process took 22 min and was
ollowed by batch feeding in portions for 15 min, homogeniza-
ion for 5 min, and the resulting melt, approximately 2.7 kg, was
oured into a container to cool and crystallize. Because 2.7 kg
f ceramic was produced for 20 min, the average productivity is
.1 kg/h or a specific productivity of 900 kg/(m2 h).

Both the ceramics were composed predominately of the
arget murataite-type phases and minor volumes of trace phases
Figs. 2 and 3). In the U-ICCM ceramic the trace phases include
utile, crichtonite, and glass (due to contamination with Si from
he SiC rod). The murataite is represented by three different
olytypes with five- (5C), eight- (8C), and three-fold (3C)

uorite unit cell composing a core, intermediate, and rim zone
f the murataite grains, respectively (Fig. 3A, b). Diffraction
eaks of murataite can be subdivided based on major reflections
f 2.845, 2.833, and 2.805 Å corresponding to the 5C, 8C,

stallation of the bench-scale cold crucible in the process box (upper right) and
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Fig. 2. XRD patterns of the U- and Th-bearing murataite-based ceramics and
c
t
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Table 1
Chemical composition (wt%) of co-existing phases in the U-ICCM sample

Oxides M5 M8 M3 Rutile Crichtonite Glass

Na2O – – – – – 3.31
Al2O3 3.57 4.33 9.19 – 6.73 18.34
SiO2 – – – – 0.50 31.26
K2O – – – – – 0.72
CaO 11.45 11.52 9.23 – 4.52 17.83
TiO2 50.14 51.23 52.46 93.36 65.65 13.46
MnO 8.78 10.06 11.74 – 9.93 11.24
Fe2O3 5.21 5.37 9.14 0.82 9.67 2.45
ZrO2 8.71 6.46 2.98 4.59 0.71 –
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omputer modeling of the major peak (inset). M: murataite polytypes, C: crich-
onite, R: rutile; inset: 5, 8, 3—5C, 8C, and 3C polytypes, respectively; solid
ine: experimental, dotted lines: simulation.

nd 3C polytypes, respectively.The formulae of the three

urataite polytypes were calculated based on the qualitative
DS data (Table 1) and indicates the following composi-

ions: Ca2.54Mn1.54U0.56Zr0.88Ti7.80Fe0.81Al0.87O27−x (5C),
a4.33Mn3.00U0.86Zr1.10Ti13.51Fe1.42Al1.78O47−x (8C), and

s
t
n
p

ig. 3. SEM-images of the ceramics U-ICCM (A, B), Th-ICCM (C, D). C: crichton
: pyrochlore, R: rutile, Z: low-symmetry phase (possibly zirconolite or thorutite); (

horianite grains are seen on picture (C).
O2 12.14 11.03 5.24 1.23 2.23 1.39

otal 100.00 100.00 100.00 100.00 100.00 100.00

a1.37Mn1.37U0.16Zr0.20Ti5.45Fe0.95Al1.50O20−x (3C). Based on
rystal chemistry constraints and assuming a balance of 60–70%
n2+ to 40–30% Mn3+ [16], the adjusted formulae would then

e: (Ca2.54U0.56Zr0.88Mn2+
1.02) (Mn3+

0.52Fe3+
0.81Ti0.67) (Ti7.13

l0.87)O25.34 (5C), (Ca4.33U0.86Zr1.10Mn2+
0.71) (Mn2+

1.29
n3+

1.00Fe3+
1.42Ti0.29) (Ti13.22Al0.78)O42.07 (8C), and (Ca1.37

0.16Zr0.20Mn2+
1.27) (Mn3+

0.10Fe0.95Ti0.95) (Ti4.50Al1.50)
18.09 (3C). Maximum UO2 content (12.1%) was recorded

n the core zone (5C polytype) and the average concentra-
ion of UO2 in the rim zone is much lower (5.2%)—see
able 1. The mineral formulae of rutile and crichtonite
ere calculated as Ti0.96Zr0.03Fe0.01O1.99 and Ca1.45U0.15
r0.13Mn2.30Ti13.95Fe1.85Al2.02O38.00, respectively. As can be

een from Table 1 the majority of the UO2 is contained in
he murataite; the UO2 contents in crichtonite and glass are
egligible. In short, the chemical compositions of the various
hases, listed in Table 1, show that murataite polytypes are

ite, G: glass, M3, M5, M8: murataite polytypes 3C, 5C, and 8C, respectively,
B) and (D) are details of (A) and (C), respectively. Aggregates of undissolved
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ig. 4. SAED patterns of the murataite polytypes 5C (A, B, E), 8C (C), 3C (D)
eramics.

he major host phases for uranium and zirconium, as well as
otential corrosion products (iron group elements—Fe, Mn).

.2. Preparation and characterization of the Th-bearing
eramic

The Th-ICCM ceramic was produced in the lab-scale cru-
ible in amount of approximately 1 kg. It is composed of
ajor murataite (5C polytype) and crichtonite, minor thorianite,

yrochlore, and low-symmetry phase (Figs. 2, 3C, D and 4E, F).
In contrast to the U-ICCM ceramic, the Th-ICCM ceramic

ontains only the 5C polytype with the proposed formu-
ae of (Ca2.13Mn1.90Zr0.82Th0.55Fe0.78Ti7.86Al0.96O27−x). Con-
idering multiple manganese oxidation states, a ratio of Mn2+

3+
o Mn was used to satisfy site occupancy constraints.
he proposed formulae is then (Ca2.13Th0.55Zr0.82Mn2+

