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| 1. Introduction

The development of sustainable nuclear power generation independent of uranium resources involves the reprocessing of
spent nuclear fuel (SNF) with the recycling of uranium and actinides (Pu). The PUREX extraction process is industrially
used for this, having initially been developed about 70 years ago in the USA to extract Pu and U for military purposes.
Reprocessing a tonne of SNF generates 13-31 m? of liquid high-level radioactive waste (HLW). HLW can contain stable
and radioactive isotopes of fission products (Cs, Ba, I, Sr, REE, Mo, Zr, Tc, Ru, Rh, Pd), residual U and Pu, minor
actinides (Np, Am, Cm), corrosion products (Zr, Ni, Cr, Mn, Fe, Co, Al), and technological impurities (Na, Fe, Al, S). Liquid
HLW poses an environmental hazard and must be converted into a stable form for placement in a deep underground
repository. Since 1978, HLW has been immobilised in B-Si glass (France, UK, USA, Belgium, etc.), and since 1987, in Al—
P glass (Russia). About 30 thousand tonnes of borosilicate and almost 7 thousand tonnes of aluminophosphate vitrified
HLW have been produced up to now, and this process continues. Significant volumes of solid and liquid HLW are stored at
radiochemical plants in the USA and Russia.

The weak point of glass is the low HLW loading, which is 3-5 wt.% for AlI-P and 15-20 wt.% for B—Si matrices, as up to
1.8t (0.6 m3) AP and 0.4 t (0.15 m3) B-Si glass matrix is produced on processing of 1 t of spent nuclear fuel. This
reduces the efficiency of underground disposal, including the search for locations and the construction process, which
require considerable time and resources. Other drawbacks of glass includes potential decrease in retaining properties due
to crystallization, and on contact with water the formation of radioactive colloids migrating in the geological environment.
The problems of HLW management can be more effectively solved by partitioning HLW into groups of elements with
similar properties, for their immobilization in optimal matrices. One of these groups is the fraction containing rare earth
elements (REE) and minor actinides (MA) such as Am and Cm.

Russia is implementing a strategy of two-component nuclear power generation, with slow and fast neutron reactors
operating in a closed nuclear fuel cycle W. This will reduce the need for uranium through the recycling of actinides, and
will allow the extraction of useful stable and radioactive isotopes necessary for industry. The reprocessing of SNF will
result in the generation of liquid high-level radioactive waste, so the development of methods for HLW optimal
management is highly urgent. The greatest ecological concern is caused by long-lived actinides (Np, Pu, Am, Cm) and
their daughter products 24 in particular, 2**Am (T, = 432 years) decays to form 23’Np with a half-life of 2.1 million
years.

In the advanced nuclear fuel cycle, MAs are extracted for transmutation in fast reactors in homogeneous (Np) and
heterogeneous (Am) modes LHIBIEIA There is a proposal to store Curium for 70 to 200 years, to decay into Pu and
fabricate nuclear fuel. Depending on the degree of actinide extraction, the radioactive waste hazard will be equal to the
value for uranium ore in 300, 500, or 10,000 years WMIIEIL This concept is known as “radiative equivalence”. In a
shorter time, about 100 years, radiological (oncological) equivalence between them will occur 29, The application of this
approach requires the creation of sophisticated technologies for processing SNF and extracting transplutonium elements
(TPE) from HLW. Methods for partitioning REE, americium, and curium with similar properties, the separation of Am and
Cm, fabrication of fuel with Np and Am, and its processing after irradiation in a fast reactor are still far from being



implemented [LI2I3114] The timing of closing the nuclear fuel cycle, involving the partitioning of minor actinides (Np, Am,
Cm), fuel fabrication, its irradiation in fast reactors, and subsequent reprocessing, has been shifted to 2050 151 which is
more than 30 years longer than previous estimates.

