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Figure 6. Arrhenius diagram with the initial or forward dissolution rates ry obtained for the
non-irradiated (blue symbols) and irradiated (red symbols) TBG. Data from Geisler et al. [21] are also
plotted. The dark and light blue lines represent an unweighted and an error-weighted linear fit to the
data, respectively. For the unweighted fit the 1-sigma confidence interval is also shown as we use this
fit to estimate r'™/ry and its error.

The significantly higher forward dissolution rate of the irradiated glass compared to the
non-irradiated counterpart is immediately apparent, but the rate data from the non-irradiated TBG
themselves are highly scattered. This excess scatter may reflect (i) the slightly different chemistry
of the glass coupons used in this study compared with those used by Geisler et al. [21], and/or (ii)
the observation that the dissolution rate may locally vary as reflected by etch pits often observed in
glass dissolution studies [12]. An unweighted linear least squares fit to the data yielded a slope that
corresponds to an activation energy of 71 + 66 kj/mol, whereas the slope of an error-weighted linear fit
yielded an activation energy of 116 + 83 kJ/mol (Figure 6). Both values are statistically not significantly
different from zero, but are nevertheless in the typical range of activation energies for hydrolysis
reactions at borosilicate glass surfaces that were calculated from first principles density functional
theory (DFT) simulations and measured in neutral solutions ([36], and references therein). However, it
is not expected that the dissolution rates obtained for the non-irradiated glass from the experiment
with the surface-irradiated TBG perfectly fit to those obtained with non-irradiated glass coupons, since
at the time when the irradiated surface layer is completely dissolved, the solution chemistry is different
from the initial chemistry. At that time the solution was no longer free of silica (but still undersaturated
with respect to amorphous silica) and the pH near the surface changed, so the chemical affinity or
driving force for the dissolution reactions also changed [34]. In any case, to obtain a reliable activation
energy for the dissolution of this TBG under close to neutral conditions, more experiments under a
wider temperature range are necessary. The unweighted fit yielded a ratio between rp'™ and ry of
3.7 + 0.5 (Figure 6). Thus, an almost four-fold increase of the forward dissolution rate was observed for
the irradiated TBG.

4. Discussion and Conclusions

In this study, the irradiated glass structure was found to dissolve 3.7 + 0.5 times faster than
the corresponding non-irradiated glass, verifying previous studies that also reported an increased
dissolution kinetics of radiation-damaged silicate glasses [37-39]. In contrast, other studies claim
that neither the alpha activity nor the alpha decay dose has a significant impact on the initial
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dissolution rate [40,41]. The reasons for such a disagreement are not evident and should be subject
of future investigations, particularly given the importance of this knowledge to assess the chemical
durability of nuclear glasses in a natural nuclear repository. Raman spectroscopic measurements
of the Au-irradiated TBG have revealed (1) a significant modification of the short-range order
around the main network formers, (2) a decrease of the average boron coordination number, (3) an
accumulation of molecular oxygen, and (4) an increase of the Q® fraction at the expense of the Q*
species, indicating depolymerization of the silicate network due to radiation damage. Such structural
and chemical modifications are in line with findings of Mir et al. [35] and known to be accompanied by
changes in the physical properties, including hardness and Young’s modulus, density, and fracture
toughness [23,37,42-47]. Our study reveals that such structural modifications due to irradiation have a
profound effect on the glass dissolution property.

The increased dissolution kinetics can principally be explained by the less interlinked, irradiated
glass network that offers a larger free volume for the hydrolysis of Si-O and B-O bonds in the glass by
hydrogen species from solution. During heavy ion bombardment, several micrometer-long cylindrical
damage trails, so-called ion tracks [48], are created, which have been made visible by transmission
electron microscopy [24] and atomic force microscopy [49]. In particular, the Si—O and B-O bonds inside
the ion tracks are likely high energy sites that can preferentially be hydrolyzed. In our samples, these
ion tracks must be parallel oriented and elongated in the direction of the dissolution front movement
due to the direction of bombardment. Considering the long-range ballistic character of heavy ions
in the material, it would be interesting to test whether the dissolution kinetics depends on track
orientation? This question directly relates to the general debate about the scientific value of external
heavy ion irradiation experiments for the simulation of «-recoil damage [37]. Charpentier et al. [50],
for example, observed a higher damage level in silicate glasses irradiated with Au ions than in
short-lived actinide-doped glasses that accumulated an equivalent dose of recoil events. A possible
explanation for this observation could be partial self-healing processes which arise from alpha particles
involved in alpha decay events [49]. External irradiation with energetic heavy ions may also induce
the removal of alkali ions even from depths that correspond to the ion penetration depth [51]. At high
fluences, the entire near surface region may be depleted of alkali ions to depths even exceeding the ion
range [51]. However, for our samples electron microprobe measurements across the irradiated surface
layer did not reveal any Na loss from areas deeper than ~1 pum (lateral resolution of the measurements)
below the surface. Moreover, a very critical point is that in real case scenarios, radiolysis reactions in
the surface boundary solution may significantly affect the glass dissolution kinetics as also observed to
affect the dissolution of UO,, respectively spent fuel [39,52,53].

All these observations challenge the assignability of results from heavy ion irradiated samples
to the real world of self-irradiation in nuclear glasses. However, the irradiation with swift heavy
ions requires less experimental effort and represents an effective approach to simulate radiation
damage over micrometer length scale and thus allows studying the effects of radiation damage on
the long-term durability of borosilicate glasses. On the other hand, experiments with borosilicate
glasses doped with short- and long-lived actinide and/or fission products appear to be most important
for the assessment of the long-term durability of a nuclear glass in a natural repository and, not to
forget, to compare the results with those obtained from externally irradiated samples. Here, fluid-cell
Raman spectroscopy can potentially open up new possibilities to study the corrosion of nuclear glass
in situ without disturbing or interrupting the reaction. As shown by Geisler et al. [21], and partly
in this work, fluid-cell Raman spectroscopy thereby provides a wealth of chemical and structural
information with a spatial resolution at the micrometer-scale. Moreover, light stable isotopes, such as
2H and '80, can be used to in situ trace distinct reaction and transport processes, as demonstrated
by Geisler et al. [21], who quantified the transport of molecular water through a silica-based surface
alteration layer by using a 2H-labelled solution. A single experiment thus delivers the information
of numerous quench experiments with different samples so that complicated sample syntheses and
preparation that require a radiation-protected environment, as well as costs and new nuclear waste,
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are minimized. Such experiments can potentially also be performed over longer durations to be able
to also investigate the corrosion process of nuclear waste glasses as they are kinetically more stable
against aqueous corrosion than the glass used in the present study.
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Abstract: Crystalline ceramics are intensively investigated as effective materials in various nuclear
energy applications, such as inert matrix and accident tolerant fuels and nuclear waste immobilization.
This paper presents an analysis of the current status of work in this field of material sciences.
We have considered inorganic materials characterized by different structures, including simple oxides
with fluorite structure, complex oxides (pyrochlore, murataite, zirconolite, perovskite, hollandite,
garnet, crichtonite, freudenbergite, and P-pollucite), simple silicates (zircon/thorite/coffinite, titanite
(sphen), britholite), framework silicates (zeolite, pollucite, nepheline /leucite, sodalite, cancrinite,
micas structures), phosphates (monazite, xenotime, apatite, kosnarite (NZP), langbeinite, thorium
phosphate diphosphate, struvite, meta-ankoleite), and aluminates with a magnetoplumbite structure.
These materials can contain in their composition various cations in different combinations and
ratios: Li-Cs, Tl, Ag, Be-Ba, Pb, Mn, Co, Ni, Cu, Cd, B, Al, Fe, Ga, Sc, Cr, V, Sb, Nb, Ta, La, Ce,
rare-earth elements (REEs), Si, Ti, Zr, Hf, Sn, Bi, Nb, Th, U, Np, Pu, Am and Cm. They can be
prepared in the form of powders, including nano-powders, as well as in form of monolith (bulk)
ceramics. To produce ceramics, cold pressing and sintering (frittage), hot pressing, hot isostatic
pressing and spark plasma sintering (SPS) can be used. The SPS method is now considered as one of
most promising in applications with actual radioactive substances, enabling a densification of up to
98-99.9% to be achieved in a few minutes. Characteristics of the structures obtained (e.g., syngony,
unit cell parameters, drawings) are described based upon an analysis of 462 publications.

Keywords: crystalline ceramics; nuclear waste; immobilization; sintering; spark plasma sintering

1. Introduction

Crystalline ceramics, aiming to immobilize high-level radioactive waste (HLW), are important for
the current stage of development of modern nuclear technology in the world.

