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Abstract: The structural and chemical properties of zirconolite (ideally CaZrTi2O7) as a host phase 
for separated REE–actinide-rich wastes are considered. Detailed analysis of both natural and syn-
thetic zirconolite-structured phases confirms that a selection of zirconolite polytype structures may 
be obtained, determined by the provenance, crystal chemistry, and/or synthesis route. The produc-
tion of zirconolite ceramic and glass–ceramic composites at an industrial scale appears most feasi-
ble by cold pressing and sintering (CPS), pressure-assisted sintering techniques such as hot isostatic 
pressing (HIP), or a melt crystallization route. Moreover, we discuss the synthesis of zirconolite 
glass ceramics by the crystallization of B–Si–Ca–Zr–Ti glasses containing actinides in conditions of 
increased temperatures relevant to deep borehole disposal (DBD). 
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1. Introduction 
As a driver towards low-carbon electricity production, there is expected to be sig-

nificant investment into nuclear infrastructure for power generation in the coming dec-
ades [1,2]. In a conventional nuclear-fission-based fuel cycle, radioactive byproducts are 
generated in significant quantities, including spent nuclear fuel (SNF) and waste from its 
reprocessing, including highly radiotoxic high-level waste (HLW) containing long-lived 
actinides that must be isolated from the biosphere for geological timescales (>106 years). 
At present, the baseline thermal treatment for HLW is immobilization by vitrification 
within B–Si or Al–P glasses; however, low waste loading (3–20 wt%) impairs the effective 
use of deep geological disposal facilities (GDFs) for HLW. Furthermore, over geological 
timescales, glasses can crystallize with a possible increase of solubility; moreover, corro-
sion of glasses contributes to the formation of colloids with a high ability to migrate in 
water. 

An optimal solution to long-term HLW management is separation of the waste 
streams onto fractions [3–8] for immobilization within dedicated wasteforms. Many of 
the partitioning techniques have been tested on real liquid radioactive waste from spent 
fuel reprocessing [9,10]. As a result, it is possible to obtain fractions of elements for im-
mobilization in glassy, composite glass–crystalline compounds or crystalline matrices 
[11–19]. Crystalline phases with the structures of pyrochlore, zirconolite, monazite, 
brannerite, perovskite, britholite, and murataite are suitable for the actinide fraction 
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whereas compounds with the structures of hollandite, perovskite, pollucite, and lang-
beinite minerals have been proposed as Cs and Sr matrices [15,16]. Glass composite ma-
terials including glass ceramics are considered for immobilization of chemically hetero-
geneous wastes [17–19]. The management roadmap of HLW includes its immobilization 
in a dedicated wasteform prior to disposal into a deep mine or borehole type GDF [20]. 
Such a matrix should have the necessary chemical (capacity, resistance to radiation and 
corrosion), physical (strength, density, thermal conductivity, etc.), and technological 
properties. 

There are several desirable ceramic wasteform criteria [21,22], including (i) the abil-
ity to incorporate high waste loading to reduce the storage and disposal footprint; (ii) 
ease of production with minimal impact on personnel and financial costs; (iii) high tol-
erance to the effects of self-radiation; (iv) the ability to immobilize radionuclides and as-
sociated feed impurities in solid solution without promoting the formation of deleterious 
secondary phases; (v) high resistance against aqueous corrosion, minimizing the leaching 
of long-lived radionuclides from the wasteform into the near-field repository environ-
ment; (vi) the availability of natural analogues from which it is possible to understand 
and predict the behavior of the matrix in disposal conditions over geological timescales 
not otherwise permitted in a laboratory environment; and (vii) compatibility with the 
near-field environment of the disposal facility. One of the key conditions for selecting an 
HLW matrix is the experience of manufacturing in the required quantities and compati-
bilities with existing technology and associated readiness level. In their absence, the ma-
terial with the best properties, synthesized with simulants or with radionuclides, but 
only in small quantities in the laboratory, cannot really be used in practice. 

Vitrification is the baseline thermal treatment used to solidify HLW; the quantity of 
existing vitrified HLW is approximately 32,000–35,000 tons, where B–Si and Al–P glasses 
account for 80% and 20% respectively. Vitrification is achieved by a one- or two-stage 
method using electric melters or by induction melting in a “cold” or “hot” crucible 
[11–15,17–19]. The disadvantages of HLW glass matrices comprise relatively low waste 
loading with the potential for recrystallization at increased temperature which may be 
caused by radiogenic heat. This could, in turn, result in increased solubility in ground-
water and, therefore, the formation of radionuclide colloids with high mobility in the 
natural environment. The grouping and colocation of specific radionuclides for their ef-
fective immobilization in durable matrices offers significant advantages in safe man-
agement of nuclear waste. One of these groups is the fraction of rare-earth elements (REE: 
La–Gd, Y) and trivalent minor actinides (MA: Am, Cm). Similar properties of the ele-
ments simplify the extraction of the REE–MA fraction from liquid HLW produced during 
SNF reprocessing [3–10]. This fraction contains 90–95 wt% REE and 5–10 wt% MA, and 
its isolation mineral-like phases have been proposed [15,21–27]. The preservation of U, 
Th, and REE minerals in rocks for many millions of years is a convincing argument in 
favor of the possibility of long-term isolation of actinides in synthetic material deriva-
tives. For this purpose, REE and actinide compounds with the structure of monazite, 
pyrochlore, britholite, brannerite, perovskite, and murataite have been proposed as can-
didate host matrices for separated actinides such as Pu. 

