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I. Introduction

The crystalline phases of actinide titanates, zirconates,
aluminates, ferrites and phosphates are of interest for
analysis of fundamental properties of these elements in
solids such as their valence species, short- and long-range
order in the phase structure, in particular, the coordination
environment, and spectral characteristics. Studies of the
phase diagrams for systems containing actinide oxides is
important for uranium and thorium geochemistry, elucida-
tion of the actinide behaviour in the environment (in
particular, in case of radiation accidents) and development
of nuclear power engineering. A highly challenging issue of
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nuclear power engineering is handling of radioactive waste
(RW), first of all, liquid high-level waste (HLW), which is
formed upon processing of spent nuclear fuel from nuclear
reactors used for various purposes after the extraction
recovery of uranium and plutonium (Purex process). This
waste contains uranium fission products and corrosion
products of reactor materials as well as residual (uranium,
plutonium) and minor (neptunium, americium and curium)
actinides and process reagents. Actinides (especially pluto-
nium) are the most hazardous components of HLW because
they have long half-lives and high radiative and chemical
toxicities (Table 1).!

Liquid HLW or slurries are stored in special water-
cooled stainless-steel tanks. A failure to maintain the
storage conditions can cause accidents, like the one that
occurred in 1957 at the Mayak production association;
therefore, liquid HLW must be converted to stable solid
forms such as glass or ceramics. Currently, HLW vitrifica-
tion is carried out in electric direct-heated furnaces (in
Russia, USA, Germany, Japan, India and South Korea) or
in induction-heated metallic melters (in France and UK)
and gives aluminophosphate- (in Russia) or borosilicate- (in
other countries) based glasses. The melter product is poured
into canisters and this high-level glass is routed to long-term
storage.?

Glass is a thermodynamically unstable material and
cannot be expected to survive for periods of up to hundreds

© 2016 Russian Academy of Sciences and Turpion Ltd.
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Table 1. Actinide half-lives (772) and concentrations in the spent
nuclear fuel of power reactors (gram per tonne of fuel).!

Nuclide T\ [year Reactor

PWR-440 PWR-1000 LWGR-1000
235y 7.0 x 108 12700 12300 2940
236y 2.3 x107 4280 5730 2610
238U 4.9x10° 942000 929 000 962 000
238py 87.8 75.6 126 68.6
239pPu 2.41 x10* 5490 5530 2630
41AMm 432.5 517 616 293
23Am 7375 69.3 120 73.8
244Cm 18.1 14.8 31.7 5.66

of thousand years needed for actinide isotopes to decay
down to the natural radiation background level. Research is
carried out for improvement of extraction processing of
spent nuclear fuel with recovery of particular fractions of
short- and long-lived components: caesium/strontium, zir-
conium/molybdenum, technetium, transition metals/TR,"
TR/An (An are actinides), actinides, neptunium or sepa-
rately americium and curium.? In this case, short-lived or
relatively low-level HLW fractions can be vitrified and some
of their components can be used to make ionizing radiation
sources (Cs, Sr) or in medicine (Tc), while actinides can be
incorporated into persistent, chemically stable and radia-
tion resistant crystalline matrices. Possible alternatives are
the americium and neptunium transmutation and tempo-
rary curium storage for decay and the accumulation of
radiogenic plutonium for repeated use.* >

Quite a few uranium and thorium minerals as well as
minerals containing uranium and thorium as isomorphous
impurities occur in nature. There are specimens up to 1
billion years old that have accumulated high concentrations
of decay products and have received irradiation doses of
10%°-10%¢ (a-decays) m—3. Many of them are metamicted
to one or another extent, up to transition to the amorphous
(disordered or metamict) state, but still demonstrate high
degrees of retention of both the parent uranium and
thorium and the decay products. These minerals
include zirconolite (CaZrTi»O7), pyrochlore/betafite
[(Ca,U)(Ti,Nb,Ta),O7_,)], tazheranite [(Ca,U,Ti,Zr)Ox],
perovskite (CaTiOs3), zircon (ZrSiOg4), brannerite/thorutite
[(U,Th)Ti»O¢], apatite [(Cas(PO4)3(F,C1,0,0H)], britholite
[(Ca,TR)(PO4)(Si04)0O] and monazite (CePO4).°~ 13 In some
cases, minerals encountered in nature do not contain
uranium or thorium,'# !5 but there are synthetic phases of
the same structure that do contain actinides. An example is
murataite, which possesses high chemical stability in aque-
ous solutions.'®17 (U, Th)-containing minerals have been
found in the natural fission reactor at the Gabon uranium
deposit (Africa) and in the Chernobyl ‘lava’ — the melting
product of the reactor core (Ukraine).!8-1° Studies of the
natural, man-made and artificial actinide compounds make
it possible to choose materials that are most appropriate for
actinide waste immobilization and subsequent disposal in
deep geologic repositories.

TTR is a designation for rare earth elements (abbreviated Latin Terra
Rare); we will also use the abbreviation REE.

The works dealing with the incorporation of actinides
into synthetic phases have been in progress since the
1970s.20-22 They are based on geological and mineralogical
data>-13.20-21 and analysis of the phase diagrams of acti-
nide oxide systems.??:24 Chemically stable and radiation-
resistant phases of fluorite (tazheranite/phianite) or fluo-
rite-related structure (pyrochlore, murataite, zirconolite)
are formed in titanate, zirconate and titanate zirconate
systems. In aluminate and ferrite systems, perovskite type
compounds are formed, and in phosphate and silicophos-
phate systems, monazite and apatite/britholite type struc-
tures appear. The objectives of the studies are, first of all, to
elucidate the capacity of prospective phases as regards
immobilization of actinides, to find new phases, to deter-
mine their properties, including chemical stability and
radiation resistance, the structures and valence states of
actinides and rare earth elements and to develop efficient
methods for the synthesis of ceramics consisting of these
phases. The structures and properties of host phases for
immobilization of actinides are the subjects of a number of
monographs and reviews.?> 37

Currently, the only process that has been brought to
commercialization is vitrification. Among other reasons
(e.g., chemical flexibility of the structural lattice of glass),
this is caused by simple process equipment and flow
diagrams as compared with ceramic processing, which
includes moulding and annealing, cold pressing and sinter-
ing or hot pressing. Therefore, in our opinion, most prom-
ising is the manufacture of actinide waste forms by melting
and crystallization from the melt.

This review presents analysis of publications dealing
with actinide compounds and oxide solid solutions that are
considered as possible phases for immobilization of acti-
nides and the manufacture of ceramics based on these
phases by melting and crystallization from melts, mainly,
by cold crucible induction melting. Therefore, only con-
gruently melting phases are considered. Primary attention is
devoted to the studies of the last 15 years.

II. Key requirements to actinide host phases

Quite a number of crystalline phases potentially suitable for
immobilization of actinides, including transuranium ele-
ments (Pu, Am, Cm, Np) and their rare earth analogues,
have been studied to date. Titanate-, zirconate-, titanate
zirconate-, aluminate-, ferrite-, phosphate- and silico-
phosphate-based phases have been consid-
ered.*20-22,25-29.31-37 njtially, the host phases were devel-
oped for immobilization and long-term storage of actinides;
therefore, chemical stability and radiation resistance were
the key suitability criteria. For crystalline phases, these
criteria imply stability against amorphization and mainte-
nance of the chemical stability (ability to retain actinides
within the phase upon interaction with underground water)
under high irradiation doses. Other important parameters
are the waste loading, mechanical strength, chemical flexi-
bility, compatibility with the enclosing rock of the storage
and some other properties, for example, processing param-
eters, which are not considered here.

II.1. Chemical stability
Mathematically, leaching is described by the sum of two
exponents
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where W is the leaching rate, 41, A>, By, B> are empirical
coefficients, ¢ is the leaching time. The first term of the
equation describes the initial stage of dissolution of the
easily leachable metastable phase, which is completely
dissolved in the first 24 h. The second term describes
leaching of the major phase from the sample surface,
which is rate-limited by diffusion from the sample bulk
towards the surface. At B, — 0, the coefficient 4>~ const;
hence, the second term is represented only by coefficient A4-,
which is defined as the ‘equilibrium’ leaching rate. In the
opinion of the authors of monographs,3? 3¢ the second term
of the equation should have the form

1/2
W:A(g) ©)

Uz

where A is the density of the matrix and D is the effective
diffusion coefficient.

In the initial period of interaction of ceramics with
solutions, elements from non-equilibrium (impurity) phases
and from interfaces are predominantly leached owing to the
migration of leached ions along pore and grain boundaries.
Generally, three main mechanisms controlling RW leaching
from ceramic forms are considered:

— autocatalytic hydrolysis of main lattice elements;

— diffusion-controlled ion exchange;

— deposition with layer formation.

The chemical stability of vitrified and ceramized RW is
determined using special procedures (tests) developed by the
Materials Characterization Center (MCC-1—- MCC-5).38
The MCC-1 procedure includes leaching from a monolithic
sample in a Teflon container under static conditions at a
constant surface area to volume ratio (0.01 mm—!) and
temperatures of 40, 70 or 90 °C in deionized water, sili-
cate — bicarbonate solution or brine. The test according to
the MCC-2 procedure is also performed under static con-
ditions but at higher temperature (110, 150 or 190 °C) using
Teflon-lined steel capsules. The MCC-3 procedure (and
similar PCT procedure 3°) resembles MCC-1 but uses pow-
dered samples with particle size of 149—175 pm or <45 pm,
and stirring is conducted at a constant ratio of the leaching
agent volume to the sample weight (101 ml g—') and
temperatures of 40, 90, 110, 150 and 190 °C for specified
periods of time. The MCC-4 test, which is similar to the
single-pass flow-through test (SPFT), is carried out in a
dedicated setup in which the leaching agent is passed
through a bed of the sample (usually, powdered) with a
known surface area for 28 or 364 days at temperatures of
40, 70 or 90 °C and flow rates of 0.1, 0.01 or
0.001 ml min—!. The MCC-5 test is performed in the
Soxhlet apparatus for 3 or 14 days in a flow of doubly
distilled water at a boiling point. The leaching rate is
calculated in all cases by the relation

(LR), == 3)

Here (LR); is the normalized leaching rate of the ith
component, g cm~2 day—!; A; is the weight (g) of compo-
nent / leached in time #; Ao is the initial weight (g) of
component 7 in the sample; Wy is the initial weight (g) of the
sample; S is the sample surface area, cm?; 7 is the leaching
time, days.

Most often, testing is performed by the MCC-1 proce-
dure, according to which a sample with a known surface
area is kept in deionized water at 90 °C for several days,
water being replaced every day. Leaching in acid or salt
solutions simulating ground waters or brines is performed
in a similar way.*

I1.2. Radiation resistance

The theoretical grounds of radiation effects in solids have
been developed rather comprehensively and considered in
many monographs and reviews (see, for example, Refs
40—-44). When a solid is exposed to radiation, three types
of effects are observed:

— effects of interaction of radiation with element nuclei;

— electronic effects (ionization and excitation) upon the
interaction of radiation with the electron shells of atoms;

— effects of atom or ion displacements from their
normal positions in the lattice points.

Electron beams or y-rays induce excitation and ioniza-
tion. The key types of ionization processes include the
photoelectric effect, Compton scattering and formation of
electron — positron pairs. As a result of ionization, electrons
and holes appear in the solid and migrate over the lattice
until they recombine, being captured by other electrons or
holes, atoms, ions or structural defects. This can give rise to
defects of various nature, including paramagnetic ones.
Because of their low mass, electrons can execute only single
displacements (formation of Frenkel pairs), while most part
of their energy is dissipated via Coulomb interactions
during ionization. For the waste forms in which radiolysis
is significant, ionization effects of B-particles become the
major source of damage. In addition, B-decay serves as the
main source of heat in solidified RW during the first 500
years of storage.

Under the action of y-quanta, atoms can be displaced,
chemical bonds can break and compounds (mainly with
covalent bonds) can even become amorphous. Nuclear
reactions induced by y-rays and electrons proceed only at
very high energies, which are absent in RW forms, but this
can be used in the studies of their radiation resistance, for
example, by the photonuclear reaction method.

Heavy charged particles (a-particles, fission fragments,
recoil nuclei) cause both displacement and ionization
effects. The ionization density depends on the linear energy
transfer (LET) value. Heavier particles have larger LET
values (Table 2). High concentrations of free radicals, ions
and radical ions in tracks increase the probability of
recombination and the yields of molecular products of
radiolysis. For low-LET particles (y-quanta, electrons, pro-
tons), the concentration of radical products is lower and the
yield of molecular products is minor. The largest number of
displacements per decay event is induced by fission frag-
ments. The recoil nuclei in a-decay cause approximately an
order of magnitude less displacements. The p-particles
(electrons) are least active in this respect.

The schematic diagram of development of radiation
damage in ceramics is presented in Fig. 1. The first stage
[<3x10'8 (a-decays) g~ '] is characterized by sharp Bragg
diffraction peaks with minor contributions of diffusely
scattered components. The damage is determined by accu-
mulation of isolated point defects, which increase the unit

1 In Russia, there is the relevant State Standard GOST R52126-2003.
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Table 2. Initial LET values for iron sulfate and cerium sulfate solutions
under various types of radiation.4°

Radiation type LET Radiation type LET
/eV nm—! /eV nm~!
Co 0.2 a-Particles /MeV
Electrons, 2 MeV 0.2 38 22
X-rays /kV 12 50
250 1.0 5.3 (*'%Po) 88
8 2.8 34 120
Protons /MeV Fission products, ~ 7000
2.0 17 65 MeV (average
0.8 30 mass, 138 a.m.u.)
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Figure 1. Schematic diagram of the change in the structure (a) and

electron (b) and X-ray diffraction patterns (¢) of a crystalline
substance transforming to amorphous state with increasing o-dose
exemplified by zircon.*’

cell volume and cause distortions that account for the
density decrease. These defects can be partly annealed over
geological periods of time (hundreds of thousand years and
more).

The second stage [(3—8) x 10'8 (a-decays) g—!] is char-
acterized by a substantial decrease in the intensity of Bragg
diffraction peaks, which become asymmetrical owing to the
increased contribution of diffusely scattered components.
According to high-resolution transmission electron micro-
scopy data, the microstructure comprises areas with a
distorted crystal structure and amorphous tracks formed
by displacement of a-recoil nuclei. As the a-dose increases,
areas with a damaged crystal structure are transformed into

aperiodic (amorphous) domains, but no further consider-
able unit cell expansion is observed in the remaining

crystalline areas. In the third stage
[>8x10'8 (a-decays) g—'], the material becomes fully
amorphous.

The radiation resistance of solidified RW is studied
using various types of radiation: ®°“Co y-radiation, irradi-
ation with electrons and ions on accelerators, neutron
irradiation in nuclear reactors, irradiation with a-particles
and recoil nuclei from glass- or ceramic-incorporated sour-
ces and irradiation with fission fragments upon nuclear
reactions. In order to correlate the results of sample
irradiation experiments performed by different procedures,
a universal radiation dose unit was proposed called dpa
(displacements per atom) meaning the number of displace-
ments experienced by each atom throughout the irradiation.
This value can be calculated, for example, using the TRIM/
SRIM computer software.*® A correlation between the
number of displacements per atom (dpa) and the ‘age’
(storage time) of conditioned RW was established.

I1.2.a. Actinide doping

The a-decay of RW actinides and the daughter products
formed results in the radiation damage at the atomic level
and comprises two concurrent processes:

— o-particle with a ~5 MeV energy has a range of
10-20 pum and spends most of energy for ionization; at low
velocities at the end of the range, it displaces
100—-200 atoms giving rise to defects like Frenkel pairs;

— recoil nucleus with a ~0.1 MeV energy produces
1000—2000 atom displacements over the range equal to
~ 10 nm, thus forming tracks of disordered material.

In order to simulate the radiation damage in An-con-
taining RW, the most appropriate method is the incorpo-
ration of short-lived o-emitters such as 23¥Pu (77,
» = 87.7 years) and 2*4Cm (7> = 18.1 years) into glass or
ceramic.?%42-4% More rarely, >>Cm (T2 = 163 days),*’
241Am (T1)2 = 432.6 years) 4830 and 210pg
(Th2 = 138.4 days)>! are employed. This procedure is able
to simulate the damage during storage of vitrified and
crystalline RW forms for a period of 103—10° years with
accumulation of radiation dose of up to 10**-10%° (a-
decays) m—3.