The crystal-chemical principle is used to design multicomponent ceramics with needed structures.
The approach to designing mineral-like crystalline materials is based upon the structural features of
materials and isomorphism concept. The choice of the structural forms of compounds for discussion
here was based upon the following criteria:

(1) The ability of the structure to include various cations in different combinations and ratios.

(2)  Known high stability of structure to the action of the destructive factors of the environment during
their prolonged exposure (“mineral-like” compounds preferred while “the nature suggests”)
such as high temperatures, thermal “stresses”, radiation levels, the corrosive action of water and
other chemical solutions. Criteria for the resistance of materials to such effects are justified by
the features of the crystal structure of materials including small interatomic distances, and the
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possibility of their controlled variation in the desired direction when cations and/or anions
of given sizes are included in the crystallographic positions. Most of the crystalline matrices
discussed in the present work meet these criteria in full or in part. Herewith the classification
criteria for crystalline ceramics were based on considering first simple and then more complex
structures, e.g., starting with oxides (from simple oxides to complex oxides) and moving to salt
compositions (from simple salt to complex ones).

The concept of immobilizing the radioactive elements of nuclear waste in an assemblage of
mineral phases was originally introduced by Hatch [1] at Brookhaven National Laboratory in 1953.
The feasibility of making a ceramic of natural, mineralogically-stable phases was demonstrated by
McCarthy [2,3] and Roy [4] at the Pennsylvania State University between 1973 and 1976. Since that
time, a number of other mineralogic-ceramic assemblages have been developed [5]. Among these are
the Sandia titanate-based ceramic [6], the Australian ceramic “SYNROC” [7-10], the silicate-phosphate
supercalcine ceramics [11], the alumina-based tailored ceramics [12,13] and the Pu pyrochlores [14,15].
The structural types of monazite, kosnarite (NZP), langbeinite and other ones were considered as
matrices for the incorporation of simulated wastes containing f-elements and that also contain uni-,
bi-, and trivalent elements involved in radiochemical processes [16-27]. Cold pressing and sintering,
as well as hot isostatic pressing often result in ceramics containing an intergranular glassy phase
with radionuclides preferentially migrating to the glassy phase [28-36]. The radionuclides that are
incorporated in the intergranular glassy phase(s) will then have leaching rates at about the same order
as those from a glassy waste-form.

Crystalline waste-forms synthesized at moderate temperatures such as within 700 to 750 °C have
not been investigated as intensely as those formed at high temperatures [11], although crystalline
waste-forms made from clay have been studied almost continuously since the 1953 work of Hatch [1,11].
Supercalcine ceramics synthesized at high temperatures often contained sodalite-cancrinite mineral
assemblages. Roy [37] proposed in 1981 a low solubility phase assemblage as a waste-form [37] using
a low temperature hydrothermal process. The assemblage consisted of micas, apatite, pollucite,
sodalite-cancrinite and nepheline, many of which could be produced using various clay minerals
such as kaolin, bentonite and illite mixed with radioactive waste. However there were no continuous
commercial technologies available at that time that could process the waste/clay mixtures in a
hydrothermal environment, and clay-based crystalline waste-forms were not pursued. The situation
changed in 1999 when Studsvik had built in Erwin a commercial facility to continuously process
radioactive wastes by pyrolysis at moderate temperatures in a hydrothermal steam environment [38,39].
This facility utilizes Fluidized Bed Steam Reforming (FBSR) technology to pyrolyze ¥Cs- and
0Co-contaning spent organic ion exchange resins produced by commercial nuclear facilities.
FBSR technology can also process a wide variety of solid and liquid radioactive wastes, including
spent organic ion exchange resins, charcoal, graphite, sludge, oils, solvents and cleaning solutions with
contaminations up to radiation levels reaching 4 Sv/h (400 R/hr). The waste organics are destroyed,
creating steam and CO,. The clay serves in the FBSR process as a mineralizing agent, and feldspathoid
minerals (sodalite, nosean and nepheline) are formed by the nanoscale reaction of waste components
with clay. The phases formed act as hosts for waste contaminants such as Cl, I, F, “Tc from SO,
alkali (Na, K, Cs) bearing wastes [40—44]. The mineralization occurs at moderate temperatures used
within the range when most clays become amorphous at the nanoscale level, e.g., kaolin, bentonite
(montmorillonite), and illite. The octahedral AI** cation in the clay structure is destabilized, and clays
become amorphous as confirmed by X-ray diffraction (XRD) analysis, losing their hydroxyl (OH-)
groups. The alkalis from waste act as activators of unstable AI>*
catalyzing the mineralization. In the absence of steam many of these mineral phases can only be
formed if temperatures are above 1200 °C.

Many of the compounds under consideration have structures similar to those of natural minerals
(the so-called mineral-like compounds). Others of the discussed ones are not structural analogs of
any known minerals (that its, of what is known today, as there are examples of compounds being

cations, and form new mineral phases
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developed for the radioactive waste immobilization that were obtained synthetically, and many years
later a mineral was discovered, whose structural analog they became. For example, the mineral
kosnarite KrZr,(POy4)3 was discovered in 1991, and then kosnarite-like compounds (for example, NZP
and NASICON) were synthesized and investigated many years before the discovery of this mineral).

Ceramic waste-forms can range from single phase, i.e., UO; and single phase solid solutions, i.e.,
(U, Th, Pu)O,, to multiphase ceramics formulated in a such way that each waste radionuclide can
substitute on a given host lattice in the various phases used.

2. Theoretical Aspects of Substitution

The crystal-chemical substitutions in crystalline waste-forms must be electrically balanced [45,46]
which is important when relying on the long range order (LRO) of crystals accounting for the size
and coordination of the crystallographic site, which will act as host to a given radionuclide, or its
decay product upon transmutation (see [15] for natural analogs). Moreover, if a monovalent cation
transmutes to a divalent one, the substitutions must be coupled to retain the electrical balance of the
host phase without destroying the integrity of the phase. It means that the lattice site must be of
suitable size and have a bond coordination able to accept the cation resulting from transmutation.
The bond system of a crystalline ceramic can only maintain its charge balance if:

(1) Sufficient lattice vacancies exist in the structure or,
(2) A variable valence cation such as Fe or Ti is present in a neighboring lattice site balancing
the charge.

Both above ways assume that the variable valence cations do not change lattice sites, and that
the charge balancing cations are in the nearby lattice sites of the same host phase. The lattice site
must be of close size flexible enough to accommodate the transmuting cation. Better flexibility is
characteristic to host phases with lattice sites having irregular coordination or are distorted, as shown
in some examples below. The flexibility (solubility) of waste-form mineral phase(s) as hosts for a
different valence substituted cation can be analyzed by performing coupled substitutions. When the
number of cations changes during the substitution, a vacancy is either created or consumed, however
the substitution must maintain electrical neutrality. These types of substitution are characteristic for
polymorphic changes such as [47], where O denotes a vacancy:

O+ Ba2t — 2K*, or 0 + Ca?" — 2Na*, or 0 + Na* + 2Ca%* — 3Na™ + Ca2*

In these coupled substitutions it is implicit that the exchanging cations occupy the same lattice sites,
have the same coordination, and thus the crystallographic symmetry is maintained. These substitutions
are typically written using Roman numerals that designate the number of oxygen atoms that coordinate
around a given cation, e.g., V"'Ca designates the octahedral VIII-fold coordination for the Ca®* lattice
site in oxyapatites:
3Ca*" — 2Nd** + o
host phase substituted phase
Calcium-neodymium-coupled substitutions were proven successful in the apatite (Cag[SiO4]3)
structure, resulting in a completely substituted Nd40,[SiO4]3, where 2/3 of the lattice sites have
Nd3* and 1/3 are vacant [45-47]. Ca2* is normally in VIII-fold coordination in the apatite and has a
1.12 A atomic radius [47-50]. The Nd3* cation in VIII-fold coordination also has an atomic radius of
1.11A [50], which is very close to the Ca?* atomic radius in VIII-fold coordination. It has been shown
that the rare earth elements from La3* through Lu®* can substitute for Ca?* and form oxyapatites,
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RE4 6700.33[Si04]30 [51]. It was also shown [3] that even more complex but coupled substitutions were
possible in the oxyapatite structure, such as:

6VIIICa2+ N 1.7‘/””Nd3+ + 1.7‘/””CS+ + 0-86‘/"”C€4+ + 0.86‘/””51"2+ +0.88 0O
[ —

host phase substituted phase

where the atomic radius, , of Cs* in VIII-fold coordination is 1.74 A, Ce** in VIII-fold coordination is
0.97 A, and Sr2* in VIII-fold coordination is 1.26 A. In this case small radii cations e.g., Ce** are mixed
with larger radii cations such as Cs*, so that individual lattice sites can distort without perturbing the
entire crystal structure of the host mineral. It should be noted that the exchanging cations are always
in the same lattice site of the same host phase [3,45,46,51].