Comparison of the potential harm to human health from radioactive waste and U ore (radiative and oncological
equivalence) is based on the assumption of their complete dissolution in groundwater. However, there are no real grounds
for this, since uranium deposits with an age of many millions of years are known, representing reserves of hundreds of
thousands of tonnes at concentrations of up to 20 wt.%. Reliably established reserves of uranium in these deposits are
approach six million tones, and estimated resources are 7.5 million tonnes. The number of known U deposits exceeds
1800, the oldest of which are over 2 billion years old [16]I171[18] * Since the solubilities of HLW and uranium ores in
groundwater are very low, it makes no sense to compare their hazards. Environmental hazard assessment through the
volume of water required to dissolve elements to a safe level has shown that Hg, Se, Pb, Cd, and As ores containing the
first wt.% of these elements pose an even greater environmental threat 2220121 ynlike radionuclides, which gradually
decrease in quantity due to decay, the danger from these toxic elements does not decrease with time.

| 2. Zirconolite and Murataite as Matrices for the Inmobilization of Actinides

The choice of actinide matrix is largely determined by crystal-chemical parameters. At high temperatures, the most
common oxidation states of actinides are Pu3*4*, (Am, Cm)3* and Np** 22, REE elements of the REE-MA fraction (MA =
Am, Cm) exist as trivalent ions, Ce can be partially in the form of Ce**. To simulate actinides in matrices, lanthanides are
used, and Ce, Th or U are introduced instead of Pu [23l24123] pye to close ionic radii 28, Ce3* simulates Pu3*, while Nd3*
and Eu®* simulate Cm3* and Am3*. Monovalent Th*" and Hf*" are sometimes used to replace Np and Pu. Particular
attention is paid here to studies using Nd, Sm, or La, which dominate among the REE fission products of SNF and in the
composition of the REE-MA fraction of HLW. The average ionic radius of the REE-MA fraction is 1.11 A, the same as for
Nd3*, larger than that of Sm3* (1.08 A), but smaller than that of La3* (1.16 A). Therefore, Nd is the best simulant of the
REE-MA fraction when studying the structure and waste loading of the matrices, the distribution of elements between
phases, stability in water, and their main physical properties; density, heat capacity, thermal conductivity, and mechanical
durability, which weakly depend on whether the simulant element is radioactive.

For the immobilization of actinide containing nuclear waste, crystalline zirconolite and glass-crystalline materials with
zirconolite have been proposed. They may be obtained by all known methods—sintering at atmospheric or elevated

pressures, melting and crystallization, high-speed pulsed electric current sintering, and self-propagating high-temperature
synthesis [271281129][301[311[32][33](34](351(361(37][38][39[40N[4L[42][43[44][45114611471[48] Zjrconolite is stable in various natural conditions

[BL49N50I54): natyral zirconolite is a rare mineral of terrestrial and lunar igneous rocks, and metasomatites. In nature,
zirconolites from different localities have been found to contain UO,, ThO, or REE,O3 reaching 24, 22, or 32 wt%,
respectively BUBZI3] pye to the high conent of U and Th, zirconolite is often amorphous; this occurs at irradiation doses
above 5 x 108 a-decays/g 22, In Figure 1, three minerals can be distinguished by composition: Zirconolite, monoclinic
(polytype 2M), polymignite, orthorhombic (30), zirkelite, hexagonal (3T) (24,

Figure 1. Natural zirconolites: (a,b) 30 (Vestfold og Telemark, Norway); and (c,d) 3T (Eifel Volcanic Fields, Germany;
Fogo Volcano, Portugal).

The above noted classification was approved by the Commission on New Minerals of the International Mineralogical
Association B2; hence, polymignite and zirkelite are no longer used. The 2M polytype is common in carbonatites, while
the 30 and 3T polytypes are common in volcanics and metasomatites B8I7 with a content of REE3*, Th, Fe, and Nb.