I1.2.b. Study of the natural analogues
One of the methods to assess the radiation damage during
the long-term storage of solidified HLW and actinide wastes
is to study natural minerals containing 233U, 235U and 23°Th
and their daughter decay products. The concentration of
UO; in some minerals reaches tens of mass percent (in
pyrochlores, up to ~30 mass %) and the cumulative doses
are ~ 10?9 (a-decays) g—!, or 5 102 (a-decays) m—3. Even
minerals containing trace amounts of uranium, for example,
zircon can accumulate a dose of up to ~10'? (a-decays) g—!
throughout the time of existence of ~10° years.?-28

For studying minerals with different concentrations of
radioactive elements and different geologic age, it is possible
to assess the radiation damage as a function of the radiation
dose from artificially incorporated o-emitters. Minerals
containing high concentrations of a-emitters and large geo-
logic age (millions of years) are, most often, metamict.
Usually, the a-dose leading to amorphization of synthetic
minerals and the a-dose of the mitamict natural minerals
are in good agreement with each other. Among the minerals
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considered as host phases for actinides, zirconolite and
pyrochlore are most stable [up to ~10!9 (a-decays) g—!,
or ~0.8—1.0 dpa], and perovskite, zircon, apatite, mona-
zite and sphene are less stable (~0.20—-0.55 dpa).

11.2.c. Charged particle irradiation

A convenient procedure for evaluating the radiation dam-
age is irradiation with accelerated charged particles, espe-
cially when a-particle (or inert gas ions) irradiation is
combined with lead ion irradiation, which allows simulation
of the action of both a-particles and recoil nuclei. Practi-
cally, various accelerated particles are used — electrons,
protons, a-particles, inert gas ions (Ne, Ar, Kr, Xe) and lead
ions; more rarely, other particles. Using this procedure, it is
possible to reach high doses over very short periods of
time.2%-42-44 Difficulties arise in the subsequent analysis of
irradiated samples, as the damages are formed in a very thin
layer (up to hundreds of nanometres).

A drawback of this procedure is that the damages are
homogeneously distributed and do not mimic the heteroge-
neous radiation effects that can arise in the case of non-
uniform distribution of actinides or fission products in the
materials. Some ceramic phases may incorporate no acti-
nides, for example, hollandite in the Synroc ceramic. Upon
ion irradiation, they are exposed to the same doses as
actinide-containing phases, which is not the case for real
storage conditions. Nevertheless, this procedure is fast and,
hence, one of most popular.

I1.2.d. Neutron irradiation

The radiation damage brought about by a-particles and
recoil nuclei in crystalline compounds can be simulated by
fast neutron irradiation (this mimics, most of all, the action
of recoil nuclei as a result of eclastic displacement of
atoms)>? or thermal neutron irradiation of a 23U-doped
material to induce the nuclear fission.’3 Fast neutrons
dissipate the energy via elastic collisions, resulting in
numerous atom displacements. If the sample contains nuclei
with a rather large neutron capture cross-section, then the
sample acquires induced radioactivity. Fast neutron irradi-
ation acts similarly to recoil nuclei; however, because of the
absence of a-particles, it is impossible to simulate the effect
of helium formation. Thermal neutron irradiation of a
235U-containing material gives rise to a large number of
fission fragments, which produce extensive atom displace-
ment areas (fission fragment tracks). This does not occur in
real HLW; therefore, this procedure is less adequate than
other procedures.

II1. Host phases for actinides

II1.1. Fluorite and fluorite-related structure phases

Since the mid-1970s, zirconolite, pyrochlore and later mur-
ataite (derived from fluorite) structure phases have been
considered as promising host phases for actinides and
REE ?° owing to their broad isomorphism and high radia-
tion resistance and chemical stability. This group includes
phases with the elementary fluorite unit cell (1C), two-fold
(pyrochlore, 2C) and three-fold fluorite unit cell (murataite,
3C), polysomatic series of pyrochlore—murataite phases
composed of alternating pyrochlore (2C) and murataite
(3C) blocks (modules): 2C+3C+2C (7C), 2C+3C (50)
and 3C+2C+3C (8C), and also zirconolite phases: 2T and
4T (tetragonal), 30 (orthorhombic), 2M and 6M (mono-

clinic), which are also derived from the fluorite struc-
ture.17-54-60

I11.1.a. Fluorite type cubic zirconia and zirconates

The fluorite structure (space group Fm3m) is inherent in the
cubic ZrO, modification stable at temperatures above
~2300 °C. The Zr** ion positions correspond to the cubic
close packing sites, while O?— positions correspond to all
tetrahedral voids. Each Zr*" ion is surrounded by eight
02— ions located at a distance of 2.20 A. In the
1100—-2300 °C temperature range, a tetragonal polymorph
exists, while the phase stable below 1100 °C is monoclinic
(baddeleyite).o!

The cubic phase of ZrO; can be stabilized by introduc-
ing other quadruply charged ions (Ce* ™, Hf 4™, U4*, Pu*™t,
Am**) or Ca?" and TR3™" ions. Some of the Zr* " ions are
replaced by other quadruply or lower charged ions (in this
case, oxygen deficiency arises to maintain the charge bal-
ance). For practical purposes, Y203 is used most often (for
jewelry, with addition of other REE oxides). In the
ZrO>—-Y>03 system, there exists an extensive region of
fluorite type cubic solid solutions.??

The Nd, Sm, Eu, Gd and Tb oxide systems comprise
wide fluorite type cubic solid solution fields,?3-24 while UO»,
PuO; and AmO; systems form a continuous solid solution.
At 1200 °C, two solid solution homogeneity regions exist in
the ZrO;—Am>0O3 system: one tetragonal (0 mol.% —
3 mol.% Am>O3) and one cubic (~1mol.% —38 mol.%
Am;03).2* In the vicinity of (TR,An),Zr,O7 composition,
the fluorite structure becomes defective with lowering the
temperature and then transforms into the pyrochlore struc-
ture.®%3 The order—disorder transition temperature (the
dot in Fig. 2) depends on the composition.?3,24,62-65

Zirconia-based phases with the fluorite, defective fluo-
rite and pyrochlore structures are radiation resistant and
chemically stable. Therefore, they were proposed as prom-
ising hosts for immobilization of long-lived actinides of Pu-

T/)°C
F
2800
2000
P
1500 - F+T F+C
B A

1000 . .

10 20 30 40 50 60 70

GdO, 5 (mol.%)

Figure 2. Part of the phase diagram of the ZrO,—GdO; s sys-
tem, 62 63

A and B are the stability regions for the pyrochlore and defective
fluorite type phases; F is fluorite type cubic solid solution; P is
pyrochlore type solid solution; C is cubic solid solution with a
T1,03 type structure; T is a tetragonal solid solution; the dot marks
the order—disorder transition for the pyrochlore phase.
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and Am/Cm-containing wastes.®¢~% The Gd,Ti>_ ,Zr,O7
phases with x > 1.8 are not amorphized upon irradiation
with accelerated ions even at 25 K and doses of up to
5 dpa.’® The 1" and Sr™* irradiation of Y-stabilized ZrO»
with up to 300 dpa doses resulted in the formation of a
defective fluorite structure but not in amorphization. The
latter was achieved upon Cs* ion irradiation at room
temperature only at a fluence of 10%!'ion m—2, or
330 dpa.”! The irradiation of Y-stabilized ZrO,
(9.5 mol.% Y,03) with He® ions (100 keV) up to
11.65 dpa gave rise to numerous helium bubbles and cracks
in the sample but did not induce amorphization.”

Y-Stabilized ZrO, is considered as an inert matrix fuel.
This material demonstrated a high degree of retention of
implanted Cs™ ions via the formation of Cs;ZrO5.7> The
Ero.05Y0.10Tho.10Z1r0.7501.925 samples irradiated with
xenon ions (60 keV) wusing ion accelerators and the
(Er,Y,Pu,Zr)O,_, samples irradiated in a reactor main-
tained a crystalline structure.”* After irradiation in a reac-
tor, (Pu,Er,Y,Hf,Am)ZrO>_. (0.8 mass% Am) demon-
strated a (10° times) higher stability in groundwater than
glass and several orders of magnitude higher stability than
UO; under oxidizing conditions.”>

High radiation resistance was found for stabilized pyro-
chlore type ZrO, and zirconate samples after self-irradia-
tion with 238Pu and 2*'Am they incorporated.4%-30.76-79
Depending on the irradiation dose, abnormal behaviour of
the phase is observed, being induced by two opposite
processes — accumulation of radiation defects and defect
recombination restoring the structure. For an 24! Am-based
sample, this is manifested as a broadening and decrease in
the intensity of X-ray reflections at low doses (up to
~0.11 dpa) and the subsequent narrowing down and inten-
sity increase of the reflections as the dose increases to
~0.78 dpa.*-30

Single crystals of cubic zirconia stabilized by 9.4 mol.%
Y»03; showed a high stability to the action of simulated
Canadian Shield brine both at 25 and at 85 °C. The Nb and
Hf normalized leaching rates at these temperatures were
1.4x10- 2 and 7.0x 102 kgm—2s~ !, or 1.2x 108 and
6.0x 10—8 g cm—2 day !, respectively.®®

In nitric acid (pH 1) at 150 °C, CeO»- and Nd»Os-doped
Z10.86Y0.140193 samples showed leaching rates of about
10> gm~2day~!' for Ce and ~10~*% gm~—2day~!' for
Ce, Nd and Y present simultaneously.®? The Np leaching
rate from the (Zr,Np,Y)O>_ , ceramic containing 20 mol.%
to 40 mol.% NpO, was less than 10-° gm~—2 day—!
(according to a 84-day MCC-2 test at 150 °C in distilled
water).8! In a series of experiments involving
GdsTiz—ZryO7 pyrochlores, the minimum gadolinium
leaching rate (according to SPFT data, pH 2, T=90 °C)
determined for the sample with x=1.75 was
1.33x10~* gm—2 day—!. For a pure fluorite gadolinium
zirconate, the Gd leaching rate was somewhat higher, but
the sample turned out to be not quite homogeneous. The
Au?" ion (2 MeV) irradiation up to a fluence of
5ion nm~—2 did not change the rates of leaching from
zirconate samples based on a fluorite type phase.8?

The ZrO;— Cm»03 system (Fig. 3) has been studied over
the range from ZrO; to the CmZrO3 5 (Cm»Zr>07) compo-
sition corresponding to the pyrochlore.83-8¢ The existence
of two fluorite and pyrochlore type cubic phases was
ascertained. Zirconia-based phases have high capacity for
isomorphous substitution towards triply charged actinide

T/°C

2000

1000 p+C

0 0.1 0.2 0.3 0.4 0.5
Zr0; (Cm,Zr; )02+ CmO, 5

Figure 3. Phase diagram of the CmO, 5—ZrO, system.®?
Structures: C is fluorite (cubic), solid solution; M is monoclinic,
solid solution; T is tetragonal, solid solution; P is pyrochlore.

ions. For example, there exist compounds Am»Zr,O7 and
Cm»Zr>07; in the latter, the 244Cm->O3 content can be as
high as ~81 mass %.

A key issue in the synthesis of zirconate ceramics is the
necessity of thorough preparation of the feed formulation
and the use of very high temperature and pressure. For
manufacturing REE —zirconate oxide ceramic, sintering is
conducted at 1500—1600 °C for ~50 h and is followed by
grinding and one more sintering.8” Even the synthesis from
a sol—gel precursor requires sintering at 1200 °C for 12 h,
repeated sintering of the pellets, sintering at 1500 °C for
30 h and hot pressing at 1600 °C under a 200 MPa pressure
for 2 h; however, in this case, too, foreign phase impurities
are detected.3>8 The solid-phase reactions are markedly
accelerated by mechanical pretreatment of the feed formu-
lation. The duration of sintering at 1500 °C decreases in this
case to 3—-6h and the product is virtually a single
phase.89-90

II1.1.b. Pyrochlore structure phases

Pyrochlore A;B>0¢X (X = 02—, OH—, F—, vacancy) has a
cubic crystal lattice (space group Fd3m, Z = 8). Its structure
is a derivative of the fluorite structure in which the unit cell
is doubled, 1/8 of oxygen atoms are absent and anion
vacancies are ordered.”! Owing to the missing anion, the
cubic environment of the B site is transformed into an
octahedral one.*® The oxygen anions are located at octahe-
dron vertices and occupy six out of the eight vertices of the
cube. The other two vertices are occupied by X anions. The
compounds (A3 ),(B**),07 have a pyrochlore structure at
1.46 < Ra/Rp < 1.80 (Ra and Rg are the radii of A and B
ions, respectively).#9-34.35.61 The pyrochlore structure can
be represented as two interpenetrating networks of BOg
octahedra and A,X chains (Fig. 4).

Currently, more than 500 pyrochlore type compounds
are known, some of them containing actinides. The pyro-
chlore structure is inherent in Cm,Ti,O7;, CaThTi,O,
CaUTi,07, CaNpTi>O7 and CaPuTiyO7.13-83-86 Zirconates
and hafnates can have either pyrochlore or fluorite structure
(Table 3).24:34.55.92 The pyrochlore structure is retained
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structure
solidstate/SS-Pyrochlore.htm).

Figure 4. Pyrochlore (http://www.chemtube3d.com/

Table 3. Pyrochlore type REE and actinide phases A>B>07.%2

A cation B cation

Tit+
(0.061)

Sn4 +
(0.069)

Hf4+
(0.071)

Zr4+
(0.072)

A is a rare earth element

La3* (0.116) -
Ce3* (0.114) -
Pr3* (0.113)

Nd3*+ (0.111)
Pm** (0.109)
Sm3+ (0.108)
Eu3+ (0.107)
Gd3* (0.105)
TH3+ (0.104)
Dy** (0.103)
Y3+ (0.102)

Ho’* (0.102)
Er** (0.100)

Tm3™ (0.099)
Yb3+ (0.099)
Lu3+ (0.098)

A is actinide or Ca2™ + An*™, Ca2™ + Ce*™"

Pud* (0.110)

Am3+ (0.109)

Ca* + Th** (0.1085)2
Cm** (0.108)

Ca2* + U** (0.106)
Ca2* + Np** (0.105)2
Ca* +Ce** (0.1045)2
Ca2* +Pu* (0.104)° + +

+

s
HHH o+ + + + +

R T e e S S S S S A A

+ 4+t +

+
|

S
+ 4+ + o+
HHHH + +

A+t

Note. The following designations are used: plus — the structure is
stable, minus — the structure is unstable; plus or minus — a structural
modification of the pyrochlore and fluorite structures is possible; the
numbers in parentheses are ion radii (nm).

4@ Mean ion radius.

over the whole range of compositions for
(Gd - yNd,)2Zr>07 (Ref. 93), (Gd| _+Cey)2Zr,07 (Ref. 94)
and (Nd] 7_XCCX)2ZI'2077}Y.95

Actinide titanates were synthesized and studied earlier
than zirconates or hafnates but most studies were carried
out for samples containing <10 mass % PuO, and even
lower percentages of americium and curium oxides. The
reasons are both the difficulty of handling highly radio-
active materials and consideration of the critical mass limit.
With regard to the problem of disposal of surplus weapons-
grade plutonium, studies of radiation resistance of 23°PuQ»-
doped (up to ~12 mass %) pyrochlore phases were under-
taken.?¢~103 In most of these studies, plutonium was mim-
icked by cerium or uranium, and the products were almost
never single phases (usually, zirconolite, perovskite, bran-
nerite or rutile were present as impurity phases).

The radiation resistance of pyrochlore ceramics was
studied by analyzing damage in natural samples,!%* actinide
doping, in particular, with the 24*Cm isotope, and ion
irradiation.26-2933.44 The effect of a-decay on the 2#*Cm-
doped pyrochlore Gd,Ti»O; phase was studied in most
detail.!5-108 At low doses of ~0.6x 10'8 (a-decays) g—!,
the material exhibited a clear point electron diffraction
pattern and clearly discernable single defects and fragment
tracks. With increasing dose, the density of radiation-
induced defects increased until the clusters of single defects
became poorly discernable and a diffuse ring appeared in
the electron diffraction pattern, indicative of the presence of
amorphous material. At higher doses, the material became
almost completely amorphous with some residual crystal-
linity. After 3.1 x10'8 (a-decays) g—!, the material was
amorphous without remaining crystallinity and the electron
diffraction pattern displayed only diffuse rings typical of
amorphous state.