The substitutions such as those given above for the oxyapatites were also demonstrated
to be possible in many other Ca-bearing mineral phases such as larnite (CaySiO4 or b-C,S),
alite (calcium trisilicate or Ca3SiOs or C3S), C3A (CazAl,Og) and C4AF (CagAlFer,Oqg), characteristic
for cements [45,46]. This allowed Jantzen, et. al. [52,53] to make substitutions for Ca?* in each phase
(up to ~15 mole%) and prove possible the following additional substitutions:

Ca*t+ o —» 2Cs*t
S—— S~——
host phase substituted phase

2Ca%" + o0 — Cst + St + Nd3t_ + Cett_ +0.08
05 0.17 025

host phase

substituted phase

1.5Ca%t + Sr*t - sr*t + Mot + 050

host phase substituted phase

4Ca*t + Feit + AT — 0.66Nd>* + Zr*t + Mo*t + Sr** + Ba?* + 1.330

host phase substituted phase

4XCa%t 4 2VIESt 5 2.66XNdT + 0.38VCet*t + 0.56VZr* T + 0.75VFe?T + 1,650

—_— —— —_— —
r~1.18A r=0.65A r=1.16A r=0.87A r=0.72A r=0.65A
host phase substituted phase

It should be noted that the number of lattice sites have to be equivalent on the left-hand side and
right hand site of the above equations.

These types of crystal-chemical substitutions have been studied in several waste-forms including
SYNROC (SYNthetic ROCk) titanate phases containing zirconolite (CaZrTi,Oy), perovskite (CaTiO3),
and hollandites (nominally Ba(ALTi),TigO1¢) [54], and in high alumina-tailored ceramic phases such
as magnetoplumbites. Notable that magnetoplumbites were also found as a minor component of
SYNROC, which immobilizes waste with high contents of Al [55].

Hollandite is the Cs™ host phase in the SYNROC phase assemblages. Its structure can be written
as BayCsy(ALFe)oyy TigoxyO16 where x + y must be <2 [56]. It has two types of octahedral sites, one of
which accommodates trivalent cations like A13*, Ti** and Fe3*, while the other accommodates Ti%*.
The Cs* is accommodated in tunnels that normally accommodate the Ba?* cation, and Cs-Ba lattice
sites are VIII-fold coordinated [54,56]. On synthesis the substitution orders and incommensurate
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superstructures result when Cs* substitutes for Ba>* [55]. Cs has been experimentally substituted for
Ba when Fe®* is substituted for Ti** in the VI-fold sites of hollandite. The species

VIIICS(J)rZSVIIIBaZJr VIA13+ VlFe3+ VITi4+

1.00 1.46 0.82 5.72016

A site B site C site

has been synthesized by the sintering (frittage) of precursors in air at 1320 °C [56]. Ba—Al hollandite
(Bay.16Alp 37 Ti5 63016) was irradiated with 1-2.5 MeV electrons and -irradiated up to summary doses
of 4 x 108 to 7 x 10° Gy, after which it was found to contain Ti** centers and O, superoxide ions that
confirmed the mechanism of charge balance during transmutation [56]. Theoretically, the limiting
value of Cs in hollandite is y = 0.81, which corresponds to a 9.54 wt% waste loading of Cs,O [57].

3. Synthesis of Ceramic Waste-Forms

Research and development of ceramic materials based upon compounds on the base of the
oxides and salt compositions were carried out for the immobilization of high-level wastes and the
transmutation of minor actinides. Structures of such materials provide the incorporation of various
cations and anions, either individually, or in various combinations and ratios. Structural forms in which
can be implemented a wide isomorphism of cations and anions (including in different crystallographic
positions) deserve special attention.

Among such structures the type NaZr,(POy); (NZP) (analog—Mineral kosnarite) is regarded.
NZP solid solutions may include more than half of the elements of Periodic Table of Elements in various
combinations and ratios. The SYNROC developer calls them “near-universal solvent” [23], wherein this
form of the consolidation of waste components is mono-phase in contrast to the multiphase SYNROC.

Ceramic materials are synthesized using the following methods: Pressing and sintering (frittage),
hot isostatic or hot uniaxial pressing and other variants. Method Spark Plasma Sintering is the
perspective for this aim. It provides a formation of virtually no porous ceramics having a relative
density close to 99-100% for short time intervals (from 3 to 15 min). Reducing the porosity reduces the
free surface, and therefore reduces the reaction surface and reactivity in heterogeneous systems with
the participation of such materials. This in turn increases the heat, radiation and chemical stability of
the ceramic.

Ceramic forms characteristics are presented here with their structures.

4. Crystalline Ceramic Phase:

4.1. Simple Oxides
1. Silica, SiO; [58-75], Figure 1.

Silicon dioxide, commonly known as silica (and/or quartz), is a prevalent element in the Earth’s
crust, a mineral of most igneous and metamorphic rocks. The formula “SiO,” is commonly known as
silicon dioxide. Silicon dioxide has a wide range of purposes, the main one being glass manufact-uring.
In nature, silicon dioxide is commonly found as sand and quartz. Silica has polymorphism. It is stable
under normal conditions of polymorphic modification—o-quartz (low temperature). Accordingly,
B-quartz is called a high-temperature modification. Silica (x-quartz) possesses the rhombohedral
structure, sp. gr. R3. Various elements with various oxidation states may attend in quartz: Li, Na, K.
Mg, Ca, Mn, Cu, Ni, Pb B, Al, Fe, Cr, Ti, Zr and Te. Materials based on silicon oxide SiO,, Silica (quartz)
were prepared in ceramic form by using methods: Hot isostatic pressing, laser sintering, cold pressing
and sintering at 1500 °C, cold pressing and ultra-low temperature sintering at T = 554-600 °C (30 min)
and Spark Plasma Sintering.

Materials on the base of Silica can serve as a matrix for the immobilization of radioactive Iodine
1-129 (half-life Ty, = 15.7 X 10° years).
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Figure 1. Silica, SiO;. a-quartz (low temperature modification), structure rhombohedra, Sp. gr. R3.
B-quartz (high-temperature modification, it forms from x-quartz at 846 K, stable up to 1140 K). Structure
hexagonal, Sp. gr. P6,22. Cations can be Li, Na, K. Mg, Ca, Mn, Cu, Ni, Pb B, Al, Fe, Cr, Ti, Zr and Te.

2. Oxides Fluorite, XO, [76-93], Figure 2.

ZrO,, UO,, ThO,, HfO,, PuO,, x-U,;O3 and Np,O3 have the simple fluorite cubic structure, sp.
gr. Fm3m. Fluorite has physical properties that allow it to be used for a wide variety of chemical,
metallurgical and ceramic processes. The waste ceramics with high zirconia and alumina contents,
and Y,Oj3-stabilized zirconia with fluorite structure, are the main host phases for actinide, rare earth
elements, as well as Cs, Sr in high-level radioactive waste (HLW). Ceramics were made by HIP, HUP,
press and sinter, melting and crystallization and by Spark Plasma Sintering with high relative density
(up to 97-99%).

Figure 2. Fluorite, ZrO,. Structure cubic, Sp. gr. Fm3m. Cations can be Zr, Hf, Th, U, Np and Pu.
4.2. Complex Oxides
3. Pyrochlore [86,94-117], Figure 3.

Many compounds with A;B,Oy7 stoichiometry adopt the pyrochlore structure. A derivative of
the fluorite structure type, A;B,Oy, where the A-site contains large cations (Na, Ca, U, Th, Y and
lanthanides) and the B-site contains smaller, higher valence cations (Nb, Ta, Ti, Zr and Fe3+). Structure:
Cubic, Sp. gr. Fdzm, z = 8. Ceramics were prepared by cold pressing and sintering.

Figure 3. Pyrochlore. A;B,Oy. Structure cubic, Sp. gr. Fd3m. A-site-cations can be Na, Ca, Y,
lanthanides, Th and U, while on the B-site—cations can be Fe3*, Ti, Zr, Nb and Ta.
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4. Murataite [104,106,108,118-131], Figure 4.

Murataite is a derivative of the isometric fluorite structure AgB1,C5TX40.y, with multiple units of
the fluorite unit cell; hosts U, Np, Pu, Am, Cm and REE, including Gd, a neutron absorber. It forms in
solid solution with pyrochlore. Structure: Cubic, Sp. gr. F4zm, z = 4. Ceramics were prepared by cold
pressing and sintering.

Figure 4. Murataite. AgB1,C5TXy0.. Structure: Cubic, Sp. gr. F4m. Cations can be U, Np, Pu, Am,
Cm and REE, including Gd (a neutron absorber).