One of the most studied phases for isolating actinides is zirconolite due to its inclu-
sion as the primary actinide-bearing host in the SYNROC (SYNthetic-ROCk) polyphase 
matrix [28–31]. Changes in the composition of natural and artificial zirconolite are related 
with exchanges in the structure: (Ce,An)4+ → Zr4+; 2(Ln,An)3+ → Ca2+ + Zr4+; (Ln,An)3+ + 
(Al,Fe)3+ → Ca2+ + Ti4+; and: An4+ + (Fe,Co)2+ → Ca2+ + Ti4+; (Ce,An4+) + 2(Al,Fe,Cr)3+ → Ca2+ 
+ 2Ti4+, where Ln are lanthanides and An are actinides [23,31,32]. 

The article discusses the features of synthetic zirconolite as a potential matrix of Pu 
and REE–actinide fractions of nuclear wastes while the objectives of the work are to study 
the structure of zirconolite-containing materials obtained by various methods, the possi-
bility of immobilization of REE and actinides in such phases, and determination of op-
timal technologies for their industrial-scale production.  
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2. Zirconolite in Nature 
Zirconolite is a rare accessory terrestrial [23–26,32–38] and lunar mineral [39–41] 

present in igneous rocks: basalts, carbonatites, syenites, granodiorites, and metasomatites 
[26,42]. It was first discovered in Russia in the 1950s in alkaline rocks of the Kola Penin-
sula and named zirconolite based on its composition [43,44]. Its general formula AB3O7 
was proposed; however, taking into account the data on the chemical composition, it was 
refined to CaZrTi2O7. Due to the high contents of U and Th, the mineral is often amor-
phous and requires calcination to recrystallize and determine its structure [44,45]. It was 
suggested that zirconolite and the already known zirkelite belong to a single species [33], 
the first being a difference enriched in REE, and the second in natural actinides (U, Th), 
which was also subsequently confirmed. As amorphous zirconolite is calcined, a simple 
diffraction pattern, typical of phases with a fluorite-type lattice, is replaced by a more 
complex one, which, at the same time, is individual and makes it possible to diagnose the 
mineral. The structures of both modifications are derived from a lattice of the CaF2–CeO2 
type [45] with cubic symmetry for low-temperature phase; the ordered high-temperature 
phase has a lattice with a hexagonal metric with true monoclinic symmetry. From the 
X-ray diffraction pattern of the calcined powder, the lattice parameters were calculated 
[46]: “a” = 12.58 Å (0.02), “b” = 7.27 Å (0.01), “c” = 11.44 Å (0.02), β = 100°34 (0.05). 

To further understand the structure, zirconolites from young (tens of thousands of 
million years) rocks have been analyzed [36–38]. Zirconolites derived from lunar basalts 
with an age of 4.35 billion years also retained their original structure due to the low con-
tent of U (0.2 wt%) and Th (0.6 wt%) [41]. Due to close absolute ages calculated by geo-
chronological dating methods, zirconolite isotope systems (with radioactive and ra-
re-earth elements members) have been closed for hundreds of million years [47,48]. The 
study of zirconolites did not reveal changes in minerals with an age of 500 million years 
[49], including the degree of uranium oxidation, even after amorphization due to the 
decay of U and Th. The results of mineralogical and geochemical studies prove the sta-
bility of zirconolite in natural conditions and its ability to retain uranium and thorium 
[23,25–27,50–53]. With the ideal formula of zirconolite CaZrTi2O7, the Ca2+, Zr4+, and Ti4+ 
positions of the structure can include [23,32–38,52–54] significant solid solution with 
formal 2+ cations (Mg, Fe) to 5+ (Nb). Large cations of tri- and tetravalent rare-earth el-
ements and actinides preferably accommodate the Ca2+ positions; hence, to compensate 
for the nonisovalent lattice charge, it is often necessary to partially occupy the Ti4+ sites 
with divalent and trivalent cations when designing synthetic zirconolite formulations. 

The compositions of the mineral and artificial zirconolite in the actinide matrices are 
rather similar; monazite, britholite, perovskite, and zircon have similar characteristics 
[23,25,27,52]. Pyrochlores matrices are typically titanates and zirconates, which some-
what distinguishes them from minerals represented by tantalum–niobates with an ad-
mixture of titanium. The similarity of compositions makes it possible to use data on ra-
dioactive minerals in assessing the long-term resistance of artificial HLW matrices to 
corrosion and radiation [21–27,52,53,55–62]. The natural analogues of other phases are 
nonradioactive, for example, mineral kosnarite for NaZr2(PO4)3. An even greater differ-
ence is characteristic of langbeinite-type phases, since the phases of HLW matrix are 
phosphates, and the mineral is sulfate [16]. The absence of radioactive minerals compli-
cates the prediction of the long-term behavior of the matrix in the GDF. In this case, the 
proof of the stability and suitability of artificial phases for the isolation of radionuclides is 
based on laboratory experiments and calculations. The joint results of studying radioac-
tive minerals, experiments with short-lived isotopes, and irradiating materials with ions 
allow a more reliable prediction of behavior of matrices in the underground repositories 
[21,23,25,27,55–64]. 
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3. Zirconolite in the Family of Polyphase SYNROC Ceramics 
Twenty years after the discovery of zirconolite in nature [43], its analogue was uti-