An increase in the a-dose was found 1°¢ to entail expo-
nential increase in the volume and a ~2.5-fold increase in
the integrated dissolution rate of 2**Cm-doped pyrochlore
ceramic.2% 197 However, the rates of transition of curium
and plutonium ions into solution can also increase 20— 50-
fold because of incongruent melting. With increasing the
a-dose, the fracture toughness passes through a broad
maximum at ~ 1.4 x 10'® (a-decays) g—! (Ref. 108). After
the isochronal annealing of completely amorphized
Gd,TiO7 for 12 h, linear density recovery was observed
before the temperature of the onset of recrystallization
(700 °C). The complete density recovery and recrystalliza-
tion of the initial pyrochlore structure occured at 850 °C.
The Gdj.935>**Cmyg.065TiZrO7 sample transformed into the
metamict state at a 4.6 x 10'8 (a-decays) g—! (0.60 dpa)
dose. The perovskite and baddeleyite impurity
phases became amorphous at ~2x 10'® (a-decays) g—!
(0.26 dpa), i.e., they have also incorporated some curium.!%?

In connection with the problem of disposal of surplus
weapons-grade plutonium, the radiation resistance of pyro-
chlore type phases doped with 8.7 mass % (Refs 110,111)
and ~11.9 mass % 23%PuO;, (Refs 112,113) was studied.
According to X-ray powder diffraction data, pyrochlore
was the major phase in the samples obtained by cold
pressing and sintering, while impurity phases included
brannerite (formally described as UTi»Og), rutile and a
fluorite type phase, presumably (Pu,U)O,. On keeping the
samples, the pyrochlore unit cell parameter increased — the
relative volume gain was 1.2% —1.6 % in six months, and
sample amorphization became clear-cut at
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5% 10'©-2.5x10'7 (a-decays) g—', while at 8.8x10!7
(a-decays) g~ 1, the diffraction pattern became substantially
blurred and most of X-ray reflections disappeared.!!® A
study of hydrolytic stability by the MCC-1 procedure
demonstrated that sample stability decreases considerably
after the metamict transformation: the normalized Pu and
U weight losses after a 28-day leaching increased 30- and
6-fold, respectively. By the 28th day, the leaching rates (V2g)
from the freshly prepared () and amorphized (/1) samples
at a cumulative dose of 1.68 x 102> (a-decays) m—3 were as
follows:

Element Gd U Pu

Vs /g m—2 day—!
I 1.1x102 7x10-3 33x104
11 33x1073 4.6x10-2 89x103

The radiation damage in a ceramic of a similar compo-
sition, obtained also by cold pressing and sintering at
1350 °C, but under argon, was studied in the USA. The
samples consisted of the major phase (pyrochlore) and some
additional phases (Hf-rutile, zirconolite and brannerite).
Pyrochlore became amorphous at a dose of 3.7x10'8
(a-decays) g—!'. The hydrolytic stability testing by the
SPFT procedure showed leaching rates of 1.3 x 10~3 and
7.2x10~* gm—2 day—! after and before amorphization,
respectively, for samples consisting mainly from pyrochlore
and containing additional phases apart from pyrochlore.
Despite the amorphization, the samples retained the integ-
rity and hydrolytic stability.!'2- 113

The conclusion of Russian researchers'!'! stating that
pyrochlore is not the host of choice for immobilization of
plutonium does not take away the fact that the gadolinium
leaching rate decreases after the sample amorphization;
therefore, pyrochlore can be quite an appropriate host for
trivalent actinides.

Systematic studies of natural pyrochlore group minerals
have been reported in a number of publications.?- 26 114-116
These are usual accessory minerals encountered in various
rocks — carbonatites and nepheline-syenite and granite
pegmatites. Actinides can be located in the A sites and
their content can be quite large (up to 30 mass % U). The
charge balance is provided by cation deficiency in the A
sites and substitutions in the B sites. Natural pyrochlores
are classified in terms of the principal cations in the
octahedral site: microlite (Ta > Nb, Ti < 33 mol.%),
pyrochlore (Nb > Ta, Ti < 33 mol.%), betafite
(Ti = 33 mol.%).!"'* The radiation damages in microlite,
which contained up to 30 mass % and 5 mass % UO; and
ThOa,, were studied in most detail. Depending on the sample
age, the calculated cumulative dose reached 80 dpa. With
increasing dose, the intensity of diffraction peaks decreased
and the peaks were broadened but not so fast as in the case
of the synthetic actinide-doped material. The diffraction
peaks did not shift towards smaller 20 angles because the
unit cell expansion resulting from dose increase and defect
accumulation was counterbalanced by the replacement of
calcium and sodium by uranium. Evidently, the unit cell
compression upon chemical substitution compensates for its
expansion caused by radiation damage. High-resolution
transmission electron microscopy data support the inter-
pretation based on X-ray diffraction.’

Changes in the first and second coordination spheres
can be monitored by spectroscopic methods, of which most

efficient are X-ray absorption near edge (XANES) and
extended X-ray absorption (EXAFS) fine structure inves-
tigation methods.!17-125 These results were used to propose
a model for the metamict state comprising the following
effects: 126

— slight distortion of the nearest coordination polyhe-
dra;

— decrease in the coordination number and bond length
in the primary coordination polyhedron;

— some increase in the mean distance to the second
nearest neighbouring polyhedron;

— loss of periodicity relative to the second nearest
neighbouring polyhedron.

Hogarth '27 noted the following: if the analyzed pyro-
chlore specimens are from the same locality, the calculated
dose needed for transition from the crystalline to metamict
state increases with the mineral age. This is an obvious
proof for healing of damages caused by a-recoil nuclei
throughout a geological period. The relationship between
the critical amorphization dose (D) and geological age was
modelled with the assumption of the disappearance of
a-recoil tracks, similarly to the disappearance of fission
fragment tracks. The critical parameters include the a-decay
dose, specimen age, thermal prehistory and the average
a-recoil track lifetime. The dose variation as a function of
age for natural pyrochlores can be corrected by taking into
account the annealing of the recoil track. The annealing
under the existing conditions for a long period of time gives
a higher apparent amorphization dose. The real time
dependences of the dose can be obtained using an exponen-
tial equation and considering annealing in terms of half-life
of recoil tracks in the material.'?” The average track lifetime
(ta) 1s assumed to be 100 million years. This type of data
analysis for zircon and zirconolite gave average track life-
times of 400 and 700 million years, respectively. This does
not correspond to the track lifetimes estimated by the
differential etching procedure, which was used to determine
the lifetimes of the damaged sites in monazite, metamict
betafite, thorite and metamict samarskite.!23-132 For the
phases that retain the crystallinity despite high o-doses
(> 10 dpa), the a-recoil track lifetime was about 10* years.
Thus, natural samples provide clear evidence for the anneal-
ing taking place over geological periods of time. The final
state of the mineral — either crystalline or metamict —
depends on the average lifetime of the a-recoil track, which,
in turn, depends on the type (composition and structure) of
actinide-containing material or mineral.

A  number of investigations of the radiation
resistance of pyrochlore type phases using noble gas

ion (Ne', Kr*, Xe")'33-147 jrradiation have been
reported.!33~ 147 Smith et al.133 irradiated the
pyrochlore  (Cao.87U0¢.62)1.49(Ti1.76.210.24)2.0006.72  with
Kr* ions (E = 1.5 MeV) and found that

D. = (4.14+0.3) x 10'® ion m—2; this was comparable with
the D. value for zirconolite, which was considered in the
same study. Wang et al.'** irradiated hot-pressed Gd,Ti,O7
samples with Xe™ (E = 1.5 MeV), Kr* (E = 1.0 MeV) and
Art ions (E = 0.6 MeV) in the temperature range from 20
to 1073 K. For these cases, the critical amorphization
temperatures (7¢) found by extrapolation were 1300, 1100
and 950 K, respectively. Transmission electron microscopy
examination demonstrated that in early irradiation stages,
the pyrochlore was transformed into a defective fluorite
phase. A study of the radiation resistance of the pyrochlore
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Gda(ZryTii —+)207 upon Kr* ion (1 MeV) irradiation dem-
onstrated 133 that with increasing content of zirconium in
the samples, the radiation resistance increases: this is
reflected as increasing D. and decreasing T, values. Pyro-
chlores containing > 1.8 formula units of zirconium did not
amorphize even at 25 K.

Wang et al.'3® compared the radiation resistance of
GdzTi207, szTi207, EUQTi207 and YzTi207 phases
obtained by cold pressing and sintering in the temperature
range of 20-1023 K wupon Kr* ion irradiation
(E =1 MeV). The amorphization of all of these phases
involved the intermediate formation of a fluorite substruc-
ture. A high-resolution transmission electron microscopy
examination showed damage sites as isolated cascades and
the cation disorder. Pyrochlores containing REE trans-
formed into amorphous state more readily and had higher
critical amorphization temperature than the yttrium pyro-
chlore. The differences between the susceptibility to
amorphization of these pyrochlores are attributable to
different sizes of displacement cascades induced by cations
of different mass. Further detailing of the mechanism of
amorphization induced by ion irradiation showed 37 that
single displacement cascades are followed by the stage of
cascade overlap and that complete amorphization occurs if
these amorphous domains occupy the whole sample bulk.
Hence, the ion-induced amorphization can be analyzed
using the vitrification model at the nanometre level.

Quenching of the melt formed in the displacement cascade
results in recrystallization of the shell, the central part of the
track being amorphous.

Lumpkin er al.,'3® who studied the pyrochlore amorph-
ization mechanism, exposed synthetic single crystals of the
Cd>Nb>O7 pyrochlore to Net and Xe™ ion irradiation. The
material turned amorphous under the action of Ne* and
Xe™ ions at temperatures below 480 and 620 K, respec-
tively. The amorphization of CdaNb,O7 at room temper-
ature required a 36 times greater fluence of Ne™ ions with
280 keV energy than Xe™ ions with 1200 keV energy. The
calcium and niobium atom disordering over all possible
cationic sites took place at medium ion doses before
amorphization.

Generally, for all pyrochlore type compounds, the
mechanism of radiation damage is the same. The radiation
resistance and chemical stability are enhanced as titanium
atoms are replaced by zirconium atoms but the temperature
and duration of synthesis increase.

II1.1.c. Murataite phases with fluorite cell multiplicity of >2

In the muliphase ceramics obtained by cold pressing and
sintering 148152 and in the Synroc-C type material contain-
ing 20 mass % of one sort of HLW from the Mayak
production association,!6-153.154 g4 cubic phase classified as
murataite was detected (Table 4 and Fig. 5). This phase,
which occupied ~5% of the sample volume, accumulated

Table 4. Compositions of murataite phases (mass %) in the hosts with simulated HLW.1©

Sample Al,O3 CaO TiO» MnO FeO Cey03 ZrO» U0,
Waste from the Mayak production
association (Russia)?
sample centre 0.8 15.8 55.7 3.7 — 6.1 5.8 12.1
sample periphery 2.8 16.1 66.6 5.7 - 3.7 4.3 0.8
Waste from Savannah River plant (USA)® 9.5 8.0 32.8 8.0 23.9 1.0¢ 13.5 33

2 The sample contained also SiO,, K»>0, Cr,O3 and NiO. P The sample contained Na,O. ¢ Sum of lanthanides without separation.

Figure 5. SEM images of murataite-based matrices obtained by sintering (a),
melting (b) and of melted Synroc ceramic containing 20% simulated high-level
waste from the Mayak production association (c, d).16- 133,154

(a): (1) M5, (2) M8, (3) rutile; (b: (1) M5, (2) M8, (3) M3, (4) rutile; (¢, d): M is
murataite, Z is zirconolite, H is hollandite, R is rutile, P is perovskite, G is glass.
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up to 40% of uranium weight present in the sample. A clear-
cut zonal structure of grains was noted: uranium concen-
tration in the grain central part was 10—20 times higher
than at the periphery, which created an additional barrier
against leaching.

Synthetic murataite is a cubic phase (F43m) with a
tripled fluorite unit cell (¢ = 14.86 A) and the ideal formula
VI“A3VB2VIC6020_22, where A = Ca, Ml’l, TR, An;
B = Mn, Ti, Zr, U; C = Ti, Al, Fe; here and below, the
Roman numerals in the left superscript designate the
coordination numbers (C.N.). The stoichiometric composi-
tion of the natural phase is A4B3CsO5(F,OH)4, where
A = Na, TR, Ca; B = Zn, Fe; C = Ti, Fe, Nb.14-16.155,156
Unlike synthetic analogues, it is devoid of uranium but
contains sodium, zinc, niobium and fluorine and other
(yttrium) REE composition. The key isomorphous substi-
tution patterns are the following:

— replacement of the A atom: Ca?* — Mn?" (syn-
thetic), 2Ca?>* — Na™ + TR3" (natural);

— replacement of the B atom: Ti** — Zr** - U*" (syn-
thetic), Zn?>* — Fe?* (natural);

— replacement of the C atom: 2Ti*" — (Al,Fe)®** +
Nb>* (natural);

— simultaneous replacement of the A and C atoms:
Ca?" +Ti*"™ - Na™ +Nb>* (natural).

Below we briefly summarize the main research data
on the structure, composition variations and chemical
stability and radiation resistance of murataite
ceramics, 16-17-57.58.157 205

Evidently, the ability of murataite to incorporate large
amounts of HLW components is attributable to the pres-
ence of several structural sites (Table 5) providing for
accommodation of cations with charges from +1 to +5
and radii from 0.5-0.6 (AI3*, Nb5+) to 1.0—1.2 A (Na™,
Ca’?*, TR3", An3"-#"). The total content of REE —actinide
fraction of HLW in synthetic murataite reaches
20 mass %;!6-156 the possibility of incorporation of up to
10 mass % plutonium was demonstrated.!>’

For synthetic samples it was found that the highest
content of murataite is achieved in ceramics of the following
composition:

Oxide Ti02 MnO CaO A1203 F8203 ZI‘OZ See §
Content 55 10 10 5 5 5 10
(mass %)

Subsequently this composition was considered as basic.
A transmission electron microscopic examination revealed
structure types with motif periodicity of 3, 5, 7 and 8
relative to the fluorite unit cell, which were designated as
M3, M5, M7 and M8, respectively. The main reflections in
the X-ray diffraction patterns are in the following ranges of
interplanar spacing /A: 2.86-2.79, 2.47-2.43, 1.75-1.72
and 1.50—1.42. In these ranges, several closely located or
overlapping reflections from different murataite type phases
are observed. In ceramics produced by sintering, murataite
phases form isolated homogeneous grains (see Fig. 5a). In
contrast, the matrices obtained by crystallization from a
melt are composed of murataite grains of zonal structure
with variable composition of fragments (see Fig. 5b—d and
Tables 4 and 6). The centre of these grains is composed of

§ Actinide or REE oxides.

Table 5. Crystallographic parameters and cation site numbers for
synthetic murataites M3, M5 and M8.1%°

Parameter M3 M5 M8
Crystallographic parameters
Space group F43m FA3m FA3m
alA 14.676(15) 24.564(7) 39.105(12)
VA3 3161.3(6) 14822(7) 59799(32)
R 0.063 0.074 0.156
Numbers of cation sites in the crystal structure

Structure with C.N.

4 1 — 2

5 1 2 7

6 1 5 15

7 — 1 6

8 2 6 10
Total 5 14 40

zirconolite or M5 structure, while the periphery consists of
M8 and/or M3 structures. The close association of zircono-
lite and murataite, which was also noted for a host phase
incorporating simulated waste from the Mayak production
association,!33-154 is obviously caused by structural similar-
ity of these two phases.

The TEM images reveal a superstructure, which is a
typical feature of all synthetic phases. Strong reflections
correspond to the cubic face-centred sublattice, the size of
which is close to the size of fluorite unit cell; weak
reflections determine the true unit cell parameters. In the
electron diffraction patterns of pyrochlore (see Fig. 6a),
one can see unit cell doubling relative to the fluorite pseudo-
cell. The murataite periodicity is convenient to correlate
with the same pseudo-cell. Depending on the supercell size,
the following murataite varieties are distinguished: M3 (see
Fig. 6 b), M5 (see Fig. 6¢), M7 and M8 (see Fig. 6d). In
terms of this system, the natural mineral corresponds to the
M3 structure of synthetic phases.