5. Zirconolite [112,113,132-150], Figure 5.

Monoclinic CaZrTi,Oy, has a fluorite-derived structure closely related to pyrochlore, where Gd,
Hf, Ce, Th, U, Pu and Nb may be accommodated on the Ca/Zr-sites, as in the case of Ca(Zr,Pu)Ti,O;.
Structure: Trigon., Pr. gr. C2/c. Ceramics were prepared by cold pressing and sintering.

i..

Figure 5. Zirconolite. CaZrTi, Oy, Structure monoclinic, Sp. gr. C2/c. Cations can be Gd, Hf, Ce, Th, U,
Pu and Nb.

6. Perovskite [110,134,140,151-159], Figure 6.

CaTiOj3 has a wide range of compositions as stable solid-solutions; orthorhombic; consists of a
3-dimensional network of corner-sharing TiO4 octahedra, with Ca occupying the large void spaces
between the octahedra (the corner-sharing octahedra are located on the eight corners of a slightly
distorted cube). Plutonium, other actinides and rare-earth elements can occupy the Ca site in the
structure, as in (Ca,Pu)TiO3. The octahedra can also tilt to accommodate larger cations in the Ca site.
Structure: Cubic, sp. gr. Pm3m; rombohedral, Sp. gr. Pnma; may include: Ca, Y, REE, Ti, Zr, U and Pu.
Ceramics were prepared by cold pressing and sintering, and by hot pressing enabling densities up to
90-98% of theoretical.
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Figure 6. Perovskite. CaTiOj3, Structure cubic, Sp. gr. Pm3m. Cations can be Ca, Y, REE, Ti, Zr, U
and Pu.

7. Hollandite [160-169], Figure 7.

Bay.» (Al Ti)gOq6 tunnels between TiOy octahedra to accommodate 3°Ba, 137Cs and 2°Sr. Structure:
Tetragon, Sp. gr. I4/m, Z = 4 and monocl., Sp. gr. 12/m, z = 1; may include: Na, K, Cs, Mg, Ca, Ba, Al,
Fe, Mn3*, Si, Ti and Mn**. Ceramics were prepared by cold pressing and sintering.

Figure 7. Hollandite. Baj (Al Ti)gO14. Structure tetragon, Sp. gr. 14/m, monocl, Sp. gr. I2/m. Cations
can be Na, K, Cs, Mg, Ca, Sr, Ba, Al, Fe, Mn3*, Si, Ti and Mn**.

8. Garnet [87,89,104,105,170-194], Figure 8.

(1) BIAZ0IB,[TiO, 5, e.g., [B1(Ca,Gd, actinides)®lFe, [IFe; 0,

2) A3B,(XOy)3; distorted cubic structure; BOg octahedra and XOy tetrahedra establish a
framework structure alternately sharing corners; A and B sites can host actinides, REs, Y,
Mg, Ca, Fe?t, Min?* and X = Cr3*, Fe?*, AIP*, Ga3*, Si**, Ge** and V5*. Structure: Cubic,
Sp. gr. Ia3d, z = 8. Ceramics were prepared by cold pressing and sintering and using Spark
Plasma Sintering with high relative density up to 98-99% of theoretical.

Figure 8. Garnet, CazAl,Si3O;;. Structure cubic, Sp. gr. Ia3d. Cations can be Mg, Ca, Mn, Co, Cd, Al,
Sc, Fe, Ga, Y, In, La, REE, Ti, Zr, Ru, Sn, N, P, V and As.
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9. Crichtonite [131,195-202], Figure 9.

(Sr,Pb,La,Ce,Y)(Ti,Fe3+,Mn,Mg,Zn,Cr,Al,Zr,Hf,U,V,Nb,Sn,Cu,Ni)zl Osg. Sr, La, Ce, Y positions are
indicated by the solid circles. Other cations are in the octahedral positions. Structure: Rombohedral,
Sp. gr. R3. Ceramics were prepared by hot pressing.

Figure 9. Crichtonite. Sr(Mn,Y,U)Fe;(Ti,Fe,Cr,V)13(O,0H)sg. Structure rombohedral, Sp. gr. R3.
Cations can be Mg, Mn, Ni, Cu, Mn, Sr, Pb, Cr, Fe, Y, La, Ce, Ti, Zr, Hf, U, V and Nb.

10. Freudenbergite [153,155,203,204], Figure 10.

NapAly(Ti,Fe)sOq¢ a spinel-based phase suitable for incorporating Al-rich wastes from Al fuel
cladding/decladding. The A site can accommodate Na and K while the different octahedral sites can
accommodate Mg, Co, Ni, Zn, Al, Ti%*, Cr, Fe, Ga, Si and Nb. Structure: Monocl., Sp. gr. C12/ml.
Ceramics were prepared by cold pressing and sintering, p = 90%.

Figure 10. Freudenbergite (spinel). Nap Al (Ti,Fe)sOj6;. Structure monocl. Sp. gr. C12/m1. Cations can
be Na, K, Mg, Co, Ni, Zn, Al, Ti®*, Cr, Fe, Ga, Si and Nb.

11. P-Pollucite [205-215], Figure 11.

The ability of the pollucite structure to include large 1-, 2- and 3-valent cations allows flexibility
to select the desired model composition. When replacing the cations it will be becomes possible to
use cheap components; the introduction of small cations increases the concentration of cesium in the
composition of the mono-phase product. Structure: Cubic, sp. gr. 14,32, z = 16; may include: Li, Na, K,
Rb, Cs, T1, Be, Mg, Sr, Ba, Cd, Mn, Co, Ni, Cu, Zn, B, Al, Fe, Si, Ti, P, V, Nb and Ta. Compounds are
hydrolytically and radiation-wise stable. Ceramics were prepared by cold pressing and sintering and
Spark Plasma Sintering with high relative density (at last those up to 98-99%).

Figure 11. P-Pollucite. (Na,K,Rb,Cs)MgAlj 5P 50¢; Structure cubic, Sp. gr. 14132. Cations can be Li,
Na, K, Rb, Cs, T, Be, Mg, Mn, Co, Ni, Cd, Sr, Ba, Sr. Ba, B, Al, Fe, Si, Ti, P, V, Nb and Ta.
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12.  Magnetoplumbites (aluminates) [13,55,216-224], Figure 12.

Nominally X(ALFe)1,019, where X = Sr, Ba, (Csps5 + Lags) and (Nags + Lags). The X site is
XII-fold coordinated and both Cs*/Ba?*-Fe3*/Fe?* or Cs*/Ba?*-Ti**/Ti>* type substitutions can occur.
Accommodating structures because they are composed of spinel blocks with both IV-fold and VI-fold
coordinated sites for multivalent cations, and interspinel layers which have unusual V-fold sites for
small cations. The interspinel layers also accommodate large cations of 1.15-1.84 A, replacing oxygen
in XII-fold sites in the anion close packed structure. The large ions may be monovalent, divalent,
or trivalent with balancing charge substitutions either in the interspinel layer (Nag 5 + Lag 5) or between
the interspinel layer and the spinel blocks (Cs*/Ba%*—Fe3*/Fe?* or Cs*/Ba?*-Ti**/Ti%*). Structure:
Hexagon., Sp. gr. P63/mmc, z = 2; may include: Na, Cs, Mg, Sr, Ba, Pb, Mn, Co, Cu, Al, Fe, Sc, Y, La,
Ce, Sm, Gd, Yb, Lu, actinides, Si, Ti and Sn. Ceramics were prepared by cold pressing and sintering
and by hot pressing.

Figure 12. Magnetoplumbite. (Sr,Ba, ((Na,Cs)p5+Lags))(AlFe);2019. Structure hexagon., Sp. gr.

P63/mmc. Cations can be Na, Cs, Mg, Sr, Ba, Pb, Mn, Co, Cu, Al, Fe, Sc, Y, La, Ce, Sm, Gd, Yb, Lu, An,
Si, Ti and Sn.

13. Zircon/Thorite/Coffinite [83,110,140,225-235], Figure 13.

ZrSiO4/ThSiO4/USiOy; zircon is an extremely durable mineral that is commonly used for U/Pb
age-dating, as high uranium concentrations (up to 20,000 ppm) may be present; the PuSiO4 end
member is known, and Ce, Hf and Gd have been found to substitute for Zr. Structure: Tetragon. Sp. gr.
I41/amd, z = 4; may include: REE, Th, U, Pu; Na, Mg, Ca, Mn, Co, Fe, Tj, P, V, Se and Mo. Ceramics
were prepared by hot pressing, p = 99.1% and by Spark Plasma Sintering, p = 99%

Figure 13. Zircon/Thorite/Coffinite. ZrSiO4/ThSiO4/USiOy4. Structure tetragon., Sp. gr. I141/amd.
Cations can be Na, Tl, Mg, Ca, Mn, Co, Fe, Ti, REE, Ti, Th, U, Pi, P, V, Mo and Se.