lized in SYNROC ceramics developed in Australia to immobilize HLW from spent fuel 
processing [28–30,64]. At first, the presence of (Zr,Ca,Ti)O2−x oxide was assumed in 
SYNROC-A ceramics, but analysis showed that the phase composition corresponds to the 
formula (Ca,REE)Zr(Ti,Al)2O7. This made it possible to classify it as an artificial analog of 
the mineral zirconolite, which was then confirmed by X-ray diffraction. In most SYNROC 
matrices (B,C,D,E), zirconolite is the dominant crystalline phase, and so in SYNROC-D 
for defense wastes (D–defense), its share reaches 46 wt% [47]. In all SYNROC-type ceramics 
(except for SYNROC-F), zirconolite is the primary host phase for tetravalent actinides 
and the second phase, after perovskite, for trivalent actinides and REE elements [54]. It 
was found in most of the 18 currently known varieties of waste forms of the SYNROC 
family [65]. 

The tendency to increase the loading of the matrix with Pu and U, as well as Hf and 
REE, to mitigate against an in-package criticality event has led to a shift of interest from 
zirconolite to pyrochlore, also a phase with a structure derived from the fluorite-type 
lattice [66,67]. The mass of actinides increases in this case to 30 wt% (10–12% Pu and 20% 
U). Pyrochlore (Ca,Gd,Pu,U,Hf)2Ti2O7 dominates in the matrix for immobilizing excess 
weapons-grade plutonium, and there are also zirconolite (Ca,Gd)(Gd,Pu,U,Hf)Ti2O7, 
brannerite (U,Pu,Gd)Ti2O6 and rutile (Ti,Hf)O2, the proportion of which increases with 
increasing impurities of Pu. 

Zirconolite is the most resistant SYNROC phase to aqueous corrosion by heated 
solutions. It is stable at 250 °C and 50 MPa in aggressive acidic and alkaline solutions, and 
in water and dilute solutions, the field of stability of zirconolite expands to 400 °C 
[68–71]. After 6 months of contact with water at 150 °C, changes affected a thin surface 
layer of the sample several nm thick [72]. Structure amorphization has a small effect on 
the leaching of elements from zirconolite [73], while for pyrochlore it increased by a fac-
tor of 10 to 30. The study of actinide host phases doped with 244Cm [74] revealed a more 
significant effect of lattice amorphization on pyrochlore leaching compared to zirconolite. 

The Ca and Zr positions of the zirconolite with the nominal formula CaZrxTi3-xO7 (0.8 
< x < 1.37) include Hf, rare-earths (Nd, Ce, La, Gd), and actinides (U, Np, Am, Cm, Pu) 
[16,23,24,54]. This determines its prospects for the isolation of Pu, minor actinides–MA 
(Np, Am, Cm), and REE–MA (Am, Cm) fraction for disposal, including very deep bore-
holes. 

4. On the Amounts and Composition of the REE–Actinide Fraction in Waste 
The radionuclide inventory of spent nuclear fuel depends on the reactor type, fuel 

composition, burnup, and storage time after unloading [6]. Radionuclides are repre-
sented by fission products (FPs), actinides, and activated elements of fuel assemblies. The 
main FPs are REE, Zr, Mo, Tc, Ru, Pd, Cs, Sr, Rh, Te, Xe, Kr, and I due to the bimodal 
distribution of elements during the fission of actinides with atomic mass maxima in the 
ranges of 85–105 (Sr, Zr, Mo, Tc, platinoids) and 130–150 (Te, I, Xe, Cs, REE). After three 
years of storage, SNF with a burnup of 33 GW per day (3.5% 235U) contains, in kg/t SNF: 
alkali metals (Cs, Rb)-3, alkaline earth metals (Sr, Ba)-2.4, REE-10.2, transition 4d-metals 
(Mo, Zr, Tc)-7.7, platinoids (Ru, Rh, Pd)-3.9, 0.5 kg Se and Te, 0.2 kg I and Br, 0.1 kg Ag, 
Cd, Sn and Sb [13,17]. As the burnup increases, the contents of fission products growth 
too (Table 1). 

Table 1. Content (a) in g/t of REE and actinides in SNF of light water reactors and their heat release 
(b) in W/t depending on fuel burnup and storage time [6]. 