Apart from the above-indicated differences in the reflec-
tion intensities, the electron diffraction patterns of mura-
taites along the [110] direction display one more specific
feature. Among the weak superstructure reflections, those
with hkl = 5n+2 and hkl = 5n+3 for the murataite M5
and hkl=8n=+3 and hkl=8n=+5 for M8 prove to be
systematically enhanced. For each murataite variety, both
sets of reflections can be considered to be first- and second-
order satellites. In the case of M35, the first-order satellite is
located at a 2/5 distance from the main reflection, while the
less intense second-order satellite is at a 3/5 distance from
the same main reflection. Whereas for a unit cell with the
parameter 5S¢ and the main reflection of hkl/ = 555, the
reflections 222 and 333 are enhanced, in the direct space,
this corresponds to planes that cut off 3/5 and 2/5 parts,
respectively, along the diagonal of the large (true) unit cell
orthogonally to the [111] direction. In the same way, the
large unit cell in M8 is split into subcells in 3: 5 ratio along
the [111] diagonal. The high-resolution TEM images (see
Fig. 6) show clear-cut splitting of atomic layers into two
groups in 2:3 (MS5) and 3:5 (M8) ratios.

The synthetic types of murataites can be regarded as
phases with commensurately and non-commensurately
modulated structure. However, the proportion of non-
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Table 6. Phase compositions (mass %) in murataite ceramics containing lanthanides.!”®

Oxide Sample with 10 mass % La>O3 Sample with 10 mass % Gd,O3

Z (M5) M8 P C T M5 M3 M3 C T
ALO3 3.8 8.4 1.4 5.3 N.f. 1.6 3.7 73 4.6 0.6
CaO 6.6 6.7 22.6 2.7 0.3 7.6 9.4 9.4 5.1 0.6
TiO, 47.2 50.9 48.6 65.5 51.9 46.8 54.3 56.9 75.2 53.0
MnO 12.8 15.2 1.5 9.3 29.1 6.5 8.5 11.1 7.4 254
Fe 03 4.8 7.1 0.6 6.1 18.12 2.0 2.6 6.6 6.9 20.42
ZrO, 229 8.5 N.f. 4.6 0.6 17.0 8.5 33 0.8 N.f.
Lay0; 1.9 3.2 253 6.5 N.f. - — — - -
Gd,03 - — - - — 18.5 13.0 5.4 N.f. N.f.

Note. The following designations are used: Z is zirconolite (?), M8 is murataite, P is perovskite, C is crichtonite, T is pyrophanite, N.f. is not found.

aIn relation to FeO.

commensurately modulated microcrystals is at least an
order of magnitude lower than that of commensurate ones.
The substitution modulation and a shift modulation with a
period equal to one-third of the body diagonal length were
found. This conclusion can be drawn taking into account
the presence of satellites of the primary beam and the
intensity ratio of the satellites located on both sides of
strong reflections (nearer and farther relative to the primary
electron beam).

According to an X-ray diffraction study,'>? the crystal
structure of a natural murataite sample with the idealized
formula R6(M')12(M”)4TX43 (R =Y, Na, Ca, Mn; M = Ti,
Fe; M” = Fe, Ti; T = Zn; X = O, F) is cubic (space group
F43m, a = 14.89 A, Z = 4) and contains four cationic sites:
an eight-vertex polyhedron RI®], octahedron M'I®l five-
vertex polyhedron (trigonal bipyramid) M”5] and regular
tetrahedron T[4 Three octahedra M’ are linked via edges to
form compact groups (M')3X 13, four of which share vertices
to form the polyanion [(M')12TX40]"~ shaped like a trun-

cated (Laves) tetrahedron (with the small zinc-containing
tetrahedron T at the centre). This polyanion, known as a
Keggin complex, is considered as the key building block of
the murataite crystal structure. The M"I5] sites, the number
of which is three times less than the number of M’ sites, do
not play a structure-forming role but only ‘clamp’ the six-
membered rings of the M’ octahedra.

One more genetic line of the synthetic murataite
structure was studied immediately after discovery.!48.206
For the (Ca,Mn)>Zr(Fe,Al)4Ti30,6 phase, it was repre-
sented as a fluorite oxide structure with a tripled ratio of
the cubic unit cell parameters: a (murataite) ~ 3a (fluorite).
The structures of numerous inorganic compounds and
minerals containing Zr, Ti, Ca, Mn, Mg, REE and other
elements are derived from the fluorite structure of simple
MO, oxides (M =Zr, Hf, Tb, Ce, U, T, etc.,
a=5.07-5.47 A, space group Fm3m). For example, zirco-
nium oxides ‘stabilized’ by minor components (Ti, Ca, Mn,
Mg) have fluorite unit cell parameters in the range of
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Figure 6. High-resolution SEM images along the [110] direction of pyrochlore («) and
murataite M3 (b), M5 (¢) and M8 (d) structures.!33- 154,191
The insets show the corresponding electron microdiffraction patterns.
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4.9-5.1A; in the case of the mineral tazheranite (Zr, Ca,
Ti)Os_ ., a is 5.11 A.207 A common feature of the com-
pounds is the formation of derivatives with vacancies in the
anionic (oxygen) sublattice upon replacement of a quad-
ruply charged cation that forms the cubic close-packed
structure by cations with a lower charge (no matter, in the
ordered or disordered manner). The simplest formulae of
ordered derivatives can be written as A, O», _x, where n and
k are simple integers, k < n/2,2°7 and the polyhedra A are
cubes that are either intact or truncated at one (seven-vertex
polyhedra) or two (octahedra) vertices and occupy cation
sites in the cubic close-packed structure.

Urusov et al.’’ substantiated the assumption that the
group of synthetic murataites is a polysomatic series of
compounds with the pyrochlore and murataite mineral
structures as the terminal members. This hypothesis pro-
vides an explanation for the details of reflection intensity
distribution in the microdiffraction patterns and character-
istic features of high-resolution patterns. According to the
hypothesis, the synthetic murataite structures can be
assembled from two types of modules representing the
initial murataite M3 and pyrochlore P structures. The M5
structure is assembled from one M3 and one P modules,
while M8 is composed of two M3 and one P modules.

In this model, it was assumed that the pyrochlore and
murataite modules are two-dimensional layers and their
alternation can produce the whole diversity of murataite
types. In the designation of close packings, the fluorite
motif is given by alternation of three layers with the same
composition and polyhedral topology ... ABC..., differing
in the relative packing of neighbours. According to this
approach, pyrochlore is a six-layer  packing,
. A(HB2)C(1)A(2)B(1)C(2).... The A(1) and A(2) layers
differ from each other in the polyhedral topology and
composition; the B(1) and B(2) layers differ from each
other in the same way. The A(1) and B(1) or A(2) and B(2)
layers have the same compositions, but different topologies,
as they have different local environments. High-resolution
transmission electron microscopy and microdiffraction
studies of pyrochlore showed the presence of two layers.
In this case, the M5 structure can be represented as alter-
nation of M3 and P modules and its layer-by-layer structure
along the [111] diagonal can be described as

~A(1)B2) |[CB)A4)B(S)[C(DA(2), | BB)CHABS)[ 4
| B(1)C(2) | A(3)B(4)C(5) ...

In this set of close-packed cationic layers, vertical lines
separate the pyrochlore (layers 1 and 2) and murataite
(layers 3, 4 and 5) modules of the ‘assembled” M5. From
the same standpoint, the M8 structure can be interpreted as
being assembled from one P and two M3 modules. The
assembly of intricate structures from two basic modules
provides a consistent explanation for the electron diffrac-
tion patterns and high-resolution electron microscopy
images of these compounds. This hypothesis accounts for
the absence of M4 structure, because it is degenerated to the
2P structure, and the probable absence of M6, because it
should be degenerated to mere doubling of M3. However,
the assembly of two P and one M3 modules may give rise to
the M7 structure, which was detected in some sam-
ples. 162~ 164,170,171, 177,183 Thys, the modular layered model
for various murataite structures provided an understanding
for the structural diversity of this intriguing and practically

valuable class of complex oxides. Although it was not
exactly confirmed in the subsequent X-ray diffraction stud-
ies, it can be claimed that the general nature of ‘murataite’
structures (particularly, the assembly of pyrochlore and
murataite blocks) has already been established in the first
stage of investigation.

Relying on the results of crystal structure solution, the
formula (Y,Na)¢(Zn,Fe)sTi12029(0,F)10F4 was proposed
for natural murataite.!>> Krivovichev and co-workers !’
ascertained the following: if murataite is considered as a
fluorite structure derivative with the tripled cubic unit cell,
the complete set of cation and anion sites in the ideal
structure (without vacancies) should correspond to the
formula 33 x MX, = M»7Xs4, where M and X are the cation
and anion sites, respectively. The gross formula of natural
murataite corresponds to M»3X43, which is indicative of the
presence of vacancies in the anion and cation sites. The
structure of the synthetic M3 is given as [Ca324Mn2 g.
Ti1.900Tb1.20Fe0.76[0.241(Alo.71Fe0.20)(Ti3.92A10.08)(Ti9.96Z12.04)O42
or Cas24(MnzesFer.06)s = 3.72Ti15.78Tb1.20Alo.70Z12.04042,
which is  fairly similar to the  stoichiometry
Caj; 27(MnzosFeo.83)s = 3.79Ti15.00Tb1.18Al2. 14711 04042 according
to elemental analysis. Unlike natural murataite, the syn-
thetic M3 structure has fewer vacancies in the cation
sublattice. According to structural studies, M3 has five
cation sites rather than four, as present in natural mura-
taite, and the additional cation site has eight-fold coordina-
tion formed by Ca?* and Tb3" cations. The structure-
chemical difference between the synthetic and natural mur-
ataites is that the latter contains a substantial amount of
fluorine, which makes up for the absence of the additional
cation site.!”

Structure solution for synthetic murataite M5 has

been reported.!”-190  According  to microprobe
analysis, the crystal composition was
Casz.17Mn.39U0.92Z10.79Tig 57F€0.30Al0.34026.00. The M5

structure has 14 cation sites, five of them being octahedral;
the bond lengths are in the range of 1.797-2.246 A. Con-
sidering the bond lengths and scattering ability, these sites
were classified as titanium sites. However, the scattering
factors for the Ti(l), Ti(2), Ti(4) and Ti(5) sites were
somewhat higher than that for titanium; therefore, the
refinement for the mixed occupancy of these sites was
performed with the assumption that they accommodate
zirconium atoms. Like M3, the M5 structure has five-
coordinate sites with a trigonal bipyramidal geometry,
which are mainly occupied by manganese [Mn(1l) and
Mn(2)]. The sites of large cations in M5 can be divided
into two groups: seven eight-coordinate and one seven-
coordinate sites. Note that no sites with C.N. of 7 are
present in M3. Due to the complex composition, a large
number of atom sites and, as a consequence, the presence of
diverse short-range ordering mechanisms, unambiguous
positioning of cations among the structural sites appears
quite problematic and can be made only roughly. Also, it
may be exactly the partial local ordering that gives rise to
the modulation waves detected as diffuse scattering and to
weak satellite reflections.

Like pyrochlore and M3, the MS5 structure can be
represented as a combination of an octahedral framework
and a metal oxide substructure formed by ‘non-octahedral’
cations. The octahedral framework has a unique feature: it
is formed by whole pyrochlore unit cells arranged according
to the face-centred cubic (or 3D staggered) pattern as
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building modules. These modules of ~1.8 nm size can be
reasonably called pyrochlore nanoclusters. The composition
of the octahedral framework is rather intricate and can be
represented as [(Ti,Zr)290s6]°°~. The framework negative
charge is counterbalanced by the cationic metal — oxygen
sub-framework formed by ‘non-octahedral’ cations. The
cation sub-framework composed of oxo-centred O'A4 tetra-
hedra is described as [O39A47] and is a deficient analogue of
the fluorite tetrahedral framework.

Considering the compositions of the octahedral modular
framework and cation—oxygen substructure, the M5
structure can be generally represented as
MngMs59039[(Ti,Zr)29056]2. The exact crystal chemical for-
mula calculated from the determined site occupancy factors
is Cang 47Mnoy.97U7.71Al> 46Tis0 84215 560172; this is gener-
ally in line with microprobe analysis data. Note that the
empirical and structural formulae calculated in relation to
172 oxygen atoms give approximately equal numbers of
cations — 125.19 and 125.00, respectively. It is also note-
worthy that in some cases, conversion of the chemical
analysis data for M5 samples to 172 oxygen atoms resulted
in <125 cations. This attests to the possible formation of
vacancies in the cation sites, which is typical of pyrochlore
complex oxides.

The M8 structure was studied for a zonal crystal with
the following composition of the M8 zone:1°°

Oxide Al,O; CaO TiO, MnO Fe;O;3 ZrO; Ho,03
Content 2.84 7.30 5595 8.05 2.80 6.34 2391
(mass %)

The structure contains 40 cation sites, which is an order of
magnitude greater than this number in M3. Two sites are
tetrahedral and are centres of Keggin complexes, seven sites
are trigonal-bipyramidal and are located at the central part
of 346% truncated tetrahedra, fifteen sites are in the octahe-
dral coordination and form the octahedral framework. The
large cation sites are divided into two group, eight-coordi-
nate (10 sites) and seven-coordinate (6 sites) ones (see
Table 5).

Unlike M5, the M8 structure incorporates o-Keggin
complexes, which share vertices to form murataite nano-
clusters, which are actually cubic unit cells of M3. The
nanocluster size is 2.5 nm. These modules are located at the
vertices and centres of faces of the face-centred cubic unit
cell [the coordinates of the centre of gravity of the ‘zero’
module are (0 0 0)]. The pyrochlore modules (like in M5,
they are the pyrochlore unit cells) are located between the
murataite nanoclusters. These modules also form a face-
centred cubic unit cell shifted by the vector (0 0 1/2) with
respect to the murataite substructure. The M8 structure is
based on staggered alternation of the murataite and pyro-
chlore nanoclusters, representing the unit cells of the parent
structures.

Taking into account all cation and anion sites in the M8
structure, their ratio can be represented by the formula
M;12Xs23. The total number of sites in the octuple fluorite
structure corresponds to the formula 83xMX, =
Ms12X1024. From this, one can conclude that in the M8
structure, cations occupy all fluorite cation sites, while a
considerable part of anion sites are vacant.

The calculation of the formula of the M8 phase consid-
ering 823 oxygen atoms gives the following composition:
Alz3.02Casz.85Tizga.10Mnss 31F€17.50Zr14.83H038.040823.  Pro-

ceeding from the data on site occupancy, one can propose
the  Ali4.86Cas3.00Ti285.46Mnsg.76F€29.54Z116.64H031.950823
formula, which is consistent with the empirical formula
with allowance made for the error caused by composition
non-uniformity of the zonal crystal, affecting both the
structure refinement and the results of analysis.

The M3, M5 and M8 phases contain altogether 3, 12 and
31, respectively, sites with C.N. of six and more, which
allows placement of large actinide cations, including Am,
Cm3*/4* and REE. As a rule, (TR)3*/4* and An3*/4" as
well as Ca?* and Na™ cations should occupy sites with
C.N. = 8, while the C.N. = 6 sites would be occupied by
Ti**, Fe3* and AP T.

Depending on the gross composition, in particular, the
content of actinide and analogous REE oxides, ceramics
obtained by cold pressing and sintering are usually single
phases (M3, M5, M8). During preparation by crystalliza-
tion from the melt, several (at least two) phases, growing
over each other, are usually formed. In the multiphase
titanate ceramic such as Synroc-C, murataite grains grow
over zirconolite (see Fig. 5).16:153.154 In a ceramic, with the
murataite gross composition, the first phase to be isolated
during crystallization of a melt was zirconolite (in a system
with increased zirconium content) or the phase with the
highest content of actinides, their REE analogues and
zirconium and the highest proportion of pyrochlore mod-
ules (M5 or M8 depending on the composition), i.e., the
usual phase segregation sequence is the following:
Z(M5)—M8—M3. The last-mentioned phase is depleted in
actinides, REE and calcium and enriched in titanium,
aluminium and iron. At the end, the residual crichtonite
phase (nominally AB»;03g) devoid of actinides crystallizes
and the interstitial glassy phase is often present (because of
melt contamination with silica from the refractory lining of
the cold ‘crucible’).

A specific feature of REE ceramics is the frequent
presence of perovskite (Ca, TR)(Ti,Al,Fe)Os. X-Ray diffrac-
tion patterns of melted ceramics with 10 mass % REE
oxides are similar to the X-ray diffraction patterns of
actinide-containing samples; the proportion of the perov-
skite phase decreases in the series from La to Gd. A
perovskite content higher than expected is found in the
Eu-containing sample, apparently, because of the formation
of the (Ca,Eu?")TiOj3 phase. As the time for which the melt
is kept increases to three hours, the perovskite reflection
intensity decreases, because Eu!! to Eu'!! oxidation is likely
to take place, Eu'! being incorporated in the murataite
phases.!38:178.179 The Pu-containing ceramics, especially
those prepared in a reducing atmosphere, also contain a
perovskite phase of the PuAlOs; or (Ca,Pu)(Ti,Al)Os3
type.!57-161.174 By analogy with Pu- and REE-containing
ceramics, the formation of a perovskite phase (such as
AmAIlO3; and CmAIlQO3) is also expected for Am- and Cm-
containing samples.