Artificial zirconolite was observed for the first time in Synroc polyphase ceramics 28, an alternative to B-Si glass for HLW
immobilization. In the first version, Synroc A, the (Zr,Ca,Ti)O, oxide initially was determined, but X-ray microanalysis found
that its formula corresponded to CaZrTi,O; with an admixture of Al for charge balance when the Ca/Zr ratio varied. This
allowed attribution of the phase found to an artificial analog of the mineral zirconolite, which later was confirmed by the X-



ray diffraction data. In the all Synroc-type ceramics (B, C, D, E, F), zirconolite is the main host for actinides and REE [28]
(2915815960 |t forms five polytypes—2M, 4M, 30, 3T, and 6T, the figure is the number of layers of TiOg octahedra, the
letter is the symmetry of the lattice. The structure of the 2M polytype consists of trigonal and hexagonal rings of Ti-O
octahedra, some of the Ti atoms are surrounded by 5 O?~ anions. These correspond to three positions of Ti atoms: Ti(1)
and Ti(3) with a coordination number (cn) equal to VI (octahedrons), and Ti(2) with cn = V (bipyramids). The unit cell of
zirconolite contains eight Ti(1) atoms, and four each of Ti(3) and Ti(2) atoms. CaZ* (cn = VIII) and Zr** (cn = VII) are
located between two networks of TiOg octahedra. One structural module is formed by a pair of layers of TiOg octahedra
with interlayer cations. Its rotation through an angle multiple of 120° forms a cell of zirconolites 3T and 30. With a change
in the stacking sequence of Ca/Zr and Ti—O layers, other polytypes arise, and the structure of zirconolite 4M is a four-layer
package of sheets of zirconolite 2M and pyrochlore (Figure 2).
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Figure 2. Structure of zirconolite polytypes (a) 2M, (b) 4M, (c) 3T, (d) pyrochlore Nd,(Ti,Zr),05.

The result is a doubling of the cell parameter along the ¢ axis with preservation of monoclinic symmetry 1. Variations in
composition of the 2M phase are described by the formula CaZr,Tiz_4O7, “x” = 0.83-1.33. The replacement of Zr by Hf
retains the 2M structure in CaHfTi,O; and Ca;_yNdyHfTi,—,AlLO7 (x = 0.01, 0.2) (621 \which is due to the closeness of ionic
radii of Zr** (0.78 A) and Hf** (0.76 A) (cn = VII).

Among the first works to note the effect of zirconolite composition on its structure were articles [BABEABG3N64] A description
of all five zirconolite polytypes known so far is given in 2. Their formation depends on the type of substitutions, charge
and radius of cations, temperature, and oxidizing conditions 88, Polytypes 2M and 4M are monoclinic (sp. gr. C2/c), 30 is
orthorhombic (Acam), and 3T and 6T are hexagonal (P3;21). The most common polytypes in actinide matrices are 2M
and 4M 88 |ess common are 30 B8 and 3T 2467, there are no data for the 6T polytype. For phases of composition
(Ca1-22PU)Zr (Tip_oxFe2 )07 (x = 0.1-0.7), the 2M polytype is stable up to “x” = 0.3, and 3T appears at “x” = 0.3 and 0.4.
Replacing Pu with Ce increases the field of stability of the 2M polytype. Zirconolite 3T is often formed using thorium as a
simulator. A reducing medium (5% H./N,) is favorable for the formation of 3T zirconolite CaZr;_Th,Ti,O; at x = 0.20 8],
Cayg gTi1 3521 3Thg 15Alp 407 crystallizes in the same 3T type 8. Fine intergrowth of 2M and 3T polytypes was established
in glass ceramics obtained in the SiO,—Al,03—Ca0—-ZrO,—TiO,~ThO, system [2€],

CaZr14(CelU/Th/Pu)44+xTi,O7 (x = 0.1-0.6) phases are represented by zirconolite 2M, 4M and/or pyrochlore (Table 1),
and their structures shown in Figure 2, with data from (8],

Table 1. Phases in samples of bulk composition CaZr;_4(Ce/U/Th/Pu)4.+xTi,O7 at “x” from 0.1 to 0.6.

Cation x =0.10 X =0.20 x =0.30 X = 0.40 X = 0.50 X = 0.60
ce*t 2M 2M +4M 2M + 4M 2M + 4M 2M+4M + P AM +P
u* 2M 2M + 4M 2M + 4M 4M + P 4M + P AM + P
Th* 2M + P 2M+P 2M+P 2M+P 2M + P P
Pu** 2M 2M +4M 2M + 4M aM + P AM + P P

2M, 4M—zirconolite polytypes, P—pyrochlore.