Element 
After 5 Years of SNF Storage After 30 Years of SNF Storage 

45 GW × d/t 60 GW × d/t 45 GW × d/t 60 GW × d/t 
a b a b a b a b 
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Gd 150 Stable 1 310 Stable 180 Stable 346 Stable 
Eu 190 60 260 90 170 8 230 12 

Sm 1 1060 Stable 1370 Stable 1120 Stable 1430 Stable 
Pm 63 21 62 21 0 0 0 0 
Ce 3210 10 4230 10 3210 Stable 4220 Stable 
Pr 1540 114 2010 113 1540 Stable 2010 Stable 

Nd 2 5570 Stable 7310 Stable 5570 Stable 7310 Stable 
La 1670 Stable 2190 Stable 1670 Stable 2190 Stable 

Σ REE 13,453 205 17,742 234 13,460 8 17,736 12 
U 941,000 0.06 923,000 0.06 941,000 0.06 923,000 0.06 
Pu 11,200 164 12,600 283 10,200 138 11,500 236 
Np 570 0.01 780 0.02 570 0.01 780 0.02 
Am 510 47 740 58 1380 146 1780 178 
Cm 33 88 113 292 14 34 50 112 

Am + Cm (MA)  543 135 853 350 1394 180 1830 290 
MA share 3 4% 40% 5% 60% 9% 96% 9% 96% 

REE, rare-earth elements; MA, minor actinides (Am, Cm). 1 There is a long-lived 147Sm (T1/2 = 1.06 × 
1011 years) and a small amount of 151Sm (T1/2 = 90 years). 2 Long-lived 144Nd (T1/2 = 2.38 × 1015 years) 
and 150Nd (T1/2 = 7 × 1018 years) can be considered as stable. 3 It is the share of minor actinides (wt%) 
in the hypothetical REE–MA fraction and their contribution to heat release of the mixture. 

During SNF storage, its composition changes and heat release decreases, and after 
70–100 years [75] the main activity contribution is transferred from fission products (REE, 
Cs, Sr) to actinides (Pu, Am, Cm). SNF is reprocessed using the PUREX method, origi-
nally developed about 70 years ago to extract 239Pu for military purposes, and is the pri-
mary source for HLW calcine that requires thermal treatment and solidification, the 
baseline route for which is vitrification [5]. 

The HLW dry residue contains [13] in wt%: 19% transition metals (Mo, Zr, Tc), 18% 
rare-earth (La, Ce, Pr, Nd, Sm), 10% alkalis (Cs, Rb) and alkaline earth (Sr, Ba) elements, 
7% platinoids (Ru, Rh, Pd), 2% minor actinides (Np, Am, Cm), up to 1% Se and Te, and 
the rest is Fe, Ni, Cr, Na, P, and less significant elements. The dry mixture (calcine) of 
HLW contains (mol %): fission products: 26.4 REE, 13.2 Zr, 12.2 Mo, 7.6 Ru, 7.0 Cs, 4.1 Pd, 
3.5 Sr, 3.5 Ba, 1.3 Rb; 9% other PD and products, mainly Tc, Rh, Te, I, Ni, and Cr; actinides: 
1.4 (U, Th) and 0.2 (Am, Cm, Pu, Np); impurities: 6.4 Fe, 3.2 P, 1.0 Na [29,30]. 

According to [76], after 10 years of storage, HLW calcinate from the PUREX process 
contains (the half-life of the main radionuclide in years is indicated in brackets): 6 wt% 
Cs2O (30), 6 wt% TcO2 (210,000), 3 wt% SrO (30), 6 wt% minor actinides (MA: Np, Am, 
Cm > 10,000), 4wt% BaO, 10 wt% RuO2, 15 wt% REE2O3, 6 wt% PdO, 15 wt% ZrO2, 2 wt% 
Rh2O3, and 15 wt% MoO3. Most of the HLW elements are represented only by stable nu-
clides (Ba, Mo), others are only radioactive (Tc and minor actinides), and elements of the 
third type contain both with a predominance of radioactive isotopes (Cs) or stable (REE, 
platinoids) nuclides. Data on the content of REE and actinides in SNF dependent on 
burnup and storage time, the content and half-life of the main radioisotopes in the Am + 
Cm mixture, and their heat release are summarized in Tables 1–3. 

Table 2. Radionuclide composition and properties of the Am + Cm mixture of SNF (burnup 50 GW 
day per ton of SNF) after 6 years of storage; SF: spontaneous fission [77]. 

Radionuclide 
(T1/2, Years) Content, wt% Daughter Nu-

clide, T1/2, Years 
Type and Proba-
bility of Decay 

Heat Release, 
W/kg 

241Am (433) 63.85 237Np (2.14 × 106) α (≈1.0), SF (3.77 × 
10−12) 114.7 

243Am (7.3 × 103) 25.35 239Pu (2.41 × 104) 
α (≈1.0), SF (3.7 × 

10−11) 6.4 
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243Cm (29.1) 0.09 239Pu (2.41 × 104) α (0.9976),  
β + (0.0024) 

1860.7 

244Cm (18.1) 9.78 240Pu (6537) α (≈1.0), SF (1.35 × 
10−6) 

2841.8 

245Cm (8.5 × 103) 0.82 241Pu (14.4) α (1.0) 5.8 

246Cm (4.76 × 103) 0.11 242Pu (3.76 × 105) 
α (≈1.0), SF (2.61 × 

10−4) 10.2 

Table 3. Changes of the radionuclide composition of Am and Cm in SNF (burnup 45 GW day per 
ton) and their relative content in the hypothetical REE–MA fraction over storage time [78]. 

Nuclide, g/t SNF After 1 Year  After 5 Years After 30 Years 
241Am 135 407 1272 
243Am 105 105 105 

Total, Am 240 512 1377 
242Cm 3.8 0.1 <0.01 
244Cm 35.3 30.3 11.6 
245Cm 2.2 2.2 2.2 

Total, Cm 1 41.9 33.0 14.4 
Cm/(Am + Cm), % 14.9 6.1 1.0 

(Am + Cm)/REE 2, % 1.8 3.5 8.5 
1 There are some other isotopes also, including 243Cm. 2 Total REE content per ton of SNF. 