Murataite ceramics incorporating real actinides (Th, U,
Np, Pu, Am, Cm) and their REE analogues (lanthanum and
lanthanides) were obtained both by sintering and by melt-
ing. Samples of the basic composition containing each
10 mass % ThO,, UO,z, NpO> or PuO, were synthesized
and also three curium-containing samples were prepared,
containing (mass %): 3.8 Al,O3; 10.5 CaO; 54.0 TiOgy;
10.6 MnO; 6.0 Fe>O3; 4.6 ZrO5; 8.1 ThO»; and 2.4 Cm,03
(including 1.8 mass % 2#*Cm,03), one by cold pressing and
sintering at 1250 °C and the other two by melting at 1325
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and 1350 °C.157-158,168,169,174-176,180-182,187,191,195  The  the diffraction patterns of the sintered sample. The
samples with Th, U, Np and Pu obtained by melting in air M5 phase turned X-ray amorphous at

(oxidizing atmosphere) at ~ 1400 °C consisted mainly
(85 vo0l.% —90 vol.%) of murataite structures with 5-, 8-
and 3-fold fluorite unit cells (see Tables 6 and 7). The
impurity phases were perovskite (in Th-containing sample),
crichtonite, rutile and a cubic fluorite type oxide (only in
Pu-containing sample). The Pu-containing sample prepared
in a reducing atmosphere contained a noticeable amount of
the perovskite phase, probably, as a result of reduction of
some Pu'V to Pul'l. The curium sample obtained by cold
pressing and sintering contained trace amounts of oxides
from the feed formulation, as phase formation was not
completed, whereas melted and crystallized materials were
mainly homogeneous, although they also contained some
additional phases.157 159,174~ 176,180~ 182

In the MCC-3 (PCT) testing at 95 °C, the uranium
leaching rate was ~10=¢% g m—2 day—! in the first 24 h of
contact with water and decreased by almost two orders of
magnitude by the 28th day of the contact. The same value
was obtained by the same procedure for the plutonium
leaching rate on the seventh day of contact with water.!8
The actinide leaching rates (Th, U, Np, Pu) determined by
the MCC-1 procedure at 90 °C (seven-day test) were
10-¢gm~—2day~! in the first to third day and 10~7
gm~2day~! on the seventh day.!®® Even under drastic
conditions of the dynamic MCC-4 test (SPFT) at 90 °C, the
rates of uranium and thorium leaching from murataite
ceramics were low: 2.4x10=% and 1.1 x10-7 g m—2 day !
(Ref. 175).

The radiation resistance of murataite ceramics was
determined by irradiation with accelerated krypton ions
(1 MeV) 1962203 and  incorporation of 2**Cm iso-
topes.!86-204.205 In both cases, increasing the fluence (cumu-
lative dose) induced gradual disordering of the crystal
lattice. At a fluence of ~4.4 10'7 m—2, undamaged areas
retaining the long-range order and amorphous domains
could be distinguished; an amorphous halo appeared in
the electron diffraction patterns, its intensity increasing
with increasing fluence. When the fluence was
~9.4x 107 m—2, the structure was amorphized to a con-
siderable extent, and at ~ 1.6 x 10!® m—2, the material was
almost completely metamict. The critical doses for amorph-
ization of M5 and M8 were 1.85 x 10’8 and 1.75x 10'® m—2,
respectively (~0.2 dpa). The lattice disorder involved the
following stages: M8-M5-M3-P-dP (diffuse pyro-
chlore) — A (metamict state).

For the 2**Cm-doped sample, an increase in the cumu-
lative radiation dose resulted in the decrease in intensity
with simultaneous broadening of M5 phase reflections in

2.73 x 10'8 (a-decays) g—!' (0.21 dpa). The splitting of the
major murataite peak with separation of the 2.819 A
component after exposure to a dose of up to
1.23 x 10'8 (a-decays) g—' (0.095 dpa) can be attributed to
the formation of the M8 phase; at a dose of
1.97 x 10'® (a-decays) g—' (0.152 dpa), the main reflection
of this phase shifted to 2.847 A due to lattice ‘swel-
ling’.186.204,205

The reflection at ~2.803 A in murataite ceramics is
usually attributed to the M3 structure,!# 13- 155158 which
contains a minimum amount of actinides. Apparently, that
is why this phase in sintered ceramics virtually does not
amorphize, although increase in the cumulative dose entails
peak broadening due to some disorder of the positions of
atoms in the crystal lattice of this variety.

In ceramics obtained by melting at 1325 and 1350 °C,
the M5 and M8 murataite phases become virtually fully
X-ray amorphous at similar doses of 2.46x10!'® and
2.53x 10'® (a-decays) g—!, respectively, which do not
differ much from those for sintered ceramics
[2.73 x 10'8 (a-decays) g~ !, or 0.21 dpa].!86-204,205

In melted ceramics, the M5 phase with the highest
actinide content always forms the central part of the grain,
which is enveloped by zones of the M8 and M3 phases. A
higher content of the 2#*Cm isotope in M5 compared with
its content in other varieties accounts for early amorphiza-
tion of M5 at a lower dose. In sintered ceramics, the major
murataite phase is depleted in curium, which is incorporated
in other minor phases (pyrochlore, perovskite). This
increases the time and the dose required for amorphization.
The difference between these values for melted and sintered
ceramics are insignificant (do not exceed 10%). If the results
are averaged, the value D. = 0.20 dpa may be taken as a
real dose needed for transition to X-ray amorphous state for
murataite ceramic as a whole without assignment to a
particular structural variety. This value is somewhat higher
than the D. values of murataite polytypes (0.14—0.15 dpa)
subjected to ion bombardment.!96~203

As the dose is accumulated, the other phases also
amorphize. The reflection at 2.940 A, presumably, from
the minor pyrochlore phase disappears at a cumulative
dose of 1.23x10'® (a-decays) g—! (0.095 dpa), which is
approximately half that for pyrochlore containing 23*Pu or
244Cm.26, 110, 112,113 A possible reason is a high curium
concentration in pyrochlore and a high rate of dose accu-
mulation, which results in fast amorphization.

At a dose of 2.73 x 10'® (a-decays) g~ ' (0.21 dpa), the
crichtonite remainders are present in the X-ray diffraction

Table 7. Phase compositions (mass %) in murataite ceramic samples with 10 mass % UQO, obtained by various processes. '8!

Oxide Sintering at 1300 °C Melting at 1600 °C—crystallization
M8 M3 rutile M5 M8 M3 rutile

AlLO3 1.3 29 0.2 2.1 4.5 7.1 0.5
CaO 13.2 11.8 0.3 13.8 12.6 114 0.2
TiO» 50.7 S51.1 92.6 48.6 52.7 52.5 90.3
MnO 7.3 9.2 0.6 7.3 9.6 10.8 0.5
Fe>03 1.8 3.7 0.8 3.6 4.6 6.5 0.8
ZrO» 7.2 9.1 29 10.4 6.0 33 5.0
UO- 18.5 12.2 2.6 14.1 10.1 8.4 2.7
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pattern of the sintered ceramics, but its unit cell parameter
increases by ~1.2%. Crichtonite transforms to X-ray
amorphous  state at a  cumulative dose  of
2.80 x 10'8 (a-decays) g—! (0.215 dpa). The perovskite and
pseudobrookite phases are less prone to amorphization.
When the sample is exposed to a dose of
1.70 x 10'® (a-decays) g—! (0.13 dpa), the unit cell parame-
ters slightly increase, but no peak broadening was noted to
within the measurement error. Apparently, these phases,
like M3, contain only a minor admixture of curium.

In order to restore the destroyed structure, the amorph-
ized sintered ceramic sample was heated for 5 h at 1250 °C
in air. The calcined ceramics had virtually the same phase
composition as the sample before amorphization. Differ-
ences were in the intensity of some reflections and a smaller
number of weak peaks corresponding to minor phases.

The effect of amorphization on the stability of murataite
ceramics was assessed by conducting leaching experiments
in distilled water at 90 °C.186.204.205 Three experiments were
carried out for the same sample, first, immediately after the
synthesis, second, when the amorphized pellet had been
kept after the synthesis under argon; and third, for the same
pellet after grinding away of 0.01 mm from its surface.
Grinding was meant to remove the surface layer, from
which elements had been leached in the first and second
experiments.

The leaching rates of most elements (Ca, Fe, Mn and
Cm) from the initial sample were much higher than from the
amorphized sample (Table 8); this is at variance with the
usual situation where amorphization results in higher acti-
nide leaching rates.2¢ 110- 112,113 Probably, this is caused by
the fact that mineral formation reactions in the sintered
murataite sample had not proceeded to completion, and
phases with low stability in solution remained in the pellet.
In addition, when the murataite ceramic is obtained by

sintering rather than by melting and crystallization, no
zonal grains with the highest actinide concentration at the
centre and the lowest one at the periphery are formed (this
would have prevented curium from leaching). The curium
leaching rate from the same ceramic after grinding (and
removal of the layer depleted in these phases) increased
2—4-fold. In general, the sintered murataite-containing
ceramic obtained by the procedure used in this work is
similar in the corrosion stability to pyrochlore and zircono-
lite host phases.?®

111.1.d. Zirconolite

Zirconolite with the nominal formula CaZrTi,O7 is among
the first phases proposed for the incorporation of actinides
into Synroc ceramics.?!-22-25 The mineral species ‘zircono-
lite> combines various minerals with monoclinic (pristine
zirconolite and zirconolite-2M), trigonal (zirkelite, zircono-
lite-3T) or orthorhombic (polymignite, zirconolite-30) sym-
metry 298-210 and the zirconolite-4M (Ref. 211) and zirco-
nolite-6T (Ref. 212) structures discovered later. They are
adjoined by the mineral pyrochlore with cubic symme-
try.>#=3° All these phases were also found in the synthesized
ceramic hosts for RW immobilization. The three first-
mentioned phases are, in some cases, encountered in nature
as intergrowth with one another or with pyrochlore. The
minerals have an anion-deficient fluorite-like structure. It
differs from the fluorite structure by cation ordering in the
planes perpendicular to the ¢ axis of the unit cell. The ideal
crystal chemical formula of the minerals corresponds to
A»B»07. The A sites are occupied by calcium and zirconium
atoms as well as by alkali and alkaline earth elements, REE
and actinides, which are capable of isomorphous substitu-
tion for the principal atoms owing to similar sizes and ion
charges. The B sites are mainly occupied by titanium atoms;
as secondary components isomorphous with titanium, Nb,

Table 8. Leaching rates from the starting and amorphized samples of >**Cm-doped murataite ceramic,'86-204.205

Element Leaching period Leaching rate /g cm—2 day !
/days
starting sample sample after amorphization sample after amorphization
without surface grinding and surface grinding
Cm 3 1.4%x10-3 1.0x10~7 3.7x 1077
7 7.8 x 1073 9.0x10-3 3.9x1077
14 5.4x10—° 7.8x10~7 5.7x1077
Ca 3 8.9x 1073 3.7x10—¢ 1.1x10—3
7 4.1x1073 3.1x10-¢ 6.8x10-¢
14 2.1x10-3 23x10-¢ 54x10-¢
Mn 3 1.6 x 10—3 2.7x10-7 7.0x 107
7 5.0x10—3 23%x10-7 6.0x10~7
14 5.1x 1073 1.7x10~7 5.1x1077
Zr 3 3.3x107° 9.6x10~¢ 7.6x10~¢
7 5.7x107° 8.3x10-¢ 6.5x10—¢
14 5.0x10—° 6.2x10-¢ 49x10-°
Ti 3 1.0x 10~7 3.4%x1077 2.6x10~7
7 9.0x10-8 29%x10-7 22x10-7
14 6.7x10-8 2.2x10-7 1.6x 107
Fe 3 32x10-3 7.1x10-¢ 1.1x10-3
7 22x10-3 6.1 x10-¢ 7.6x10-¢
14 1.6x10—3 4.6x10-°¢ 9.1x10-¢
Al 3 1.5%x10—3 5.3x1073 3.6x1073
7 7.2%x 106 45x1073 3.3%x1073
14 3.8x10—° 3.4%x10—3 3.0x 1073
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(‘x/ TiOg is polyhedron
‘ Ca ® Ti

Figure 7. Structure of the most frequently occurring variety of
zirconolite-2M .0

@Zr

Ta, Al, Mg, iron group metals and chromium can be
present.

According to a number of studies,?- 00-213-217 the zirco-
nolite group minerals are composed of hexagonal and
trigonal rings connected to one another; at the centres of
the rings, there are titanium atoms surrounded by six
oxygen atoms (Fig. 7). Some of the titanium atoms are
surrounded by five oxygen atoms forming trigonal bipyr-
amids. The indicated sites are matched by three types of
lattice titanium atoms, namely, Ti(l) and Ti(3) with
C.N. = 6 and Ti(2) with C.N. = 5; the numbers of these
atoms in the unit cell are 8, 4 and 4, respectively. The large
calcium cations with C.N. =8 are located between two
networks of TiOg octahedra in the interstices of a distorted
cube. Zirconium atoms surrounded by seven oxygen atoms
according to the hexagonal pyramidal geometry are located
in the same positions. With allowance for the different C.N.
values of atoms, the crystal chemical formula of the zirco-
nolite group minerals 1is properly represented as
VIICy, VIZ VITiVTIO 4.

Every two layers of TiOg octahedron networks, together
with interlayer cations, compose a unit structural module.
Zirconolite has the simplest two-module lattice in which the
adjacent modules are shifted relative to each other. The shift
of adjacent modules accompanied by simultaneous rotation
through a multiple of 120° angle makes the lattice more
intricate. This gives rise to a three-module unit cell typical
of zirconolites-3T (zirkelite) and -30 (polymignite). The
unit cell parameters of the minerals are summarized in
Table 9. The two- and three-module zirconolite and zirke-

Table 9. Unit cell parameters of synthetic zirconolite group phases.?®

lite motifs can alternate in the lattice, which results in fine
twinning and intergrowth of these phases in mineral grains,
which can be detected only by electron probe X-ray micro-
analysis.

The composition ranges of natural and synthetic zirco-
nolite group minerals are quite similar, the following typical

patterns of isomorphous component exchange being
observed in the crystal lattice:

Ca?*t — (5)
—>Na®,K*, Mn2", Sr2*, Ba2*, Y3+, TR2*G+) Th4+, U4+
Zr4* o TR3*®, HE4+, Th**, U+, Tit+ (6)
Ti** — 7

- (Mg, Fe, Co, Ni)2*, (Al, Cr, Ti, Fe)>*, Si**, (Nb, Ta)’*

The key isomorphous substitution patterns that are of
interest for immobilization of HLW components, first of all,
REE and actinides, are the following:

— isovalent

Caz*—>M2+,Zr4+—>M4+,Ti4+—>M4* (8)

where M”" are ions that meet the Goldschmidt’s rules of
substitution;

— heterovalent
Ca2* + Ti** > M]T + M3F; M, = TR3*, An3+; )
M, = A", Fe3+
Ca?t +Zr*t - 2M3"; M3+ = TR3*, An3+ (10)
Zr4t +Ti*Y 5> M3T + MY, M3+ = TR3 Y, An’+, (11)

M3+ = Nb5+, Ta5+

The highest concentrations of additional components
corresponding to the isomorphous mineral capacity are

similar for the natural and synthetic samples, being
20 mass % —25 mass %  for actinides, ~ 15 mass % —
18 mass % in total for niobium and tantalum,

10 mass % — 12 mass % for the REE sum, about 8 mass %
for the sum of iron and magnesium family elements,
~4 mass % — 6 mass % for aluminium, 2 mass % for silicon
and ~1 mass % for sodium, potassium, strontium and
chromium. As can be seen from the isomorphous substitu-
tion patterns, An®* ions (An = Pu, Am, Cm) should
replace the Ca?* ions (Scheme 9) and, at higher concen-
trations, also Zr*" ions (Scheme 10); as this takes place, the
mineral structure is transformed to the pyrochlore structure
(An,TiO5). If the An** ions replace Zr*" (Scheme 6) to
give CaAn**Ti,O7, the structure is also transformed to
pyrochlore.