Information about zirconolite polytypes in glass ceramics is controversial. On the one hand 2448 jn B-Sj glass ceramics,
with an increase in the contents of CeO, and Nd,O3 up to 15 wt%, transition of 2M polytype into 4M was observed.
However, when studying glass ceramics with Caj_yZr;_4NdoyTi,O7, Ca;_4xNdyZrTi,_4AlyO7, and CaZr;_4Ce,Ti,0O7 (X = 0—
0.5) phases, no transition of the 2M to 4M polytype was observed, in contrast to ceramics of the same composition €. In
glass ceramics with REE and actinides, the 2M polytype is more stable due to the limited solubility of tri- and, especially,



tetra-valent cations in the original glass (79711 and low distribution coefficients of Nd3*, Ce3*, Th** between zirconolite and
glass B8I72A7 quring crystallization in the glass ceramic.

Compositions of natural and artificial zirconolite can be affected by substitutions BB259, the main ones being (Ce,An)**
- Zr*: 2(Ln,An)3t - Ca?* + Zr**; (Ln,An)3" + (Al Fe)®" — Ca?" + Ti**; and more rarely: An** + (Fe,Co)?* -~ Ca?* + Ti*";
(Ce,An**) + 2(Al,Fe,Cr)3* — Ca?" + 2Ti** (Ln are lanthanides, An are actinides). The replacement of 2M zirconolite by
more complex 4M, 30, or 3T polytypes has been observed with an increase in the concentration of tri- (La, Ce, Nd, Dy, Y,
Am, Cm) and tetravalent ions (Ce, U, Np, Pu), replacing Ca2* and zr** BEIIZ4IZSIZEIIT] An increase in the content of Nd3*
or (Ce/U/Th/Pu)** in the samples resulted in the zirconolite sequence structure 2M—3T—4M—pyrochlore [621(66],

In many early [28I2958I6QN78I79) ang more recent [288JIE1] sty dies of matrices, the zirconolite polytype was not specified.
There are several explanations for this and the first is that the similarity of properties 28 may make it unnecessary to
identify the exact zirconolite polytype. There is no clear evidence that structural features somehow affect the resistance of
zirconolite to radiation or corrosion in water 4], It can only be argued that the polytypes have different capacities with
respect to the actinide and REE-actinide fractions, i.e., maximum value for 4M, minimum for 2M, and intermediate for
zirconolite 30 or 3T. With an actinide and REE content of up to 0.20-0.25 atoms, the zirconolite polytype 2M is stable 2
[83] The boundary between 2M and 4M polytypes for the Ca;_,Zr1_xSma,Ti»O7 solid solution passes at x = 0.35 [84],

Artificial zirconolite with REE and Pu is stable in alkaline and acidic solutions up to 500°C at 50 MPa, even after
amorphization of the crystalline lattice [E3I39I52](85](86]E7](88]

Murataite was first discovered in the Synroc matrix from defense waste obtained by sintering 82, In the sample from the
HLW simulator BQEUE2]  ohtained by melting and crystallization, it was formed from the melt last, growing on zirconolite
grains (Figure 3) (23],

Figure 3. SEM images of the melted Synroc-type ceramic with model nuclear wastes: (1) hollandite, (2) zirconolite, (3)
rutile and glass, (4) zoned murataite crystals overgrown on the zirconolite grains. (a) general view; (b,c) details with
murataite—zirconolite intergrowths.

Such a close relationship between these two phases is due to the affinity of the structures both derived from the fluorite-
type lattice. Murataite is this optimal host phase for tetravalent actinides (Th, U, Np, Pu); in this case it dominates in the
matrix (Figure 4) (20911,

Figure 4. Left: SEM images of ceramics with 10% (a) UO,, (b) PuO,, (c,d) ThO,. (1) murataite 5C, (2) murataite 8C, (3)
murataite 3C, (C) crichtonite, (T) pyrophanite; pores are black. Right: HRTEM micrographs of (A) pyrochlore, murataite
(B) 3C, (C) 5C, (D) 8C taken with a high-resolution transmission electron microscope. Inserts: SAED patterns. Lines are
atomic layers.