5. Crystal Chemistry of Zirconolite and Its Polytype 
As noted, the structure of metamict zirconolite after calcination and for a synthetic 

analog was first determined in Russia [45,46,79]. Its connection with the fluorite-type lat-
tice was confirmed and it is shown that at temperatures up to 800 °C a cubic disordered 
metastable phase is formed that does not correspond to the original structure of mineral. 
At temperatures of 1100–1200 °C, the true structure of monoclinic symmetry is restored 
with clearly pronounced pseudohexagonality. After the discovery of zirconolite in 
SYNROC, several notable research programs focusing on the chemistry of zirconolite and 
related titanate phases began in other countries [31,33,80–83]. The group of zirconolite 
varieties consists of five polytypes: 2M, 4M, 3O, 3T, and 6T [82–84], where the number 
dictates the number of layers of TiO6 octahedra that comprise the unit cell, and the letter 
is the lattice symmetry. Ca atoms are surrounded by O atoms at the vertices of the cube 
(coordination number, CN = 8), Zr atoms occupy the center of the distorted cube, O atoms 
occupy seven vertices and there is a vacancy, Ti atoms are in three positions: two in TiO6 
octahedra surrounded by six O atoms (M3, M5) and one (M4) in the form of a trigonal 
TiO5 bipyramid (CN = 5). Ti–O octahedrons form a layer of six-membered rings based on 
the motif of hexagonal tungsten bronze. Variations in composition of the polytype 2M 
(aristotype) correspond to the formula CaZrxTi3–xO7, where 0.83 ≤ x ≤ 1.33. Cation sub-
stitutions in the Ca, Zr, and Ti positions stabilize the other polytypes (3O, 3T, 4M, 6T) 
which are characterized by variations in space group symmetry and stacking order of 
adjacent Ca/Zr and TiOx layers. The volumes of the CaO8 (21.3 Å3) and ZrO7 (15.0 Å3) 
polyhedra in the 2M aristotype suggest that the former is preferred by large cations of 
light REE, while small cations of heavier REE enter the Zr positions [31]. Two layers of 
TiO6 octahedra with interlayer cations Ca2+, REE3+/4+, and An3+/4+ form a single structural 
block (Figure 1), the rotation of which by an angle multiple of 120° forms a cell of zir-
conolites 3T or 3O. 
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Figure 1. The structure of zirconolite polytypes: (a) 2M, (b) 4M, and (c) 3T. 

The structure of zirconolite-4M is an admixture of 2M polytype and pyrochlore-type 
modules with cell doubling along the “c” axis and maintaining monoclinic symmetry 
[85]. The formation of the 4M phase is associated with the isomorphism of tri- (Nd3+) or 
tetravalent lanthanides and actinides (Pu4+). It was believed [54] that at least 50% and 70% 
of the [VI,VTi4+] and [VIIZr4+] positions in the zirconolite structure should be filled with 
cations of just these elements. Later, artificial compounds were obtained in which Ca, Ti, 
or Zr are absent; their formulas are as follows: REEZrTiAlO7 and REEZrTiFeO7 [86–88], 
CaZrNbFeO7 [89] or Ca1–xNdxHfTi2–xAlxO7 [90]. The regions of stability of zirconolite 
polytypes in these systems depend on the amount and type of REE and actinides. In 
samples with the formula Ca1–xLaxZrTi2–xAlxO7, in addition to zirconolite-2M, common 
secondary phases include zirconium oxide, perovskite, and hibonite (LaTi2Al9O19). In the 
Nd–Al system, the 2M and 3O polytypes dominate in the x ≤ 0.6 (2M) and 0.8 ≤ x ≤ 0.9 
(3O) ranges, and the boundary passes at x = 0.7. Single phase ceramics with the 2M pol-
ytype in the Gd–Al, Ho–Al, and Yb–Al systems were found in the range 0.1 ≤ x ≤ 0.8; at 
higher REE contents, the cubic solid solution (REE,Zr)O2–x additionally appears. In the 
Nd–Fe and Gd–Fe systems with a bulk composition of Ca1–xLnxZrTi2–xFexO7, there are two 
polytypes: 2M and 3O. Samples of composition Ca1–xLaxZrTi2–xFexO7 at x from 0.1 to 0.7 
contain zirconolite and perovskite; above 0.8, they consist of ZrO2, perovskite and pseu-
dobrookite, and Fe2TiO5 [88]. 