Mineral Symmetry Parameter /A Angle /deg

a b ¢ o B %
Zirconolite (zirconolite-2M) Monoclinic 12.61 7.31 11.44 90 100.52 90
Zirkelite (zirconolite-3T) Trigonal 7.29 7.29 16.89 90 90 120
Polymignite (zirconolite-30) Orthorhombic 10.15 14.15 7.28 90 90 90
Pyrochlore Cubic 10.30 10.30 10.30 90 90 90




978

S.V.Stefanovsky, S.V.Yudintsev  Russ. Chem. Rev., 2016, 85 (9) 962994

According to experimental data,?>-218-221 the following
oxides can be isomorphously incorporated into a synthetic
zirconolite solid solution:

Oxide Content Oxide Content
(mass %) (mass %)

Uo, 27 Nb,Os 14

Pqu or Np02 24 A1203 7

ThO; 20 MnO 5

Sum of REE oxides 29 FeO 4
(mainly light and MgO 5
medium Nd»Os3, SrO, Na,O uptol
Sm203)

Here by zirconolite are meant all structural types — mono-
clinic, orthorhombic, trigonal and cubic (pyrochlore). If
only the monoclinic phase is considered, then the limiting
content of the additional components that does not disrupt
the crystal system is much lower, for example, for PuOs it is
about 11 mass % — 12 mass %.2!%-220 At a higher plutonium
content, a cubic pyrochlore phase with a PuO, content of
~20 mass % appears together with the monoclinic lattice.
Additional components occupy particular structural sites in
the mineral, according to the charge and radius of their
ions. The following types of iso- and heterovalent exchange
were found:

(Nb, Al, Mg, Fe) 2 Ti (12)
(Th, TR, Mn, Sr, Na) 2 Ca (13)
(U, TR) 2 Zr (14)
U+ (Al, Mg, Fe) 2 Ca+Ti 15)

The atoms with sizes close to the size of tetravalent
titanium, for example, Mg and Fe, occupy predominantly
the Ti(1) and Ti(3) sites of the crystal lattice. The smallest
cations (niobium, aluminium and iron) are concentrated in
Ti(2) sites.

Studies of synthetic samples also showed 2!3-217 that at
relatively low concentrations of additional elements, a
zirconolite type monoclinic structure is stable. Upon simul-
taneous incorporation of actinides (REE) and Al, Mg or Fe
atoms, a zirkelite (trigonal, 3T) or polymignite (orthorhom-
bic, 30) type structure becomes stable. The formation of a
trigonal structure is facilitated by incorporation of a con-
siderable amount (15 at.% —40 at.%) of quadruply charged
cations, first of all, thorium into sites with C.N. = 8 that are
initially occupied by calcium. An orthorhombic structure is
formed if calcium atoms are replaced by REE. The electro-
neutrality is maintained owing to the simultaneous replace-
ment of some of titanium atoms by doubly or triply charged
cations. High concentrations of REE and actinides stabilize
the pyrochlore cubic structure.?>-217-222 As shown in a
study of isomorphism involving actinide and REE cations
in zirconolites, the percentage of Ce** and Pu** decreases
from 70% —100% for the synthesis in air down to almost
zero for the synthesis in a reducing or inert atmosphere
(H2/Nj, Ar). Neptunium is usually present as Np!V
(Refs 220 and 221). As regards americium and curium, to
our knowledge, no data were reported.

Zirconolite is stable to amorphization under self-irradi-
ation by incorporated 2*$Pu and 2#*Cm isotopes as well as in
nature: for minerals differing in the synthetic phase
composition and absolute age, the critical

amorphization dose is in the range from 0.5 to
6 dpa.25-26.43.45.53.56,105-108.124.126.133.136 [ Synroc

ceramics, zirconolite is chemically the most stable phase.?’
The leaching rates (V) measured in MCC-1 and MCC-2
tests for a number of elements were found to be 220221

Element V/gm—2day~! Element V/g m—2 day~!
Ca 10-1'-10—2 Al ~1072

Ba 10-2-103 Ti 10-°

Nd 10-3-10—4 Zr 107

U 10—4-10—3 Pu ~10=4-10—3

Zirconolite is stable in alkaline and acidic solutions at
temperatures of up to 250°C and pressures of up to
50 MPa.220

II1.2. Perovskite type titanates, aluminates and ferrites
The perovskite structure is inherent in compounds ABO;
when the ratio of cation radii obeys the condition

rA+i‘0 <10

073 ————— <
2(rg +10)

(16)

In the perovskite structure (Fig. 8), the vertex-sharing BOg
octahedra form a three-dimensional framework with large
cavities, which accommodate the A cations with coordina-

Figure 8. Framework of the cubic perovskite formed by vertex-
sharing octahedra (a) and positions of cations with C.N.=6 (B) and
12 (A) in the structure (5).%!
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Table 10. Compounds of the perovskite structural type.* 2>

Formula Symmetry Space group
CaTiO3 Orthorhombic Pnma
SrTiOs Cubic Pm3m
Lag¢7TiO3 Orthorhombic Cmmm (?)
Ceo.67TiO3 Cubic Pm3m
Pro.¢7TiO3 Orthorhombic I4mmm
Nd.67TiO3 Orthorhombic I4mmm
and/or cubic

Eu2*TiO; Cubic P3m
(Pr,...,Gd)**Ti** O3  Orthorhombic Pnma
(La, ... ,Nd)AlO; Rhombohedral R3m, R3¢
(Sm, ..., Lu,Y)AlO3 Orthorhombic Pnma, Pbnm, Pbn
Pu3tAlO; " Amm?2
Am3+AlO; Hexagonal R3m

or rhombohedral
Cm3+AlO3 Cubic, rhombohedral 2, Pbnm
BaCm**O; Cubic ?
(La... Gd)FeOs3 Orthorhombic Pna2l, Pbnm, Pnma
Cm3*Fe3* 03 " Pbnm
Ba,(TR), TiO3 " Pbam, Pba2
CaZrOs3 " Pnma, Pcmn
Cag.5Uo.sTi3 T O3 Orthorhombic (?) Pnma
Naols(TR)olsTi4+O3 Cubic Pm3m
NaNbO; " Pm3m

tion number of 12 with respect to oxygen. The perovskites
A2+*B**03 may crystallize in the orthorhombic or cubic
system, while A3*B3"Oj; structures are orthorhombic or
rhombohedral (Table 10). Orthorhombic compounds form
continuous solid solutions with CaTiOs; the solid solutions
are also orthorhombic; however, in the presence of CaTiO3
solid solution with perovskite type compounds with a
different symmetry, structural rearrangement may take
place. Perovskites represented by the A2tB*TO;,
ATB3t0; and A3+ B3 " 03 solid solutions frequently occur
as accessory minerals in many silica-undersaturated rocks,
both igneous and metamorphic. It was found that natural
perovskites possess a high capacity for retaining uranium,
thorium and products of their decay;??? therefore, these
perovskites are promising for actinide immobilization. The
principal isomorphous substitutions in perovskites are the
following:

Ca?* - Sr2+ 17
Ca* + Ti** - (TRP* + AB*(Ti¥+, Fe’*) (18)
Ca2* - An** + [J(vacancy) (19)

Perovskite is the basic phase for immobilization of
strontium, light and medium REE, trivalent actinides and
sodium.?®> In zirconolite —perovskite systems, REE are
mainly incorporated into perovskite, the distribution coef-
ficient in favour of perovskite decreases from ~ 12 for Ce3 "
to ~2 for Gd3®* (Refs 224-226). The actinide cations
(Pu?™, Am3* and Cm3™) have radii close to those of light
REE (Ce, Nd, Sm)3* and are expected to show a similar
crystal chemical behaviour.

Among the known compounds of the perovskite family,
of most interest are PuAlO3;, AmAIO3;, CmAIO3;, CmFeOs3
and BaCmOj;. A structural analogue of GdFeOs is

CmFeO3,%* but little is known about its properties. More
is known about CmAIlOs: it becomes amorphous after a
dose of 1.4 x 10'8 (a-decays) g—' (Ref. 227). The structure
is restored after annealing at 1000 °C for 30 min. Leaching
of calcium and curium from perovskite ceramic, according
to MCC-1 test data, followed an intricate dependence on
the o-dose and duration. The highest leaching rates
observed after 25 days were 5—8 g m—2 day~! for curium
and 8-10gm~—2day~! for calcium at doses of
(1.6—4.0) x 10'7 (a-decays) g—! (Ref. 228).

Numerous studies have been devoted to natural and
actinide-doped perovskites and perovskite ceramics. In
natural perovskites that have accumulated
2.6 x 10'® (a-decays) g~ !, no signs of transition to amor-
phous state were detected.?29-230

The Ndo.sSmg 45022**Cmyg 925sCmg 0032AMm0.0002PU0.0067A103,
synthetic perovskite, containing 3 mass % 2**Cm trans-
formed to the metamict state. The curium leaching rate
(MCC-1 test) was 6.8 x10=3 gm—2 day—! for the initial
sample and increased to 1.7x10-! gm~—2day~!, i.e.,
25-fold, after amorphization; the leaching rates of Nd, Sm
and Al increased to a lesser extent — approximately by an
order of magnitude.?3!

The perovskite samples obtained by cold pressing and
sintering were irradiated with fast neutrons in a reac-
tor.’%232 At a maximum dose of 2.6 x10?* nm—2 (or
0.7 dpa), which corresponds to 8 x 10'8 (a-decays) g—!, the
volume has increased by 6% and, according to X-ray
powder diffraction data, no amorphization has taken
place. Analogous results were obtained 233 for 238Pu-doped
CaTiOs. Subsequently, it was found 234 for CaTiO; irradi-
ated with fast neutrons that at a fluence of
2.2x10%* n m~—2, the perovskite remained largely crystal-
line. In a study of several natural perovskite samples, the
degree of their radiation damage depended on the thorium
and uranium oxide contents. The perovskite grains contain-
ing 1.4 mass % —3.1 mass% ThO, that accumulated
(0.3-0.6) x 10" (a-decays) g—! were slightly damaged,
while grains containing 6 mass % ThO, after a dose of
(0.8—1.2) x 10'? (a-decays) g~ ! were already substantially
amorphous. The D. value was estimated as
(3-6) x 10" (a-decays) g— ! (Ref. 235).

According to Karioris et al.,>3® CaTiOs; readily amorph-
izes upon irradiation with Ar* ions (3 MeV). Some other
publications 237-23% are devoted to the dependence of per-
ovskite D. on the chemical composition and the presence of
cation vacancies. Smith et al.>37 found that on irradiation
with Kr* ions (800 keV), the D. value decreases in the series

SrTiO3 > CaTiO3z > BaTiO3 > KNbO3 > KTaO3 (20)

and that transition from the cubic to tetragonal structure
affects D. only slightly. The perovskites CaTiOs,
(Na,TR,Ca)TiOs (a natural perovskite called loparite),
NaNbO3, Sro,7La0,2TiO3, Sr0.4La0‘4TiO3, SI‘OAlLao‘(,TiO:;
and Lag ¢7TiO3; were irradiated with Kr* ions (1.5 MeV).
As the sodium concentration increased, the critical dose
decreased from ~9.2 x 10!8 to ~3.4 x 10!8 ions m—2; with
increasing the number of cation vacancies, D. decreased
from >170x10'® ions m—2 for Srg;Lag,TiO; to
2.4 % 10'® ions m—2 for Lag¢7TiOs. A comparison of the
radiation resistances of lanthanum titanates La,TiOs or
Lag¢7TiO3 with the perovskite structure and monoclinic
La,Ti>O7 showed that disordered systems are more stable
than the ordered ones, owing to higher recombination rate
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of defects. In terms of the radiation resistance, the perov-
skite Lage7TiO3 (7. = 852 K) occupies an intermediate
position between La>TiOs (7. = 840 K) and La,Ti,Oy
(Te = 1027 K).?3%:23% A number of publications consider
the chemical stability of the perovskite ceramics based on
LnAlO; and LnFeO;s doped with °°Sr, 47Pm, 238U, 23%Pu
and 241Am 224.226.240.241 The 90§y 147pmy 238Py and 241Am
leaching rates measured in a Soxhlet apparatus at 95 °C
were ~10~% g m—2 day— !, while the leaching rate of ura-
nium was two orders of magnitude higher. Probably,
uranium occurred in the tetravalent state and was not
incorporated in the perovskite structure, unlike divalent
strontium and trivalent promethium, plutonium and ameri-
cium.

I11.3. Garnet structure aluminates and ferrites

The garnet structure YMA;VIB,[TOy4]; (space group la3d,
Z = 8) is composed of alternating TO4 tetrahedra and BOs
octahedra connected into a 3D framework by sharing
vertices.? 242243 The cavities accommodate eight-coordi-
nate cations (Fig. 9). The garnet structure can be inherent
in silicates, aluminates, ferrites, germanates and vanadates.
The A sites are occupied by divalent (Ca, Mn, Fe) and
trivalent (REE) elements. The rare earth elements can be
completely or partly replaced by actinides. The B sites may
be occupied by di- and trivalent (Fe, Al, Ga, Cr, Mn, In, Sc,
Co), tetravalent (Zr, Ti, Sn, Ru) and pentavalent (Sb, V,
Nb, Ta, Pa,) eclements; and the T sites accommodate
tetravalent (Si, Ge, Sn), trivalent (Al, Ga, Fe) and pentava-
lent (P, V, As) elements. Garnet type solid solutions
containing REE are formed in the following series:

— (TR,M");(M")5012;

_ (TR,MH)3(MIHMIV)5012;

_ (TR,MH)3(MIMIHMIV)5O12.

The natural garnets — silicates — usually contain less
than 3 mass % REE and less than 1 mass % actinides ?4?
(however, recently, a specimen with 27 mass % U was
found 244). The TR — Al-Ga garnets capable of incorporat-
ing up to 4 mass % —6 mass % UO;> and PuO, were synthe-

Figure 9. Garnet structure YI""A;VIB,[TO4]; (Ref. 243).
The TO4 tetrahedra, the BOg octahedra and cations with C.N.=8
are designated by letters T, B and A, respectively.

sized.?*>-247 From crystal chemical considerations, for
inserting tri- and tetravalent actinides into the A site of a
garnet, it is necessary to place larger ions with lower charge
into the B and T sites. The largest triply charged cation able
to occupy these sites is Fe3*. The garnets (CaCe)(ZrFe)-
Fes042, (CasTh)(ZrFe)Fes;O;, and (Ca,Ce)Zr,Fe;O12 were
synthesized and tested by the MCC-2 procedure. The
leaching rates in water were ~3x10=° gm~—2 day—! for
Gd and ~10-¢ gm~—2 day—! for Ce and Th, while in an
acidic  solution  (0.01 M HCl), the values were
~1073 gm~—2 day—! for Gd and Th and
~2x10~' gm—2 day~! for Ce.?*8 The true incorporation
of uranium, plutonium and neptunium into garnets was
confirmed by ab initio calculations of the electronic struc-
ture using density functional theory.?49 251

The radiation resistance of the garnets
Yz_ggcm0_12A15012 and (Ca1_5Gd0_91Cm0_ogTho_5)ZrFe4O12
was determined using Kr* ion (1 MeV) irradiation and
incorporation of 24#4Cm.201.252-255 For ion irradiated gar-
nets, the dose needed for amorphization was D, =
0.15-0.20 dpa and the critical temperature 7. = 550 °C.
The 2**Cm-doped ferrite garnet became amorphous at a
dose of 0.15—-0.17 dpa; the aluminate garnet was fully
amorphous at a dose of 0.4 dpa.?>> In terms of the radiation
resistance, aluminate garnets are not inferior to zirconolite
and are superior to the titanate pyrochlore. High stability of
garnets towards aqueous solutions makes them suitable as
hosts for actinides.

II1.4. Ceramics based on other congruently melting phases
Among the phases, potentially suitable for immobilization
of actinides that can be obtained by melt crystallization,
noteworthy are some titanates (brannerite), titanosilicates
(sphene, perrierite —chevkinite), silicates and silicophos-
phates (britholite, nagelschmidtite).