14. Titanite (sphene) [104,110,236-238], Figure 14.

CaTiSiO5 [CaTiO(Si0y)]. Structure: Monocl. Sp. gr. Pol/a, Z = 4; may include: Mg, Ca, Sr, Ba, Mn,
Al, Fe, Cr, Ce, Y, Zr, Th and F. Ceramics are known as a matrix for actinide immobilization, and were
prepared by cold pressing and sintering.

173



Materials 2019, 12, 2638

Figure 14. Titanite (sphene). CaTiSiOs [CaTiO(SiOy)]. Structure monocl., Sp. gr. P,1/a. Cations can be
Mg, Ca, Sr, Ba, Mn, Al, Fe, Cr, Ce, Y, Zr, Thand F.

15.  Britholite (silicate apatite; also known as oxy-apatite in the literature) [3,46,51,239-249], Figure 15.

(REE,Ca)5(Si04,POy4)3(OH,F); i.e., CayNdg(Si04)O,, CayLag(Si04)6O;; based on ionic radii of
Nd3*, La3* and Pu?*, an extensive range of solubility for Pu* substitution for the Nd or La, particularly
on the 64 site, is expected. Since there is an extensive range in the Ca/RE ratio in these silicate apatites,
a fair amount of Pu** substitution may be possible; La®* through Lu®* can substitute for Ca?* and form
oxyapatites, RE4 6700 33[Si04]30; can also accommodate Cs, Sr, B, Th, U and Np. Structure: Monocl.,
Sp. gr. P2; and hexagon. Sp. gr. P63/m. Ceramics were prepared by cold pressing and sintering,
p = 95%.

Figure 15. Britholite (silicate apatite, oxy-apatite). (REE,Ca)5(SiO4,PO4)3(OH,F)-Structure monoclin.
Sp. gr. P2y/hexagonal, Sp. gr. P63/m. Cations can be Cs, Sr, B, REE, Th, U, Np and Pu.

4.3. Framework Silicates
16. Zeolites [75,250-266], Figure 16.

(Xyn[(AlO2)x(SiO2)y] where Xis the charge balancing counter-ion, n is the charge of the counter-ion,
x is the number of charge-deficient alumina sites, and y is the number of charge-neutral silica sites.
Zeolites are characterized by internal voids, channels, pores, and/or cavities of well-defined size in the
nanometer range, ~4-13 A. The channels and/or cavities may be occupied by charge compensating
ions and water molecules. Zeolites like Ag-Mordenite selectively sorbs I, (12°I); certain zeolites can
be converted to condensed oxide ceramics by heating. This process is particularly attractive for
waste-form synthesis because contaminants capture and immobilization is performed with minimal
steps. Structure of Zeolite-A showing alternate Al and Si atom ordering but omitting the tetrahedral
oxygens around each Al and Si may include Na, K, NH;*, Cs, Mg, Ca, Sr, Co, Fe, Ga, REE and Ti.
45 natural zeolites and 100 artificial ones are known. Ceramics were prepared by hot pressing.
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Figure 16. Zeolites. X,/ [(AlO2)x(SiO2)y] (Where Xn+ is the charge balancing counter-ion). Structure
depends on chemical composition. Cations can be Na, K, NH**, Cs, Mg, Ca, Sr, Co, Fe, Ga, REE and Ti.
17.  Pollucite [37,87,212,214,215,259,267-293], Figure 17.

(Ca,Na);Al,ySigO12-2H,0; host for fission products such as 137Cs. Structure: Cubic, Sp. gr. Ia3d,
z = 16; may include: Li, Na, K, Rb, Cs, Tl, Be, Mg, Sr, Ba, Cd, Mn, Co, Ni, Cu, Zn, B, Al, Fe, Si, Ti, P,
V and Nb. Ceramics were prepared by Spark Plasma Sintering with high relative density (up to 96%).

Figure 17. Pollucite. (Ca,Na),Al,Si;O1,-2H,O. Structure cubic, Sp. gr. [a3d. Cations can be Li, Na, K,
Rb, Cs, T1, Be, Mg, Sr, Ba, Cd, Mn, Co, Ni, Cu, Zn, B, Al, Fe, Si, Ti, P, V and Nb.

18. Nepheline/Leucite [37,58,61,73,155,294-297], Figure 18.

NaAIlSiO; silica “stuffed derivative” ring type structure; some polymorphs have large nine-fold
cation cage sites, while others have 12-fold cage-like voids that can hold large cations (Cs, K, Ca).
Natural nepheline structure accommodates Fe, Ti and Mg. Two-dimensional representation of the
structure of nepheline showing the smaller 8 oxygen sites that are occupied by Na and the larger 9
oxygen sites that are occupied by K and larger ions, such as Cs and Ca. Structure may include: Li, Na,
K, Rb, Cs, Be, Mg, Ca, Ba, Pb, Mn, Co, Ni, Al, Fe, Cr, Si, Ti and V. Structure: Hexagon. Sp. gr. P63, z = 2.
Leucite. Structure: Tetragon. Sp. gr. I4;/a and I4;/acd; cubic, Sp. gr. Ia3d, z = 16.

Figure 18. Nepheline/Leucite. (Na, K)AlSiO4/K[AlSi,Og]. Structure hexagon., Sp. gr. P6s/tetragonal,
Sp. gr. I41/a and I4;/acd or cubic, Sp. gr. Ia3d. Cations can be Li, Na, K, Rb, Cs, Be, Mg, Ca, Ba, Pb, Mn,
Co, Ni Al, Fe, Cr, Si, Tiand V.
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19. Sodalite Group (name of mineral changes with anions sequestered in cage
structure) [37,264,295,298-313], Figure 19.

M

@
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Sodalite NagCl, AlgSigOy4, also written as (Na,K)g[AlgSigOo4]-(2NaCl) to demonstrate that
2Cl and associated Na atoms are in a cage structure defined by the aluminosilicate tetrahedra
of six adjoining NaAlISiOy, is a naturally occurring feldspathoid mineral. It incorporates
alkali, alkaline earths, rare earth elements, halide fission products and trace quantities of U
and Pu. Sodalite was and it is being investigated as a durable host for the waste generated
from electro-refining operations deployed for the reprocessing of metal fuel. Supercalcines
which are high temperature, silicate-based “natural mineral” assemblages proposed for
HLW waste stabilization in the United States in 1973-1985, contained sodalites as minor
phases retaining Cs, Sr and Mo, e.g., Nag[AlsSigO2](NaMoOy),. Sodalite structures are
known to retain B, Ge, I, Br and Re in the cage-like structures. Structure of Sodalite showing
(a) two-dimensional projection of the (b) three-dimensional structure and (c) the four fold
ionic coordination of the Na site to the Cl-ion and three framework oxygen bonds. Structure:
Cubic, Sp. gr. P{3n,z =1, may include: Na, K, Mg, Ca, Mn, Fe, Al, Si, Ti, Cl, SO, and CO3.
Ceramics were prepared by cold pressing and sintering; by HIP.

Nosean, (Na,K)e[AlgSicO24](NaySOy)), silica “stuffed derivative” sodalite cage type
structure host mineral for sulfate or sulfide species.

Hauyne, (Na)e[AlgSigO24]((Ca,Na)SO4)1- sodalite family; can accommodate either NaySO,
or CaSQy.

Helvite (Mny[Be3SizO1,]S: Be (beryllium) can be substituted in place of Al and S; in the
cage structure along with Fe, Mn and Zn.

Danalite (Fe4[Be3SizO15]S).

Genthelvite (Zny[Be3Siz015]S).

Lazurite, (Ca,Na)g[AlgSigOo4]((Ca,Na)S,SO4,Cl)y; can accommodate either SO, or S, Ca or
Na and CL.

Figure 19. Sodalite.group minerals. Sodalite/Nosean/Hauyne/Helvite/Danalite/Genthelvite/Lazurite.
(Na,K)g[AlsSisO24]-(2NaCl)/(Na,K)6[ AlsSisO24](NaSO4)/(Na)s[ AlsSisO24]((Ca,Na)SOy) 1.0/
(Mny[Be3Si3012]S/(Fes[Be3Siz0121S)/(Zny [BesSizO12]S)/(Ca,Na)s[AlsSig O241((Ca,Na),S,S04,Cl)x;
Structure cubic, Sp. gr. P3n Cations and anions can be Na, K, Be, Mg, Ca, Mn, Fe, Al, Si, Ti, Cl, SO,
and COs.

20. Cancrinite [37,314-319], Figure 20.

Cancrinite is a complex carbonate and silicate of sodium, calcium and aluminum with the formula
(Na,Ca,K)s[AlSigO24](( Na,Ca,K),CO3)1 6-2.1H,0. It is classed as a member of the feldspathoid group
of minerals. Cancrinite is unusual in that it is one of the few silicate minerals to have a carbonate ion
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(COs2) present in its structure. Mineral cancrinite will also contain some percentages of sulfate ions
(SO427) and a chlorine ion (CI7). Structure: Hexagonal, Sp. gr. Pé3.