Attempts to replace Zr4+ in the zirconolite structure with ions with a high charge and 
close radius (Nb5+) failed [89]. In the Ca(Zr1–xNdx)(Ti2–xNbx)O7 (x = 0–1) series, nearly 
monophasic samples with the 2M polytype are typical only for 0.05 ≤ x ≤ 0.1, while ce-
ramics with 0.5 ≤ x ≤ 0.9 form with a significant pyrochlore fraction. At x = 0.2, the sample 
contains polytypes 2M, 3T, and perovskite; in the range from 0.25 to 0.5, the main phases 
are zirconolite (2M and 4M) and pyrochlore. Minerals with a high content of niobium are 
known due to the isomorphism of Ti4+ and Nb5+, which is also manifested in pyrochlores 
and perovskites. Zirconolite-3O with 18 wt% Nb2O5, 19.4 wt% REE2O3, and 6 wt% MnO 
was found in rocks from the Laacher See (Germany) volcanic complex [36]. In this case, 
the exchange proceeded according to REE3+ + (Fe,Mn)2+ + Nb5+ = Ca2+ + 2Ti4+. The rocks of 
the same volcanic complex contain [91] the mineral nogerratite, a structural analog of 
zirconolite-3O, with the formula (Ce,Ca)2Zr2(Nb,Ti)(Ti,Nb)2Fe2+O14, where one Ti4+ atom 
per formula unit (apfu) is replaced by Nb5+ with the incorporation of Fe2+. The substitu-
tion of Ti for Nb is typical for minerals with a structure close to zirconolite-3O: laachite 
Ca2Zr2Nb2TiFeO14 and stefanweissite (Ca,REE)2Zr2(Nb,Ti)(Ti,Nb)2Fe2+O14. To describe 
compositional variations of the minerals, five minerals with a sum of cations equal to 4 
and 7 O2- are proposed: CaZrTi2O7, CaZrMe5+Me3+O7, An4+ZrTiMe2+O7, REE3+ZrTiMe3+O7, 
and REEZrMe5+Me2+O7 [35,52,92]. In the work of [38], taking into account more than 450 
analyses, it was shown that the following end-members are more suitable for this (based 
on the doubled formula with 8 cations and 14 O2−): Ca2Zr2Me5+2TiMe2+O14, 
REE2Zr2Ti3Me2+O1, CaAn4+Zr2Ti3Me2+O14, CaREEZr2Ti3Me3+O14, and Ca2Zr2Ti2Me5+Me3+O14 
(Me2+ + Me3+ = 1) without the Ca2Zr2Ti4O14 end-member. Only the number of Zr atoms 
remains unchanged (2), which indicates its special role in zirconolite and justifies the 
name “zirconolite” [43]. 
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The following reactions are most important for the incorporation of actinides and 
REE into minerals: Ca + Ti = An4+ + Me2+; Ca + Ti = REE3+ + Me3+; Ca + 2Ti = REE3++ Me5+ + 
Me2+. Two more types of exchanges with complete (Zr4+ = Hf4+) or limited isomorphism 
[Zr4+ = (Pu, Np)4+] are typical of artificial phases. Hafnium is introduced as a neu-
tron-absorbing additive to reduce the likelihood of a self-sustaining post-closure critical-
ity event. Samples were obtained where Zr in zirconolite was completely replaced by Hf 
[90,93,94]. Due to the close size of VIIZr4+ (0.78 Å) and VIIHf4+ (0.76 Å), the substitution of Zr 
for Hf retains the structure of the 2M polytype in CaHfTi2O7 and Ca1-xNdxHfTi2-xAlxO7 (x 
= 0.01, 0.2). The substitution of Zr4+ for An4+ is an important factor for waste matrices, 
primarily containing Pu. When Zr4+ is replaced by U4+ [95], the 2M polytype is stable up 
to x = 0.15; when “x” is from 0.15 to 0.4, the 2M and 4M polytypes of composition 
CaU0.15Zr0.85Ti2O7 and CaU0.4Zr0.6Ti2O7 coexist, and at “x” from 0.4 to 0.7, along with 4M, 
pyrochlore appears, which becomes the only phase at higher uranium content (the sam-
ples were sintered in an Ar medium at 1400 °C). Similar transformations are observed in 
zirconolite CaZr1-xPuxTi2O7, “x” = 0–0.6 [96] when Pu4+ enters the Zr4+ positions. At “x” > 
0.15, the 2M polytype is replaced by 4M, which at “x” > 0.6 is displaced by the pyrochlore 
phase. When studying Pu-containing matrices, cerium is usually used as Pu simulant [97] 
due to the similar ionic radii of Ce3+–Pu3+ and Ce4+–Pu4+ [98]. According to the data of the 
review [99], the samples containing tetravalent actinides (An = U/Th/Pu) and cerium 
CaZr1-x(Ce/U/Th/Pu)4+xTi2O7, depending on the value of “x”, are composed of zirconolite 
polytypes 2M, 4M, and (or) pyrochlore (Table 4). 

Table 4. Phases in samples of bulk composition CaZr1-x(Ce/U/Th/Pu)4+xTi2O7 at “x” = 0.1–0.6. 

Cation x = 0.10 x = 0.20 x = 0.30 x = 0.40 x = 0.50 x = 0.60 

Ce4+ 2M 2M + 4M 2M + 4M 2M + 4M 
2M + 4M + 

Pyr 4M + Pyr 

U4+ 2M 2M + 4M 2M + 4M 4M + Pyr 4M + Pyr 4M + Pyr 
Th4+ 2M + Pyr 2M + Pyr 2M + Pyr 2M + Pyr 2M + Pyr Pyr 
Pu4+ 2M 2M + 4M 2M + 4M 4M + Pyr 4M + Pyr Pyr 

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

The CaZr0.8Np0.2Ti2O7 sample consists of 20% 4M and 80% 2M polytypes; during 
synthesis in an inert atmosphere and in air, Np is in the oxidation state 4+ [100]. The 3T 
polytype is formed when tetravalent actinides enter the Ca2+ positions and participate in 
the exchange of cations and charge compensators. It was shown [101] that for the sample 
of (Ca1−xPux)Zr(Ti2−2xFe2x)O7 composition with increase “x”, the 2M phase transforms into 
the 3T polytype. 