Brannerite (the ideal formula is VIAVIB,Og) is a complex
oxide, mainly uranium and titanium oxide, with a mono-
clinic lattice (space group C2/m, Z = 2) and the unit cell
parameters: a = 9.8123(15), b = 3.7697(6), ¢ = 6.9253(9) A,
p =118.957(6)° (Ref. 256). The brannerite structure is
composed of layers connected by edges of titanium octahe-
dra linked by columns of uranium octahedra (Fig. 10).138
The octahedral oxygen environment is typical of Ti** with
the radius of 0.605 A,257 whereas the larger U** cation
(VI = 1.00 A) usually has C.N. > 8 and is less prone to
form the octahedral environment (V!r = 0.89 A). This
implies that in brannerite, uranium occurs in higher oxida-
tion states, as was confirmed experimentally.?3%~264 Ura-
niumin +6 (YIr = 0.73 A)and +5 (Vlr = 0.76 A) oxidation
states tends to form the octahedral environment. The
structures of Ce** (V1r = 0.87 A) and Pu** (Vlr = 0.86 A)
titanates are similar. These details determine the high role of
exchange in the brannerite structures involving doubly and
triply charged alkali, alkaline earth, transition and rare
earth cations and quadruply charged cerium and thorium
cations (VIr = 0.94 A) in natural minerals and plutonium in
synthetic samples.

Although brannerite has often been found as a minor
phase in various titanates,?>~272 it has not been considered
in the literature as a host phase for immobilization of
actinides (except for one publication 28), although it differs
little in its characteristics from other candidate actinide
phases. In particular, the leaching rate of uranium from
the brannerite ceramic at 90°C and pH 8
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Figure 10. Brannerite structure; view along the [010] direction.!38
Layers of the TiO¢ octahedra are connected by columns of UOs
octahedra. The image in the upper right corner is a photograph of
the 61 x 42 x 37 mm brannerite crystal from pegmatites.

(<10=% g m—2 day ') is approximately an order of magni-
tude higher than that from pyrochlore and zirconolite
ceramics and three order of magnitude lower than that
from glasses.?’> Under leaching experiment conditions
(20-50 °C and pH 2—12), the brannerite dissolution rate
was 1073-10-°>gm—2day—! (Ref. 274). The relatively
high chemical stability of brannerite towards acidic and
alkaline aqueous solutions has been demonstrated in a
number of papers.!?- 275282

The radiation resistance of brannerite is somewhat lower
than that of a number of other titanate phases (zirconolite,
pyrochlore, murataite); most of samples occurring in nature
are completely or partly metamict.?8-283 Upon irradiation
with accelerated krypton ions (1—-1.5 MeV), the critical
dose for amorphization at room temperature was
~0.1 dpa for cerium- and thorium-containing brannerite
and ~0.15 dpa for uranium-containing brannerite.?84 285 In
ceramics for plutonium immobilization doped with
10 mass % 23%PuQ,, brannerite also showed the lowest
radiation resistance among other titanate phases (zircono-
lite, pyrochlore).!13.286

The crystal structure of sphene (titanite) of the ideal
composition of CaTiSiOs belongs to space group C2/c¢ with
the following unit cell parameters: a = 6.56, b = 8.72,
¢ =744 A, B =119°43". Sphene is frequently encountered
as an accessory mineral in intrusive rocks (syenite, feldspa-
thoid syenites, monzonites, tonalites, granodiorites), peg-
matites (as a rule, granitic and nepheline-syenites), extrusive
rocks (especially in phonolites), metamorphic rocks (mar-
ble, skarn, granite gneiss, slates and amphibolites), Alpine
veins (with adular, smoky quartz, chlorite and apatite) and
heavy sand and sandstone fractions.?87-288% The sphene
structure is shown in Fig. 11.

In natural sphene, isomorphous substitutions of Na™,
Ce3*, La3*, Y3*, Th** for calcium, Fe3 ", AI*", Nb>* for
titanium, and HO~ and F~ for oxygen are possible. The
presence of small amounts of Fe2", Mn2", Mg?2*, Cr3*,

Figure 11. Sphene (titanite) structure (http://cryst.geol.msu.ru/
courses/crchem/titanit.pdf). The SiO4 tetrahedra are connected by
monocapped CaO7 octahedra and TiOg octahedra.

Sn2* and traces of Zr**, Pb2*, Sr2*, V3+ Cu2?*, Ga’*,
Ta’" and Ba2?™" is also possible. The content of ThO» can
reach 0.28 mass % (Refs 289—-292). Therefore, it was to be
expected that, apart from alkali, alkaline earth and iron
group elements, synthetic sphene would incorporate triva-
lent REE and actinides and some portion of tetravalent
actinides. The measured isomorphous capacity of synthetic
sphene towards U**, Pu**, Pu?*, Hf*" and Gd3*" [in
atoms per formula units (afu)] is 0.02—-0.05 (Ref. 215); or
0.07 (Ref. 290); 0.02, 0.05, 0.5 and 0.3 (Ref. 215); or 0.25
(Ref. 290), respectively. From this, it follows that sphene
can be considered as a host phase for actinides and REE
only when they are present in RW in relatively low concen-
trations; the preferred material for this purpose is glass
ceramics consisting of sphene in an aluminosilicate matrix.

It was shown ?°! that the sphene crystal phase is formed
within the following ranges (A) of oxide contents:

Oxide Na,O
A (mol.%) 4.6-9.5

AlLO3
3.1-7.1

CaO
10.7-20.7

TiO» SiO2
10.7-22.1 49.6-63.9

Relying on the investigation data, the following composi-
tion was chosen as the basic one

Oxide Na,O  ALO;
Content (mol.%) 6.6 5.1

CaO
16.5

TiO,
14.8

SiOs
57.0

At 1300- 1400 °C, this is a liquid melt that forms liquating
glass on cooling, while on subsequent heating in the range
of 950—1050 °C for 1 h, it crystallizes to give glass ceramics
containing ~40 vol.% sphene (the only crystalline
phase).?!

By special investigations on doping of the basic compo-
sition with ions simulating REE and actinides present in
RW, it was shown that with increasing the concentration of
the additional oxides from 0 mol.% to 4 mol.%, the com-
position of the crystalline component becomes more

complicated: at low contents of REE oxides
(1 mol.% —2 mol.%), perovskite [(Ca,Na,TR)TiOs3],
apatite [Ca(TR)s(Si04)602— ], pyrochlore

[(TR,Ca,Ce*"),TiO7_,] and fluorite (TRO,_,) phases
appear apart from sphene, and at higher concentrations of
these oxides (3 mol.% —4 mol.%), sphene may not crystal-
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Figure 12. Crystal structure of stoichiometric REE apatites (Ca,TR);0(Si04)602 (Refs 91, 302).
(a) View along the [001] direction; (1) A cations [(TR)3>", Ca2™ or cation vacancies]; (2) oxygen anions; vacancies and interstitial oxygen
ions are not shown; (b) positions of two types of cation [A(1) and A(2)] and oxygen [O(4)] sites.

lize at all, only the above-listed new phases being iso-
lated.?°?> All these phases are also able to accumulate
actinides.

A study of the distribution of RW component ions
between the sphene and residual glass phases showed that
REE and Ni?* ions are mainly concentrated in sphene (the
distribution coefficients range from 2 to 10), whereas U®™
and Cs* ions are mainly accumulated in the glass phase
(especially Cs*; the distribution coefficient in favour of
glass is ~40). The Sr?" ions are distributed between sphene
and the glass phase in approximately equal amounts. The
leaching rates of RW elements from the sphene glass
ceramic are lower than those from borosilicate glasses and
slightly higher than those from the Synroc ceramic.?°!

Although sphene is inferior to titanate phases in the
radiation resistance, in view of low actinide content, sphene
can be regarded as an acceptable host phase for immobiliz-
ing actinides in glass ceramics. The natural samples that
have accumulated >5x 10'8 (a-decays) g—! were meta-
mict.293-294 This is approximately equal to the critical dose
of amorphization upon irradiation with argon ions
(3 MeV). The rate of sphene dissolution after metamict
transformation increased not more than 5-fold with respect
to that for the initial samples.??> Upon irradiation with
accelerated electrons with energy of 200 keV, sphene
remained in the crystalline state at a fluence of
>2x 10?7 e m—2 (Ref. 296). After irradiation with bismuth
ions with energy of 280 keV up to a fluence of 6 x 10! m—2,
the thickness of the metamict layer did not exceed
100 nm.2°7

In some cases, in particular, on cold crucible induction
melting of sphene glass ceramics, a monoclinic phase with
a=13.58, b =579, c = 22.41&, B = 102° crystallized from
the solution.??8-300 These parameters correspond to the
unit cell dimensions of natural perrierite (chevkinite)
group minerals with the ideal formula
Fes(La,Ce)4Ti3[Si207]20s, monoclinic symmetry, space
group C2/m, Z =2 and lattice parameters a = 13.61,
b=563 c¢=13.63 A, B =11328 for perrierite and
a=13.56, b =582, ¢c=1121A, §=100°45 for chevkin-
ite. According to Ito,’°! the general formula of sphene
group minerals is A4(BC)sSisO2»; the A sites are occupied
by large cations — Na*t, Ca?*, Sr2*, (TR)*", Th** and
U**; the B sites contain Mg?*, Fe2" and Mn?" ions; and
the C sites contain Nb3*", Ti**, AI’" and Fe?*'. In

conformity with its composition, the formula of the syn-
thetic  perrierite-like  phase can be  written as
[(Ca,Sr,Na)»Zr]4(Ti,Al)s(Si,Al)4022. This phase could also
incorporate minor amounts of actinide and REE; however,
no studies of this type were carried out.

Currently, the interest in titanosilicate phases as actinide
hosts is moderate because of their low isomorphous
capacity towards actinides and relatively low chemical
stability and radiation resistance. Nevertheless, glass
ceramics containing these phases can be used for processing
actinide-containing intermediate- and low-level wastes."

Apatite has the general formula X~ VUIA(IVBsO24X>
(space group P63/m, Z = 1), A = Ca, TR, Th, Al, Fe, Mn,
Mg, Naor K; B = Si, P, B, F or Al; X = O, OH or F.?92 The
structure of the apatite Ca;o(PO4)¢O or its rare earth
analogue — britholite (Ca,TR);0(Si04)sO2 — is composed
of PO4 and/or SiO4 tetrahedra linking single or triple
columns of the Ca?* ions, which are seven- or nine-
coordinate with respect to oxygen (Fig. 12).°1-392 Extensive
isomorphous substitutions are possible both in the cationic
and anionic sublattices:

Ca2+ — M2+ (21)
Ca2* +P>* - (TR, An)** + Si** (22)
2(OH,F,Cl)~ - 0%>~, CO3~, S0;~ (23)

Usually, researchers deal with the solid solutions
Cas_ (TR)6_+Si04)s— ,(PO4),0-.24:28 In natural apatites,
the content of actinides, mainly thorium, does not exceed
1% but actinides are incorporated into the lattice of
synthetic britholites more easily and the uranium content
in them can reach 0.5 afu.

Data on the radiation resistance of phases with the
apatite structure published up to 1997 were summarized by
Ewing et al.'?° and the data published up to 2007 were
surveyed by Yudintsev et al.?® Below we consider only
some principal results. The solid solution phases
Cas_ (TR)6— »(SiO4)6—(PO4),0> doped with >**Cm were
transformed into the amorphous state on exposure to
a-radiation. The same was observed for Ca;o(PO4)sF2 and
CayLag(Si04)602 and for britholites of intricate composi-

4 See, for example, the paper by A S Aloy, Yu A Barbanel’, A V Trofi-
menko Izv. Vyssh. Uchebn. Zaved., Yadernaya Energetika (1) 28 (2013).
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tion irradiated with Kr* ions with energy of 1 and 1.5 MeV
and Xe™ ions with energy of 1.5 MeV. The D, value at
300 K was ~0.4 dpa for CaLag(Si04)602 and 0.15 dpa for
complex britholites. Natural minerals with elevated con-
tents of REE and silica, which proved to be partially or
completely metamict, were also found. For these materials,
D, was more than 1 dpa.

For the ?**Cm-doped Ca,Lag(SiO4)60> phase, amorph-
ization mechanism was found to be the same as for other
crystalline phases. The dose required for complete amorph-
ization of CaLag(SiO4)c0> does not depend on the energy
spectrum of recoil nuclei at low temperature (<15 K) and
increases with temperature rise in two stages upon irradi-
ation with both Ne™' ions (0.8 MeV) and Kr* ions
(1.5 MeV). The value D. = 0.3-0.5 dpa for heavier Kr™"
ions below room temperature is close to the value of
0.4 dpa, which was determined upon complete amorphiza-
tion of 2**Cm-doped Ca,Lag(SiO4)¢O> at room temper-
ature. Utsonomiya er al.3%3 determined the critical amorph-
ization temperatures for two synthetic britholite samples
irradiated with accelerated Kr* and Xe* ions
(1-1.5 MeV), which were 880—1010 K. The subsequent
electron irradiation at a dose rate of 1.07 x 102> m—2 s—!
up to absorbed dose of 6.2 x 10'3 Gy induced recrystalliza-
tion, similarly to what was observed in phosphate apatites.

The compounds Cm9_33|:\0_67(SiO4)502 and Cmg(SiO4)6
also belong to the apatite structural type. In the former
compound, cation vacancies can be occupied by alkaline
earth metal ions. Both compounds crystallize in the hexag-
onal system and are stable in air at room temperature.3%*

Britholite type phases and nagelschmidtite type silico-
phosphates are often present in glass ceramics for immobi-
lization of radioactive phosphate slags, in particular,
organic and mixed RW incinerator slags.3%5-3!7 The
nagelschmidtite Ca7(PO4)2(Si04)2 is a B-whitlockite —larnite
solid solution phase [Ca3(PO4)2 — Ca,SiO4] with a hexagonal
lattice (a = 5.38, ¢ = 7.1 A). Initially, this mineral was
detected in the Thomas slag,3!8:31° and later it was found
in nature.3?%-32! The nagelschmidtite structural model pro-
posed by Sugiyama et al.3?? implies the presence of calcium
ion and Ca-T layers (T are SiO4 and PO4 tetrahedra)
similar to the layers present in the «-CasSiOg4 structure.
The vacant calcium sites are ordered in the Ca—T layers
upon SiO4 and PO, substitution. The arrangement of TO4
units is similar to the arrangement found previously in the
structures of Ca,SiO4 varieties. Neither synthetic nor
known natural samples contain actinides. However, like in
apatites, in the nagelschmidtite structure, isomorphous
substitution is possible in which Ca?™" ions are replaced by
other doubly charged ions

Ca2*t - M2+ (24)
or singly and triply charged ions

2Ca > M* + M3 (25)
where M3+ = A3+, Fe3*, (TR)>*, An®*", or

2Ca%* —» M** + [] (vacancy) (26)

where M4+ = Ce*™, Pr*™, An*". In particular, there is the
synthetic orthorhombic phase Na,Ca3zAl>(PO4)2(SiO4)> in
which substitution takes place according to the second
above-presented pattern [chart (25)].323 A similar composi-
tion was found for the nagelschmidtite crystals that are

isolated in slag-containing glass ceramics, but their small
size (<1 pm) precluded determination of the exact compo-
sition. The nagelschmidtite structure is also inherent in
CasNay(POy)s (hexagonal unit cell, space group P6smec,
a=104,c=21.71 A, Z = 6).3%

Back in early studies,??5-308 it was noted that when the
nagelschmidtite phase is present in glass ceramics for
immobilization of actinide-containing slags, the leaching
rate of actinides decreases by at least an order of magnitude
compared with the leaching rate from homogeneous glass,
presumably, owing to their incorporation into nagelschmid-
tite. Like sphene and perrierite, nagelschmidtite can hardly
be considered as a candidate for actinide immobilization;
however, being present in glass ceramics used for immobi-
lization of actinide-containing intermediate- and low-level
wastes, it could efficiently concentrate actinides and thus
their leaching could be markedly suppressed.

IV. Synthesis of high-level waste forms and
problems of their manufacturing processes

IV.1. Processes using sintering

Titanates, zirconates, aluminates and ferrites have, as a
rule, high melting points (> 1500 °C);2324 their synthesis
by solid-phase sintering also requires high temperature. The
traditional method for the manufacture of ceramics by wet
ceramic paste moulding and annealing is inapplicable
because of both high risk of leakage of radioactive liquids
and insufficient quality of the final product. The solid-phase
synthesis of actinide and REE refractory phases, including
titanates and titanate zirconates, is often carried out by cold
pressing and sintering and, more rarely, by hot uniaxial or
isostatic pressing. For manufacturing a homogeneous prod-
uct with completed phase-formation reactions by these
methods, a thorough preparation of the feed formulation
is required (see, for example, the book by Ringwood et
al?%), the product quality being dependent on the feed
particle size and uniformity and on whether or not the
particles occur in the reactive form. Special methods are
used to provide for a better contact between the particles
such as ultrafine grinding using mechanoactivating devices,
co-precipitation from solutions or sol—gel process with
alkoxides as well as spark plasma sintering. In the cold
pressing process, sintering is carried out at temperatures
below 1600 °C. The obtained product is ground, pressed
again into pellets and sintered. The process is repeated for
up to three times but even in this case, the most refractory
products are not quire homogeneous.®? In the case of hot
uniaxial and isostatic pressing, a higher quality product is
formed with a density of up to 98% —99% of the theoretical
value.