Figure 20. Cancrinite. (Na,Ca,K)s[AlSigOp4]((Na,Ca,K),CO3)1 6-2.1H,0. Structure hexagonal, Sp. gr.
P63, Cations and anions can be Na, K, Ca. Al, Si, SO, and Cl.

21. Crystalline SilicoTitanate (CST) [73,110,273-275,277,320-324], Figure 21.

[(Ca,N2a,K,Ba)AlSiO, incorporates Na, K, Cs, Ca, Sr, Ba, Pb, Al, REE, Bi, Ti, Zr, Nb and Ta.
Crystal structure of Cs exchanged Nb-titanium silicate. Structure: Cubic, sp. gr. Pm3m up to 105 °C,
after tetragon. Sp. gr. I4/mcm or P4y/mcem. Ceramics were prepared by hot isostatic pressing.

Figure 21. SilicoTitanate (CST). SiTiOy. Structure cubic, Sp. gr. Pm3m up to 105 °C, after-tetragonal Sp.
gr. I14/mem or P4;/mcm. Cations can be Na, K, Cs, Ca, Sr, Ba, Pb, Al, REE, Bi, Ti, Zr, Nb and Ta.

22.  Micas (Dehydroxylated) [37,325-330], Figure 22.

The following dehydroxylated micas have been synthesized phase pure: LiAl3SizO11, NaAl3SizOy1,
KA13Si3011, RbAlgsig;On, CSA13Si3011, T1A13Si3011, Ca0.5D0.5A13Si3011, Sr0'5|:|0'5A135i3011,
Bag 500 5A135i3011 and Lag 3300 66A135i3011. In the Cs mica up to 30 wt% Cs,O can be accommodated,
in the Rb-mica up to 22 wt% Rb,O can be accommodated, and in the Ba-mica up to 19 wt% BaO can
be accommodated. Mg, Fe2*, Fe®*, Mn, Li, Cr, Ti and V can substitute for VI-fold coordinated A13*.
Structure: Monoclinic. Sp. gr. C2/c.
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Figure 22. Micas (Dehydroxylated). XY, 3Z,01¢(OH, F), with X =K, Na, Ba, Ca, Cs, (H30) and (NHy);
Y = Al, Mg, Fe?*, Li, Cr, Mn, V and Zn; and Z = Si, Al, Fe3*, Be and Ti. Structure monoclinic, Sp. gr.
C2/c.

4.4. Phosphates
23. Monazite [12,16-18,87,89,140,141,231,235,244,293,331-359], Figure 23.

CePOy or LaPOy are corrosion-resistant materials and can incorporate a large range of radionuclides
including actinides and toxic metals into its structure. Monazite was proposed as a potential host
phase for excess weapons plutonium and radionuclides, and toxic metals in glass ceramic waste-forms
for low-level and hazardous wastes. Monazite structure (monazite mineral CePO,) has wide capacity
isomorphous through which the cerium and phosphorus can be substituted for other elements, e.g.,:
Ce — Li, Na, K, Rb, Mg, Ca, Sr, Ba, Cd, Pb, Bi, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Yb, Am, Cm, Cf, Es, Ge,
Zr, Th, Np, U and Pu; P — Cr, Si, Se, V, As and S. Alternating chains of POy tetrahedra and REOg
polyhedra. Structure: Monoclinic. Sp. gr. P2;/n. Ceramics were prepared by cold pressing and
sintering (p = 90-95%), hot pressing (p = 97%) and Spark Plasma Sintering with high relative density
(up to 98-99%).

Figure 23. Monazite. (Ce,La,Nd,Th)(POg4,5iO4). Structure monoclinic, Sp. gr. P21/n. Cations can be Li,
Na, K, Rb, Mg, Ca, Sr, Ba, Cd, Pb, Bi, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Yb, Am, Cm, Cf, Es, Ge, Zr, Th, U,
Np, Pu, Cm; Si, Se, V, As and S.

24. Xenotime [231,334,344,360-363], Figure 24.

YPO;. Structure: Tetragonal. Sp.gr. [4;/amd, z = 4, C.N.Y-Op, n = 8. Isomorph including: Be, Ca,
Al, Sc, La, Ce, Er, Dy-Lu, Zr, Th and U. Ceramics were prepared by cold pressing and sintering.
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Figure 24. Xenotime (YPOy). Ce,La,Nd,Th)(PO,,SiO4). Structure tetragonal, Sp. gr. 141/amd. Cations
can be Be, Ca, Al, Sc, La, Ce, Er, Dy-Lu, Zr, Th and U.

25. Apatite [3,37,87,240,241,332,364-378], Figure 25.

Cay xREg4x(5i04)6.y(PO4)y(O,F)2 can be actinide-host phases in HLW glass, glass-ceramic
waste-forms, ceramic waste-forms and cements. The actinides can readily substitute in apatite
for rare-earth elements as in Cay(Nd,Cm,Pu)g(SiO4)¢O,, and fission products are also readily
incorporated. However, the solubility for tetravalent Pu may be limited without other charge
compensating substitutions.

Apatite has been proposed as a potential host phase for Pu and high-level actinide wastes.
Structure: Hexagonal, Sp. gr. P63/m or monoclinic, Sp. gr. P21/b; may include: Na, K, Cs, Mg, Ca, Sr,
Ba, Mn, Ni, Cd, Hg, Pb, Cr, Y, REE, Th, U, Si, P, V, As, S, F, Cl, OH and COj3. Ceramics were prepared
by cold pressing and sintering, p = 95%; by HIP.

Figure 25. Apatite. Ca5(PO4)3(OH,ECI). Apatite. Structure hexagonal, Sp. gr. P63/m, monoclinic, Sp.
gr. P21/b. Cations and anions can be Na, K, Cs, Mg, Ca, Mn, Nj, Sr, Ba, Cd, Hg, Pb, Cr, Y, REE, Cm, Si,
Th,U, P, V, As, S, E, Cl, OH and CO3.

26. Sodium zirconium phosphate (NZP) [17-24,87,89,155,209,211,293,379-416], Figure 26.

The first studies of materials with such a structure were carried out by the authors [379-383]
in 1976-1987. They substantiated the crystal-chemical approach when choosing the composition
of substances and their structural modifications with ion-transforming properties (Li+, Na+, etc.):
NASICON, Langbeinite. Such materials have a frame structure: Na; + xZr;SiP3.4O12, NagM; (PO4)3
(M =S¢, Cr, Fe), Na5Zr(POy)3, LixFes(WOy)3, LixFer (MoQy)3. Elements in oxidation states 3-6 were
introduced into the frame positions: Sc, Cr, Fe, Si, Zr, P, W and Mo. It was also the first time in 1987 that
the rationale for the use of such structural analogs for the consolidation of HLW and transmutation
of minoractinides [384] was presented. The development of such materials—Structural analogues of
NASICON, NZP, Langbeinite—and their research, was continued in subsequent years.

NaZry(POy4)s. The NZP structure can incorporate a complex variety of cations, including
plutonium; a three dimensional network of corner-sharing ZrOg octahedra and PO, tetrahedra in
which plutonium can substitute for Zr, as in Na(Zr,Pu),(POy)3. Complete substitution of Pu** for Zr
has been demonstrated in NZP. Cs and Sr can substitute for Na, while fission products and actinides
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substitute for Zr in octahedral positions. P is tetrahedral. Phosphates with the mineral kosnarite
structure (NaZr(POy); type, NZP) form a wide family. They can contain various cations in the
oxidation state from 1+ to 5+. The structure consists of several positions and so many various cations
can occupy it. These are MI = Li, Na, K, Rb, Cs; H, Cu(I) and Ag; MII = Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu,
Zn, Cd and Hg; MIII = Al, Ga, In, Sc, Y, La, Ce-Lu, Am, Cm, V, Cr, Fe, Sb and Bi; MIV = Ge, Sn, Ti,
Zr, Hf, Mo, Ce, Th, U, Np and Pu; MV = Sb, Nb and Ta. Structure: Rhombohedral, Sp. gr. Rgc, R3¢,
R3. This fact is extremely important, and can be useful for the synthesis of single-phase crystalline
products of the solidification of radioactive waste whose cationic composition, as a rule, is extremely
complicated. Ceramics were prepared by cold pressing and sintering (p = 80-98%), hot pressing
(p = 96%) and Spark Plasma Sintering with high relative density (up to 98-99.9%).