The 3T polytype was stabilized [102] in glass ceramics obtained by cold press-
ing–sintering, CPS (1250 °C, 4 h, air) or hot pressure sintering, HIP (1250 °C, 100 MPa, 4 h) 
from a mixture of 30 wt% Na2Al2Si6O16 and 70 wt% zirconolite-forming oxides including 
PuO2. The purpose of the experiment was to obtain zirconolite (CaZr0.9Pu0.1Ti2O7) in 
which Pu4+ substitutes directly for Zr. In both cases, Ni powder was added to promote 
reducing conditions. The formed materials contained 2M with small grains of the 3T 
polytype around the 2M phase. The appearance of the 3T polytype, albeit in small 
amounts, contradicts the data of Table 4. Perhaps this is due to the incorporation of Al3+ 
into zirconolite from glass with the change in the reaction of isomorphic exchange of Zr4+ 
and Pu4+ with the substitution of Ca2+ for Pu4+ or Pu3+ and, simultaneously, Ti4+ for Al3+ to 
for charge compensation. 

Attempts to increase the loading of the matrix with plutonium and neutron absorb-
ers (Gd, Hf) have been observed to promote a transformation from zirconolite to pyro-
chlore as the main phase for actinide immobilization [66,67,103–105]. The mineralogy of 
plutonium ceramics was studied depending on impurities, and the limits of occurrence of 
elements in pyrochlore, zirconolite, brannerite, and the phase fields were determined at 



Ceramics 2023, 6 1581 
 

 

1200–1400 °C on the diagrams: Ca(Zr/Hf)Ti2O7–Ca(Pu/Ce)Ti2O7–CaUTi2O7 and CaO 
(CaTiO3)–HfO2 (HfTiO4)–(U2/3Pu1/3)O2 ((U2/3Pu1/3)Ti2O6). Depending on the synthesis me-
dium (air, argon), a technology was developed for obtaining pyrochlore matrices with Pu 
by cold pressing and sintering. Incorporation of the impurities into the zirconolite phase 
was observed (Table 5), and the amounts of phases in ceramic vary (Table 6) with waste 
composition. 

Table 5. Distribution coefficient (Kd) of impurities between zirconolite and pyrochlore. 

Element Al Ga Cr Fe Mg Ni Mo W Ta 
Kd 16 >30 15 3 3 1.5 0.1 0.02 <0.1 

Table 6. Phase composition (vol.%) of ceramics for the immobilization of weapons-grade Pu. 

Phase Basic Composition Possible Variation Acceptable Range 
Pyrochlore 80 62–90 >50 
Brannerite 12 0–22 0–50 
Zirconolite no 0–25 0–50 

Rutile 8 0–16 0–20 
(Pu,U)O2 0.5 0.04–0.6 0–1 

Other phases no 0–6 0–10 

Despite an increase in the potential Pu wasteloading capacity, the corrosion and ra-
diation resistance of titanate pyrochlore is generally lower than that of zirconolite 
[24,27,59,67,106]. In particular, the critical dose of amorphization of zirconolite during the 
decay of 238Pu and 244Cm is 50–70 rel.% higher than that of pyrochlore: 4.6 and 3.0 × 1018 
α–decay/g or 0.5 and 0.3 displacements per atom (dpa), respectively. For minerals, how-
ever, the situation is reversed: amorphization dose of pyrochlore is slightly higher than 
that of zirconolite: 1.1 × 1019 and 0.9 × 1019 α-decay/g [26]. 

In the early 2000s, work in the United States on the immobilization of Pu [67] was 
discontinued in favor of its use in U-Pu MOX fuel for nuclear reactors under the 
US–Russia Plutonium Management and Disposition Agreement, signed in 2000, 
amended in 2010 and entered into the force in July 2011. The countries committed to 
dispose of 34 tons of surplus (not necessary for defense) weapons-grade Pu in the form of 
MOX fuel, beginning in 2018. The construction of a plant in Savannah River (USA) 
started in 2007 but was stopped in 2013 at 70% readiness due to problems with financing, 
and in 2019 the license for its construction was revoked. The United States has decided 
[107] to manage plutonium by dilution and isotopic degradation with disposal in GDF 
located within salt formation (Waste Isolation Pilot Plant, New Mexico). The estimations 
showed that the disposition of diluted 34 MT of surplus Pu may take up to 31 years and 
have an associated cost of USD 18.2 billion. Meanwhile, Russia is successfully imple-
menting a program for fabrication of the MOX fuel on an industrial scale and they cur-
rently use it in the BN-800 fast reactor at the Beloyarsk Nuclear Power Plant, South Urals. 