Generally, the techniques using pressing and sintering
(especially under pressure) are of low efficiency: they
require long-term heating and accurate implementation of
all process operations. Nevertheless, the cold pressing and
sintering technique is used most often to prepare samples in
the laboratory; hot uniaxial and isostatic pressing are also
used, and cold crucible induction melting is used more
rarely. The Australian Nuclear Science and Technology
Organisation (ANSTO) has a demonstration facility with a
hot uniaxial pressing unit for the production of Synroc
ceramics.?> A cold pressing and sintering unit operated at
the Lawrence Livermore National Laboratory (USA) for
immobilization of surplus weapons-grade plutonium.3?3
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Later, the use of hot isostatic pressing for processing of
wastes accumulated at the Idaho National Laboratory
(USA) was considered.??® All these units operated on
simulated HLW and were not used in industry. The only
unit put into industrial operation is the hot isostatic press-
ing plant for the processing of high- and intermediate-level
wastes from °°Mo production in Australia.3??

The spark plasma sintering technique is based on very
fast heating of the sample and the mould by successive
millisecond high-power direct-current pulses.3?® The spark
plasma sintering serves for the production of engineering
ceramics;32°-331 gince recently, it has been used to synthe-
size HLW and actinide waste forms.332-33¢ The key advan-
tages of this method include short process time and high
(close to theoretical) density of the obtained material.

IV.2. Melting techniques for the manufacture of waste forms
for actinides

The techniques that include the formation and subsequent
cooling of a primary melt are successfully used for vitri-
fication of high- and intermediate-level wastes both in
Russia and abroad — in France, USA, UK, Germany,
Japan, India and South Korea.! However, the glass melting
temperatures, namely, from ~900—1000 °C for the phos-
phate glass in Russia to ~1100—1200 °C for the borosili-
cate glass in other countries, is below the temperature
needed for melting of titanates, zirconates, aluminates and
ferrites. Therefore, to obtain these phases by a melting
process, special equipment is required. The following man-
ufacturing processes have been proposed: high-frequency
(10°—-107 Hz) cold crucible induction melting, microwave
melting (108 —10° Hz), plasma melting and self-propagating
high-temperature synthesis.

Melting followed by spontaneous or oriented crystalli-
zation has been successfully used for the manufacture of
glass ceramics of various compositions for immobilization
of high- and intermediate-level wastes (see, for example,
papers 1-21,31.32,291.337) " These glass ceramics incorporated
the crystalline phases of silicates and aluminosilicates
(nepheline, pyroxene, orthosilicate), titanosilicates (sphene,
perrierite, benitoite), silicophosphates (britholite, nagelsch-
midtite), titanates and titanate zirconates (pyrochlore, zir-
conolite, perovskite, hollandite, murataite, etc.), aluminates
and ferrites (garnet, Al-perovskite, etc.). The first type of
Synroc ceramic (Synroc-A consisting of zirconolite, perov-
skite, hollandite, kalsilite, leucite and celsian) was prepared
by melting at 1300 °C followed by crystallization.?!-22
Later, Synroc-B and Synroc-C types and other ceramic
HLW forms were obtained from melts.338-340 However, as
noted above, most of the congruently melting phases for
immobilization of actinides have high melting points
(>1500 °C). Substantial progress in the development of
melting technologies for the synthesis of these materials
was achieved after adapting the cold crucible induction
melting technique.34! 380

1V.3. Cold crucible induction melting

The cold crucible operation principle (Fig. 13) is penetra-
tion of the electromagnetic field from an induction coil into
the melt through gaps between water-cooled pipes or
sections that form the cold crucible.3#! =344 The penetration
depth (0) is related to the specific electrical resistance (p),
relative magnetic permeability of the material () and the
current frequency (f) in the following way:

p
) 503\/; @7
for o0 <d/2, where d is the crucible diameter,
f=10°-107 Hz, u = 1 (for non-magnetic materials).

The feed is non-conductive; therefore, it is heated to
form the melt in such a volume starting from which the
melting would subsequently be maintained spontaneously
upon absorption of RF field energy.

The following advantages of cold crucible should be
noted:

— the absence of a contact between the melt and the
cold crucible walls: the melt and the walls are separated by a
transient layer of partly melted feed (skull), which consid-
erably increases the crucible service life in comparison with
the service lives of other types of crucibles;

— the absence of internal electrodes in contact with the
melt; this eliminates the issues of electrode replacement;

— active hydrodynamic regime implemented by eddy
current stirring of the melt; this provides for high specific
throughput;

— the possibility to reach high temperature (up to
~3000 °C);

— small dimensions and weight compared with these
parameters of ceramic melters with similar throughputs;
this facilitates the assembly, disassembly and removal of the
crucible in the case of failure.

Cold crucible melting can be implemented for the
formation of a block or for discharge. In the former case,
the block is built up in the crucible, which is then dis-
assembled. The latter process implies withdrawal of the melt
from the crucible by lowering the crucible or the substrate.
In the case of ‘discharge’ melting, a discharge device is
envisaged; the melt is poured into canisters (similarly to
vitrification in ceramic or metallic melters with heated
walls).

As can be seen from relation (27), the penetration depth
of the electromagnetic field into the melt and, hence, the
crucible diameter depend on the current frequency. Low-
duty and low-capacity laboratory units operate at
5-30 MHz frequencies (the frequencies allowed in Russia
considering the radio interferences are 5.28, 13.81 and
27.12 MHz). In experimental units (test stands), the fre-
quency of 1.76 MHz is used most often. For industrial
HLW vitrification units considered as an alternative to
electrical bath furnaces and metallic hot crucibles,
<1 MHz frequencies were proposed;**°—347 this would
increase the crucible diameter and the throughput (mass
velocity of melt output). The most impressive progress
along this line was made in France, in particular, owing to
the use of additional devices and processes (stirrers, gas
bubbling).34%34¢ For increasing the specific throughput, a
frequency decrease is not very useful.34> To solidify actinide
HLW, high-output crucibles are not required, and a
throughput of up to 10 kg h—! is sufficient. Units operating
at 1.76 MHz have been developed;3*8 354 however, they are
to be adjusted to radiochemical plant conditions.

An important feature of fluorite (tazheranite/phianite)
or fluorite-related (pyrochlore, murataite, zirconolite) cubic
phases is congruent melting and, hence, they can be synthe-
sized by melt crystallization. This may give both a ceramic
material, similar to cast stone materials, with a composition
close to the nominal composition for these phases, and
various glass ceramics based on them (this technique has
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Figure 13. Diagram illustrating the operation principle (@), block diagram (b) and general view of a cold crucible with an internal diameter
of ~430 mm (c) belonging to the Federal State Unitary Enterprise RADON.348,353

found wide use for the production of materials for technol-
ogy and jewelry 3417344355 and also ceramic HLW
forms). 348~ 354. 356380

The hydrolytic stability of melted ceramics is
approximately at the same level as that of cold-pressed
and sintered materials. Exceptions are provided by melted
murataite ceramics, from which the leaching rates of
actinides, REE and zirconium are one to two orders of
magnitude lower than those from the sintered
materials owing to the zonal grain  struc-
ture 27-29. 158,159,163, 167, 169, 172, 173, 175, 187, 188,273, 374. 376)

Ceramic materials obtained by melting with subsequent
crystallization, in particular, by cold crucible induction
melting, have a number of differences from cold-pressed
and sintered, hot uniaxially pressed and isostatically pressed
ceramics. First, as has been already repeatedly noted, only
congruently melting phases can be obtained from the melt.

Second, melting is usually carried out in air, i.e., under
oxidizing conditions. It is fairly difficult to arrange indif-
ferent or, the more so, reducing conditions, unlike, for
example, hot uniaxial and isostatic pressing techniques, in
which the pressing chamber can be filled with any gas and/
or a reducing agent can be added to the feed formulation, as
in the synthesis of Synroc ceramics, where titanium powder
is used.?> As a result, the phase composition and distribu-
tion of some elements (including variable valence ones)

between phases in melted ceramics differ from those in
pressed samples.?>® The key problems are associated with
the transition of some caesium, strontium and molybdenum
into a powellite (CaMoQO4) type molybdate phase with
relatively low chemical stability. There is no such problem
with actinides, which are distributed between zirconolite
and perovskite, depending on the oxidation state, in the
Synroc ceramics.

Third, the cold crucible induction melting is inevitably
accompanied by contamination of the melt with the crucible
lining material, which is used to prevent the mixture from
leaking out. Since the lining is often prepared from liquid
glass, silica and sodium and/or potassium oxides can get
into the melt, which results in the formation of a glassy
phase.

Fourth, in all high-temperature processes, including
melting, microwave and plasma melting, there appears a
problem associated with component vaporization from the
melt surface. In the cold crucible induction melting, this
problem can be solved by forming a cold feed formulation
cap on the top of the melt, which functions as an absorber;
however, because of the active hydrodynamic conditions in
the cold crucible, this cap is rather difficult to stabilize. In
the synthesis of actinide-containing ceramics, this problem
is insignificant, because most of actinide compounds we
consider are non-volatile.
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Finally, there exist the problem of shrinkage cavity upon
the discharge of ‘short’ melts into containers (canisters).
Due to fast formation of a solid crust on top of the melt in
the container, the residual gases have no time to be released
to the atmosphere and are accumulated under the crust
forming cavities, which disrupt the homogeneity and
decrease the density of the block.

IV.4. Microwave melting

The possibility of manufacturing glasses, crystalline com-
pounds and multiphase ceramics by microwave heating was
considered by researchers in Japan,38!-382 UK 383385 Rys-
sia,209-386-390 and the USA.3°! As the key benefits of this
way of heating, the following is considered:38%-387 high
efficiency of microwave absorption by liquid wastes at
different treatment stages (high performance); equipment
reliability, simplicity, small size and repairability; the pos-
sibility of positioning the energy source outside the working
zone; high throughput; and short process stabilization time.
There are some bottlenecks preventing the industrial use of
the process, namely, difficulty of attaining a uniform high-
temperature heating of inhomogeneous feed formulations
and coordination of the generator and reaction chamber
operation. Most publications on the use of microwave
heating are devoted to processing of liquid RW and only
one paper 2% describes the synthesis of pyrochlore— bran-
nerite ceramics and gives detailed characterization of the
obtained product. Currently, the possibility of using micro-
wave radiation for the synthesis of high-temperature crys-
talline compounds and multiphase ceramics remains prob-
lematic.

IV.5. Plasma melting

The first studies on the vitrification of RW in plasma
reactors were accomplished in the early 1980s.392-3%4 Sub-
sequently, syntheses of some glassy crystalline and crystal-
line materials in plasma arc devices were reported.3®> The
major effort was concentrated on the design of fully func-
tional systems for the processing of solid RW and toxic
wastes.390-399 The seemingly obvious benefits of plasma
heating (high temperature, intense heat and mass exchange)
prove to be difficult to implement, as on contact of the
plasma plume with the material being treated, heating starts
from the surface, and the residence time of the material in
flow type reactors is often too short for the phase formation
to be completed. The completion of the batch processes and
melt homogenization require long time, which sharply
decreases the throughput. Apparently, combined techniques
such as plasma reactor—cold crucible have better pros-
pects.400-402

IV.6. Self-propagating high-temperature synthesis

The method of self-propagating high-temperature synthesis
(SHYS) is based on the utilization of the heat of exothermic
redox reactions. The feed consisting of the major (working)
compound, an oxidant and a reducing agent is thoroughly
mixed, charged into the reactor and ignited on one end
using a special device (igniting torch). The combustion front
heated up to 2000-2500 °C moves along the reactor in
several seconds and melts the material, which then crystal-
lizes as the front moves along.#?3 The short reaction time in
the reaction front restricts the component loss via vapor-
ization. For consolidation of the final product, the reactor
can be equipped with a compacting device.

The first works on this subject date back to the
1960s.404.405 T ater, ceramics were obtained based on zirco-
nolite, pyrochlore, perovskite, sphene, aluminium garnet
and so on,*%°-417 including those doped with plutonium,
americium#!! and technetium,*!'* and glassy materials for
the immobilization of RW of complex composition, in
particular, actinide-containing ones. 418421

Uncompacted porous and inhomogeneous SHS prod-
ucts contain the target phases and a metallic alloy. The
additional compacting affords final products of acceptable
quality; the leaching rate of REE (simulating actinides)
from these products determined according to the Russian
State Standard GOST R 52126-2003 is 10~3 g m—2 day !
or lower.

A test SHS unit has now been constructed in a hot cell
and is being tested using model solutions containing ura-
nium, americium and other elements simulating HLW.#22 It
is noteworthy that, despite the seeming simplicity of the
process, the process flow diagram is difficult to implement,
especially under conditions of a radiochemical plant; hence,
the prospects of industrial use of the SHS are uncertain.

V. Conclusion

Actinide-containing titanates, zirconates, titanate zirco-
nates, aluminates and ferrites that have the fluorite (tazher-
anite/phianite) and related (pyrochlore, murataite,
zirconolite) structures and also the perovskite and garnet
structures are promising for immobilization of HLW frac-
tions (minor actinides and plutonium). Ceramics based on
these phases have high chemical stability and, in some cases
(fluorite and pyrochlore type zirconates and zirconolite),
also high radiation resistance, which ensure their preserva-
tion for the periods required for the decay of long-lived
radioactive elements to the natural background level (hun-
dreds of thousands to millions of years). An important
benefit of these phases is congruent melting, which allows
them to be synthesized by melt crystallization. Of particular
interest are melted ceramics based on murataite, more
precisely, phases of the pyrochlore—murataite series.
Owing to the zonal structure of grains with actinides being
concentrated in the central parts, the leaching rates of
actinides from these materials are very low even under
dynamic conditions at elevated temperatures.

Nevertheless, some problems are still to be solved.3? One
of them is the stability of actinide solid solutions under self-
radiation. As noted above, the metamict transformation
proceeds through several stages of crystal lattice disorder-
ing. For instance, the pyrochlore lattice is transformed into
a disordered pyrochlore lattice, then into fluorite lattice
and, finally, the substance is transformed into an amor-
phous state. It is unknown whether or not a pyrochlore type
solid solution would degrade upon transition to the fluorite
structure with isolation of actinides as a separate phase and,
if yes, how much time this would take. Other concerns are
related to the mechanical self-destruction of actinide-con-
taining ceramics and crystals as a result of self-irradiation
(with potential formation of colloid particles). There has
also been anxiety that the differential and anisotropic
swelling of the lattice upon self-irradiation could induce
micro- and macrocracking of coarse-grained polycrystalline
materials; however, fast neutron bombardment experiments
with Synroc-C samples obtained by cold crucible induction
melting showed the absence of cracking; apparently, the
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presence of pores provides certain relaxation of the differ-
ential swelling of the lattice.*?3 Sintered ceramic pellets
produced from phases of various structural types (pyro-
chlore, murataite, perovskite, garnet) containing >4*Cm also
retained the shape and mechanical integrity after amorph-
ization, 109 186,205,252

The chemical flexibility problem can also substantially
affect the physicochemical and isolation properties of RW
forms. Upon the radioactive decay of actinides and fission
fragments, the daughter products are usually isotopes of the
elements that form ions with a charge and radius differing
from those of the parent element isotope; this may induce
destabilization of the RW form — crystallization, mechan-
ical destruction, change of thermophysical parameters and
so on. For example, plutonium isotopes decay to give
americium and neptunium, '37Cs™ decays to '3’Ba®™, and
the decay of °°Sr? " gives first °°Y3" and then °°Zr**, which
have different radii and charges.

The selection of the optimal technique for ceramization
of HLW and actinide wastes is still a pressing problem. In
our opinion, the cold crucible induction melting is a
promising strategy for the synthesis of such phases and
ceramics based on them. The possibility of employing other
approaches such as microwave melting, SHS and compac-
tion by spark plasma sintering requires further evaluation.

The review was prepared within the framework of state
order with financial support of the Federal Agency of
Scientific Organizations (Subject Matter No.0136-2014-
001).
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