Figure 26. Sodium zirconium phosphate (NZP), NaZr,(POy). Structure rhombohedral, Sp. gr. Re, R3¢,
R3. Cations can be Li, Na, K, Rb, Cs, Cu and Ag; Mg, Ca, Mn, Zn, Sr and Ba; Mn, Co, Ni, Cu, Zn and
Cd; Sc, Fe, Bi, Ce-Lu, Am and Cm; Zr, Hf, Th, U, Np and Pu; V, Nb, Sb and Ta; Ti, Ge, Zr, Hf, U, Np, Pu,
Mo and Sn; Al Sc, Cr, Fe, Ga, Y and In; Gd, Tb, Dy, Er and Yb; Mg; Na and K; Si, P, S, Mo and W.

27. Langbeinite [18,87,89,211,293,416-420], Figure 27.

Langbeinite is a potassium magnesium sulfate mineral with the formula: K;Mg>(SOy)3. It may
include much of cesium and other large 1- and 2-valent elements. The structure is a framework type,
also as for its kosnarite structure. Structure: Cubic, Sp. gr. P213; may include: Na, K, Rb, Cs, T, NHy,
Mg, Sr, Ba, Pb, Mn, Co, Ni, Zn, Al, Fe Cr, Ti%*, Ga, V3*, Rh, In, REE, Bi, Sn, Ti, Zr, Hf, P, Nb, Ta and S.
Ceramics were prepared by cold pressing and sintering, p = 88%.

Figure 27. Langbeinite. K;Mg,(SO4)3. Structure cubic, Sp. gr. P2;3. Cations can be Na, K, Rb, Cs, T,
NHy, Mg, St, Ba, Pb, Mn, Co, Ni, Zn, Al, Fe Cr, Ti®*, Ga, V**, Rh, In, REE, Bi, Sn, Ti, Zr, Hf, P, Nb, Ta
and S.

28.  Whitlockite [87,89,421-432], Figure 28.

Phosphates with the whitlockite structure (analog -Ca3(POy);2) were proposed as matrices for
radioactive waste immobilization. Their origin is both biogenic and cosmogenic. Whitlockite samples

180



Materials 2019, 12, 2638

from meteorites, rocks of the Moon, Mars and other cosmogenic bodies, preserve the crystalline form
under the action of natural thermal “stress” and cosmic radiation. They contain small amounts of
uranium and thorium, and it is presumed to contain plutonium. It is known to form isostructural
compounds with H, Li, Na, K, Cu, Mg, Ca, Sr, Ba, Al, Sc, Cr, Fe, Ga, In, La, Ce, Sm, Eu, Gd, Lu, Th and
Pu. Thermal stability is up to 1200 °C, thermal expansion up to 1 x 107> deg™" (25-1000 °C) are close
to Synroc and zirconolite; hydrothermal stable - leach rates at 90 °C up to 107> g-sm~2-day~!, radiation
stable. Structure: Trigonal, Sp. gr. R3c. Ceramics were prepared by cold pressing and sintering
(p = 92-97%) and Spark Plasma Sintering with high relative density (up to 95-98%).

Figure 28. Whitlockite. Caz(POy),. Structure trigonal, Sp. gr. R3c.Cations can be H, Li, Na, K, Cu, Mg,
Ca, Sr, Ba, Al, Sc, Cr, Fe, Ga, In, La, Ce, Sm, Eu, Gd, Lu, Th, U and Pu.

29. Thorium phosphate/Diphosphate (TPD) [155,244,336,337,433-439], Figure 29.

Thy(PO4)4P>07; a unique compound for the immobilization of plutonium and uranium; partial
substitution of Pu for Th has been demonstrated to up to 0.4 mole fraction, complete substitution is not
possible. Structure: Orthorhombic, Sp. gr. Pbcm, Pcam, z = 2; may include: U, Np, Pu, Am and Cm.
Ceramics were prepared by cold pressing and sintering (p = 87-93%).

Figure 29. Thorium phosphate/Diphosphate (TPD). Thy(PO4)4P,0O7. Structure orthorhombic. Sp. gr.
Pbem and Pcam. Cations can be U, Np, Pu, Am and Cm.

4.5. Tungstate, Molybdates
30. Scheelite [89,440-457], Figure 30.

Materials with the structure of the scheelite mineral (calcium tungstate CaWO,) based on
individual molybdates and tungstates and solid solutions may contain elements in oxidation degrees
from 1+ to 7+: Li, Na, K, Rb, Cs and TI; Ca, Sr, Ba, Mn and Cu; Fe, Ce, La—Lu and Y; Th, U, Np and
Pu; Nb, Ta-in Ca-positions and Mo, W, Re, I, V and Ge in W-positions. The structural analog CaWO,
crystallizes in the tetragonal structure, Sp. gr. I4/c. The structure is constructed of CaOg polyhedral
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and WOy tetrahedrals connected through common oxygen vertices. For some compounds ceramics
were prepared by the Spark Plasma Sintering (SPS) method, with a relative density of 92%.

Figure 30. Scheelite. CaWOj. Structure tetragonal, Sp. gr. I4/c. Cations can be Li, Na, K, Rb, Cs, T, Ca,
Sr, Ba, Mn, Cu, Fe, Ce, La-Lu, Y, Ge, Th, U, Np, Pu, Nb, Ta, V, Mo, W, Re and 1.

5. Summary of Crystalline Ceramic Waste-forms

Crystalline materials including oxides-simple and complex, salts-silicates, phosphates, tungstates
with various compositions and different structural modifications (30 structure forms) intended for
nuclear waste immobilization were developed using various approaches and accounting for criteria
of enough high durability (see e.g., [15,238,458-460]) requested for nuclear wasteforms. These are
presented in Table 1.

182



Materials 2019, 12, 2638

ANA‘d L1824 'V ‘d
‘uz md “IN 0D U ‘PO ‘ed IS
‘SN ‘2d ‘1L “SD ‘I M BN 1T
1L ‘AT ‘8D 2 ‘0D
15 ‘2D “BIN ‘sD “ L THN " BN

+ehd ‘ 41
4PN AN ‘N UL ‘g 15 D
A YL 9Z R D
1D 21 “IV ‘U “eg 1S ‘eD SN
O ‘@S ‘A “d ‘1L ‘2 0D U
@D ‘8N “eN ‘nd ‘N ‘UL ‘I
BL AN A ‘d ‘1L 1S 2 TV ‘d
‘uz M) ‘IN ‘0D U ‘PD ‘eg IS
‘SN ‘2g ‘1L “SD ‘I M BN ‘11
qN 15 ‘eD ‘o
1Dl IV UZ “IN ‘0D ‘SN

+m> \+wwu \.me \+me

+elV 19 41D X LU

“42od ®D SN A UV ‘gAY 'V

AU IL IS “ L UIN
21 IV “eg ‘eD SN ‘sD M ‘eN
ng ‘N 1z I A eD
qN 0 ‘N YL @D FH ‘PO
I3 ‘WD ‘wy ‘g ‘dN ‘N
+2d 97 1L "eL,
‘N g UTA ‘UL ‘N ‘BD ‘BN Y
dN‘n

g FH YL ‘N TZ 'K 9D IS 'sD
3L 1Z 11D 21 IV ‘d ad

IN ‘MO “UIN ‘8D ‘SN ) ‘BN ‘TT

peer 21qno

w/€9J ‘Teuogexay]
‘Iz 18 ds drurpouow

B/[] “Orurppouowt

N[O

Sa}1[097
spunoduwod jjeg

(amede-Axo) ayrjoyiug

(auayds) ayruery,

OHT- TSIV Y(eN"eD)

[4(E019)*(CO1V)1¥*X)

A'HO) (PO TOIS)S(eD HA)

[(Fors)orLeD] SorstLed

$91eII[Ig
SIoMawery

SOpIXO
xardwo)

S9PIXO
apduuig

suonye) punodwo)

pure/p] ‘[euoSena) SHUIJOD/S}LIOY /U017 Yoisn/forsuL/forstz
ze 'yl ‘Orqno ANTOJ-d
PR, aseyd paseq [ourds L9011 VI Te
Tw/g1d “Srurpouour onB1aquapnaly ORIV N
€3 ‘Terpayoquioyr ruONPLD BEQIZ(IN'MD US' AN'A N THAZ TV ID UZ SNUIN' 4 24 TL) (K 2D T 9 1S)
NHOmwm_ B [gi(SopTrunoe ‘poy“e)) e
e[ ‘O1qNd Joure: ¥l CH ] R 8]
peel o1q O E[FOILI % (o) V [g]
w/p] ‘[eucSenay dTpueoHy NOS(ILTV) ¢ Teg
BUIU] ‘[eIPIYOqUIOUT ¢
awgwg O1qnd AIYSAOID ] OLLeD
5/zD [euosin 2}I[ou0dIrZ Loarized
i o1qno apejempy 0Py LEDTg oV
Smum “o1qnd 2101001k ] L0tgty
wgu] ‘O1qnd uIoNn(J [Ze5h)
€4 ‘Terpayoquioyr eoITIS o1
spunodwo) apIxQ
13 *dg “AuoSuhg adAy remionng
punoduwo)) feorway)) yo adAx,
ampnng