In the nature, murataite has been found in only two locations, making it significantly rarer than zirconolite. Unlike
zirconolite, murataite contains neither U nor Th, and of the rare earth elements contains only Y.

With an increase in the content of trivalent REE in the sample, perovskite-like phase has been observed, a less stable
phase at elevated water solution temperatures, especially above 100 °C 24, Synthetic murataites occur as phases 3C,
5C, 7C, and 8C (the number is the multiplicity of the cell parameter relative to the fluorite cell, C is the cubic symmetry of
the lattice). They constitute the polysomatic series murataite 3 C—pyrochlore [2211961197][8]

Murataites 5C and 8C are the most common in samples, whereas 3C is less common and 7C is very rare. All of them
crystallize in the sp. gr. F-43m, so their X-ray diffraction patterns are similar. In melted ceramics, murataite forms zoned
crystals with pyrochlore or murataite 5C at the center, and murataite 8C or 3C towards the edges (Figure 4). In samples
obtained by sintering, murataite 5C and murataite 8C formed separate grains 2. The pyrochlore module is responsible
for actinide content, and the murataite block is responsible for corrosion products (Fe, Al, Mn). Although the
concentrations of actinides decrease in the order pyrochlore—-murataite 5C-8C-3C, while Fe and Al increase, the
assignment of the phase to a specific polysome only by its composition may be incorrect.

Elucidation of the polytype (polysome) of phase requires examination by X-ray phase analysis with attention to weak
reflections from a certain range of angles, or in a transmission electron microscope [B8IBAES This problem is often
complicated by the multiphase composition of matrices and the presence of several phases with similar structures—
zirconolite, pyrochlore, and murataite. For simultaneous study of the composition and structure of phases, a combination
of scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) can be applied L0101 The
possibilities of this approach will later be shown using the example of samples containing zirconolite and murataite, but
first brief information about the electron backscatter diffraction method must be presented.

Conclusions: Morphotropic transitions in matrices of actinides composed of phosphates, titanates and zirconates of rare
earth elements resulted in a variety of structures of the host phases. They also exhibit polytypism (zirconolite) and
polysomatism (pyrochlore — murataite se-ries). One of the important requirements for the matrix is a high waste content;
therefore, the 4M, 3T, and 30 zirconolite polytypes and the 5C and 8C murataite polysomes are of interest. Their
diagnostics by X-ray phase analysis is often difficult due to the multiphase structure of matrices, the presence of several
phases at once with a structure derived from the fluorite lattice (pyrochlore, zirconolite, murataite, cubic Zr oxide). The
structure types of phases in samples with simulators of actinide and REE-actinide fractions (Th, Nd) was determined by
the electron backscatter diffraction.

The purpose of this research is to study the structure of zirconolite and murataite in two matrices with actinides simulators
(Th, Nd) obtained by melting in air at 1500 °C in glassy carbon crucibles. The sample with Th contains three phases:
zirconolite-3T of composition Ca0.67Th0.19Ti1.84Zr0.89Fe0.07Mn0.21A10.1307 and two polysomes of murataite 8C
(predominated) with formula calculated from their chemical composition:
Ca76.52Th19.4Ti254.73Zr37.86Fe14.54Mn50.35A133.550823 and
Cab65.04Th9.53Ti259.297r6.31Fe34.68Mn58.8A165.040823. The zirconolite in the sample with Nd is rep-resented by the
4M polytype, and there is also pyrochlore. The stability fields of zirconolite polytypes depend on the size of the cations
that replace the main elements (Ca2+, Ti4+, and Zr4+). The replacement of Zr4+ by (Ce, U, Pu)4+ causes the
transformation of the 2M polytype into 4M; replacements of Ca2+ — Zr4+ and Ca2+ — Ti4+ with Pu3+/4+, REE3+, and
small ions (Al, Cr, Fe, Ti)3+ stabilize polytypes 30 and 3T. Researchers note the important role of pyrochlore in the
structures of the 4M zirconolite polytype and the 8C polysome of murataite, which once again confirms close relationship
between the structures of these phases. In general, the EBSD is an effective method for diagnosing polytypes and
members of polysomatic series in HLW crystalline matrices.
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