1.50)
Mn3+

0.40Fe3+
0.78Ti0.82) (Ti7.04Al0.96)O25.30. As discussed

reviously, the distribution of Th in murataite is uni-

able 2
hemical composition (wt%) of co-existing phases in the Th-ICCM sample

xides M5 Crichtonite Low-symmetry phase

l2O3 3.96 5.47 1.78
iO2 – 0.67 –
aO 9.63 5.32 8.55
iO2 50.49 61.87 44.94
nO 10.88 10.44 6.44

e2O3 5.05 8.21 3.36
rO2 8.18 3.39 15.51
hO2 11.81 4.63 19.42

otal 100.00 100.00 100.00

Z
w
t
r

tonite (F), and pyrochlore (G) in the U-ICCM (A–D) and Th-ICCM (E and F)

orm. The chemical composition of crichtonite/loveringite
Table 1) is recalculated on a 38-oxygen basis: Ca1.62Mn2.52
h0.30Zr0.47Ti13.27Fe1.76Al1.84Si0.19O38.00. Pyrochlore is pre-
ent as light-colored inclusions (detected by backscattered
lectron imaging) whose average chemical composition
Table 2) corresponds to Ca0.64Mn0.39Fe0.05Zr0.15Th0.65
i2.12O6.92. The occurrence of aggregates of partly altered tho-
ianite (ThO2) crystals and rutile due to incomplete dissolution
f Th dioxide from its precursor was noted. In addition, the
resence of rare, elongated crystals characterized by low sym-
etry crystal lattice (probably monoclinic) that we tentatively

dentify as zirconolite were detected. The proposed formu-
ae of this phase is (Ca0.57Mn0.34Th0.09)(Zr0.47Th0.18Ti0.35)
Ti1.74Fe0.14Al0.12)O7. An apparent deficiency of Zr4+ in the
Pyrochlore Rutile Thorianite Glass

0.33 0.43 – 15.60
– – – 34.69
8.42 – – 21.96

39.41 93.77 1.47 10.11
6.47 0.00 – 14.01
0.94 0.43 – 2.43
4.42 5.37 – –

40.00 0.00 98.53 1.21

100.00 100.00 100.00 100.00

r-site may be mitigated by the incorporation of Th and Ti ,
hich, although possessing different ionic radii, may stabilize

he zirconolite structure. This phase, as well as thorianite and
utile, are presumably a product of incomplete reactions.
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. Discussion

The pyrochlore structure has two cationic positions: “A” filled
ith large-sized cations An3+/4+, Ln3+/4+, Ca2+, Mn2+, Na+, and

B” occupied by smaller cations Ti4+, Zr4+, Hf4+, Sn4+, Nb5+,
a5+, Mo4+. The murataite structure has four cationic sites: “A”,
B”, five-coordinated “C” filled with Mn2+/3+ and Fe2+/3+ ions,
nd tetrahedral “T”-sites which are normally empty in the syn-
hetic murataites. Alternating of the pyrochlore and murataite

odules in the structure of the polytypes creates conditions
or accommodating most of the elements occurring in complex
EE/actinide-bearing wastes.

Although there are a number of methods to produce mura-
aite/pyrochlore ceramics, we suggest that the melting route
rovides a superior method for crystal growth during melt
rystallization. This method yields zoned crystals of the
yrochlore/murataite series with the highest concentrations of
ctinides and rare earth element isolated in the core of the host
rystals. At the first step at the highest temperature, nucleation
enters of the phase with the highest melting point are seg-
egated. In the given system this is the phase enriched with
ctinide and/or rare earth elements. In principle, this could be
he pyrochlore as it appears in the systems with heavy rare
arths HREE2O3–MnOx–TiO2 [17,18]. Thus the residual melt
s depleted with HREEs and the secondary segregated phase is
C or/and 5C with lower HREE and higher Mn contents. How-
ver, in our case, the actinide concentration (10 wt%) is rather
ow and the first nucleating phase is the 5C composing core
f the grain. Crystals of the 8C phase with lower actinide and
irconium content are overgrown on the nuclei of the 5C phase
orming zoned structure of the grain. The rim is composed of the
C phase with the lowest actinide and zirconium content. The
C phase (nominal murataite) has low isomorphic capacity with
espect to the actinides (and light rare earth—LREE-Ce-group)
its natural analogue is a mineral of HREEs – Y-group. As a

esult, residual actinides/rare earths enter crichtonite.
The ICCM is very high-productive process for actinide waste

orms fabrication. Application of a larger-scale (108 mm in
iameter) cold crucible provides for low-melt cooling rate in
oth crucible and filled container with sequential crystallization
f various murataite polytypes. Crystal growth under these con-
itions yields dense ceramics with zoned structure of the grains
ith maximum actinide concentration in the core and minimum

n the rim thus reducing their leachability.
Finally, we note that the set of run products appears to be

ependent upon the size of the crucible in which melting and
rystallization occurs. Melt cooling rates in small cold crucibles
re faster and rapid crystallization resulted in formation of only
he 5C murataite polytype characterized by a uniform distribu-
ion of elements in its matrix. Thus, application of large-scale

old crucibles is a prospective route for the development of
ndustrial-scaled process and technology for ceramization of
ctinide-bearing HLW. The advantage of this method is that
t produces zoned crystals with the highest concentrations of

[

[
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ctinides and rare earth elements in the core, effectively isolating
hese elements from potential leach solutions.

. Conclusion

Murataite-based ceramics doped with 10 wt% of either UO2
r ThO2 were produced by the ICCM in 108 and 65 mm inner
iameter cold crucibles. Larger sized cold crucible provides
or conditions for crystallization of zoned grains composed of
urataite polytypes 5C → 8C → 3C with consequently reduced

ctinide content from core to rim of the grains creating multi-
arrier protection against leachate attack. Higher cooling rates
aking place in small crucibles yield the only murataite polytype
5C) while the rest of the actinides enter extra phases.
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