“UOTJRZI[IGOWILUT 9)SeM TeI[ONU I0J SWLIO] [euajod se s[erajeu dTuresad aul[esAr)) [ d[qer,

183



Materials 2019, 12, 2638

nJg i m’po nyg ‘ws ‘9D
‘e Ul D) ‘9 1D 05 TV ‘e
15 ‘eD ‘SN 'nD Y ‘BN ‘11 °H
S“BL“qN ‘d ‘JH 1Z ‘1L ‘uS ‘19
HEI UL A 8D 4l 1D
31 IV “uZ “IN ‘0D U\ ‘qd ‘ed
15 “SIN “FHN ‘LL ‘SO ‘R M ‘N
el ‘qN “qS ‘nd “dN ‘N ‘YL @D
OIN ‘JH “IZ 1L “US 0D 19 ‘qS
21 1D ‘A ‘WD ‘wry ‘nT-2D ‘e]
‘A28 U ‘e 1V “8H ‘pD ‘Uz
m) ‘IN ‘0D ‘U ‘eg 4§ ‘eD ‘SN
By (DD “H 8D "9 ) “eN 1
£0D
‘HOIDA'S'SV'Ad 1SN
YL ‘HTY ‘A 1D ‘9d “SH “PD ‘IN
U\ “eg ‘IS ‘@D ‘SN ‘SO X ‘BN
N1z ‘n1-4q
199D ‘21 95 IV ‘8D ‘od
S'SV ‘A 9515 1D
:{dmd ‘N “dN YL 1Z 9D ‘s3 1D
W) ‘wy ‘qx ‘qL ‘PO Ny ‘wig
‘PN “Id “®T°A ‘19 ‘4d ‘PD “ed
15 ‘2D ‘SN ‘qy ‘M “eN ‘1T @D
ALID 1]
UN 462 “ 122 “SIN “ed ‘9 ‘SO

o¢y ‘Teuodin

€lzd “orqno

[oR oM
28y ‘Texpayoquioyx

q/lzd “arurpouour
“w/€9q ‘Teuoexay

pure/ 13 ‘TeuoSenoy

u/IzJ “drurpouowr

2/ZD “dOrurpouowr

W/ 10 wow/p 13

ABPORIYM

Auraqdue]

(dzN) areydsoyd
WNIUOIIZ WNIPOS

amedy

QwIoudY

9)IZBUOIA!

(paye[AxoxpAya(]) sedrn

“rod)fed-d

E(FO8) BN

£(fod)tzeN

Y2'0)(*Od) “(rO18) HIm*Ted

¥,
OdA sajeydsoyg

7Od?D

:Omﬁmmjwom.o_umm.omd ‘1 _Omﬁmmjxm.o_um.omm ‘1 _Omﬁmmjxm.o_um.oum \:Omﬁmmjwm.oﬂ_m.om.u
TOESEVIL “MOSISEYSD “MOSISE VY “MOSISEVY " HOSISEVeN “TTOfISE v IT

el ‘qN 17 ‘1L ‘19 ‘gAY ds “wnufs “uoSenay (1) ¥ eN
IV “ad "ed IS 8D 'sD " "eN 1oye D, S01 03 3JeuR)L OIS du([e3sA1D OsIveareN'ed)]
dn wgug 18 -ds oqno
;70S D €94 ‘TeuoSexay auroue) OHI'T-Y HEOD (N eI BN))[TCOIS IV (N BDBN)
€M FAQ T
0D "OS IO 1L ¥ NGy IS
ug?J ‘oiqnd ajITEpO T 3
16TV ‘2 W 2D “SIN S ‘BN €d ©1q N[EPOS O7IS”TV “ID°eN
peel
ATLIS “Oqn2 ‘poe/ly] ¢/ lp]
‘ID 9 ‘IV “IN ‘0D U ‘qd “egd ‘TeuoSenay :2)Na | ynay/eurpydaN YOI51veN
‘e "SI\ ‘2d ‘SO ‘I M “eN 11 €9d
‘TeuoBexay :auraydaN
13 *dg “AuoSuhg adAy rejonng

suonye) punoduwo)

ANPNIS

punoduwo)) feorway)) yo adAx,

“UOTJRZI[IGOWILUT 9)SeM TeI[ONU I0J SWLIO] [euajod se s[erajeu dTuresad aul[esAr)) [ d[qer,

184



Materials 2019, 12, 2638

ug 1L 1S Uy ‘T ‘gR PO

“wg ‘9D ‘B ‘A 98 ‘9 IV ‘D Suru/€9 g “Teuodexaty anquinjdojoudey 6103 TV)X sajeurwny
0D “UN ‘qd ‘B IS SN D ‘eN
99 A 198 ON

‘M “BL ‘AN ‘0 ‘AN ‘N YL A . 5

e o0 “aq oy U “eg 45 o/$] ‘TeuoSenoy EHIEEIIn'Y OMED soyeysSuny
®D 1L SO P X BN 1T '©D

wreog (@d1
wy ‘ng ‘dN ¢ LOTIV(TOL)T
w) ‘wy ‘ng ‘AN ‘N AW SIqUOGIOYIO ajeydsoydiq/ereydsoyd 0% "(FOd) "L
wnuoyy,
13 *dg “AuoSuhg adAJ, Temydonng

suonye) punoduwo)

punoduwo)) feorway)) yo adAx,
ampnng

“UOTJRZI[IOWILUT 9)SeM TeI[ONU I0J SWLIO] [ejuajod se s[erajeu dTuresad aul[[esAr)) [ d[qer,

185



Materials 2019, 12, 2638

Many of the compounds listed here have been studied and continue to be actively
investigated by researchers led by the co-author of this work (Prof Orlova), including those with
structures of garnet [185,189-194], P-pollucite [205-215], pollucite [214,215,293], monazite [141,352],
sodium  zirconium  phosphate (NZP) [21,209,383,384,388,392-394,396,405,407-409,412-419],
langbeinite [416-419], whitlockite [87,89,424—430] and scheelite [89,445,446]. Overall crystalline
ceramics are characterized as much more durable compared with glasses of the same chemical
composition e.g., the chemical durability of isomorph glasses is one to two orders of magnitude
lower [458-460]. Nevertheless, the degree of the development of crystalline ceramics remains at the
level of laboratory investigations rather than industrial use, except for SYNROC polyphase crystalline
ceramic that is at the stage of the planned start of utilization by industry. Practically all structural
forms developed (Table 1) are at the stage of obtaining compounds and their studies at the laboratory
scale. The references [15,458—460] are also providing data on the acceptability of ionic size variability
within the structure, and on chemical and radiation durability.

From the analysis of the presented data of various compounds with various compositions and
structural forms it is clear that researchers in the field of materials for nuclear waste immobilization
have many variants available for work. While materials are mineral-like the principle ”from nature to
nature” can be realized. Although many structures were included herewith, some could be missed,
for example brannerite [15,99], which is currently considered for actinide immobilization [461]. Among
most investigated structures one can note oxide ceramics. Some of crystalline ceramics such as monazite
were synthesized using real (radioactive) actinides [15,235], whereas most of researchers use surrogate
(non-radioactive) cations for investigations.

6. Conclusions

1.  Ceramic waste-forms for nuclear waste immobilization are investigated in different countries
with a focus on improving environmental safety during storage, transport and disposal.

2. Inorganic compounds of oxide and salt character, having structural analogs with natural minerals,
are being studied as most perspective materials for the immobilization of radioactive waste.

3. Approaches based on crystallochemistry principles are used when choosing the most favorable
structural forms. They are based on the materials science concept “composition-structure-method
of synthesis-property” accounting for the real task to be achieved. The basic principle is the
isomorphism of cations and anions in compounds when choosing a real structure. Possible
isomorphic substitutions in both cationic and anionic structural sites were considered in the
works analyzed.

4.  Crystalline ceramic waste-forms are intended to increase the environmental safety barrier when
isolating radioactive materials (containing both actinides and fission products) from the biosphere.
Among the methods of obtaining ceramic waste-forms, special attention in recent years is paid to
sintering methods which ensure the formation of ceramics that, first, are almost non-porous e.g.,
have a relative density of up to 99.0-99.9% of theoretical, and, second, can be obtained within
a small processing time e.g., within a few minutes (i.e., 2-3 min). These requirements are met
by high-speed electric pulse sintering processes e.g., so-called Spark Plasma Sintering (SPS),
although hot pressing enables the synthesis of very dense ceramics as well.
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for construction materials. She uses the structure properties and physico-chemical principles for the
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