The study of matrices for the immobilization of plutonium-containing waste con-
tinues, for example, in the UK with zirconolite identified as a candidate matrix for Pu 
[97,99,101,108–112], separate minor actinides, and whole REE–MA fraction [15,17,88,113]. 
This is due to the facts that (1) the properties of trivalent REE and MA are similar and 
they will be separated together into a single fraction during the separation of HLW; (2) in 
SNF and HLW derived from SNF reprocessing, the relative quantity of REE is 15–20 times 
greater than that of MA; (3) REEs in SNF and HLW are mainly represented by stable 
isotopes (Table 7), and a small part of their short-lived nuclides will decay during SNF 
storage; (4) REEs, along with Ca, Zr, and Ti, are the main elements of the zirconolite host 
phase. 
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Table 7. Contents 1 (g/t) of REE and MA in SNF (burnup 40 GW day/t, after 5 years of storage) and their share 2 in the REE–MA mixture (rel.%) [75]. 

A.m. 89 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 158 159  160 241 241 243 244 245 Σ 
(Share) 

Y 546 
100% 

- - - - - - - - - - - - - - - - - - - -  - - - - - - 546 
(4.2%) 

La - 
1470 
100% - - - - - - - - - - - - - - - - - - - 

 
- - - - - - 

1470 
(11.3%) 

Ce - - 
1490 
52% - 

1360 
48% - 

4 
<0.1% - - - - - - - - - - - - - - 

 
- - - - - - 

2854 
(21.9%) 

Pr - - - 1340 
100% 

- - - - - - - - - - - - - - - - -  - - - - - - 1340 
(10.3%) 

Nd - - - - 35 
1% 

940 
19% 

1590 
33% 

793 
16% 

845 
18% - 445 

9% - 214 
4% - - - - - - - -  - - - - - - 4862 

(37.4%) 

Pm - - - - - - - - - 
37 

100% - - - - - - - - - - - 
 

- - - - - - 
37 

(0.3%) 

Sm - - - - - - - - - 186 
19% 

232 
23% 

4 
<1%

369 
37% 

18 
2% 

145 
14% 

- 46 
5% 

- - - -  - - - - - - 1000 
(7.7%) 

Eu - - - - - - - - - - - - - 1 
<1% - 150 

78% 
32 

17% 
9 

5% - - -  - - - - - - 192 
(1.5%) 

Gd - - - - - - - - - - - - - - - - 
20 

14% 
9 

6% 
87 

61% 
25 

18% - 
 2 

1% - - - - - 
143 

(1.1%) 

Tb - - - - - - - - - - - - - - - - - - - - 3 
100%

 - - - - - - 3 
(<0.1%) 

Am - - - - - - - - - - - - - - - - - - - - -  - 378 
73% 

3 
<1% 

139 
23% 

- - 520 
(4.0%) 

Cm - - - - - - - - - - - - - - - - - - - - - 
 

- - - - 
43 

96% 
2 

4% 
45 

(0.3%) 
1 Isotopes with content > 0.5 g/t are indicated. Italics, T1/2 < 100 years. A.m. is the atomic mass. 2 Share is the relative amount in a mixture of REE and MA. Decay 
scheme: 151Sm (T1/2 = 90 years)–151Eu (stab.); 147Pm (T1/2 = 2.6 years)–147Sm (1.06×1011 years, α-decay)–143Nd (stable). 144Ce (284 days)–144Pr (17 min)–144Nd (stable). 
154Eu (8.8 years)–154Gd (stable); 155Eu (5 years)–155Gd (stable). The isotopic composition of natural Nd: 142Nd (27.2%), 143Nd (12.2%), 144Nd (23.8%), 145Nd (8.3%), 146Nd 
(17.2%), 148Nd (5.7%), and 150Nd (5.6%): 5 stable and 2 very weakly radioactive. 144Nd: α-decay, T1/2 = 2.38 × 1015 years; 150Nd: double β-decay, T1/2 = 7 × 1018 years. 
Very long-lived isotopes of rare-earth elements (144Nd, 150Nd, and 147Sm) are underlined. 
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Accounting for very close sizes of Nd3+, Am3+, and Cm3+ [98], zirconolite-containing 
ceramics and glass ceramics are suitable for MA immobilization [113–116]. Previously, 
the similarity of glass ceramics with britholite (REE silicate with an apatite structure) 
containing La and Nd or Am was shown [117]. Therefore, the synthesis and properties of 
zirconolite containing Nd3+ are of particular interest. This is also due to the fact that Nd 
dominates among the REE fission products, where it accounts for about 40% of their total 
amount (Table 7). 

The study on the synthesis of matrices from a mixture of CaF2, Ti, TiO2, ZrO2, Fe2O3, 
and Nd2O3 by sintering for 6–60 h at 1200–1350 °C stands out [118]. The content of Nd2O3 
was set for obtaining zirconolite Ca1-xZr1-xNd2xTi2O7 (x = 0.05–0.30). According to XRD 
data, in the range of “x” from 0.1 to 0.15 (7.41–10.95 wt% of Nd2O3 in the sample), the 2M 
polytype transforms into 3T, and there are also coexisting perovskite and pseudobrookite 
(Fe2TiO5) phases. When replacing Ca2+ with Nd3+, the charge is compensated by the in-
corporation of Fe3+ instead of Ti4+ according to the reaction Ca2+ + Ti4+ = Nd3+ + Fe3+. These 
results differ from the data [88] on stability of the 2M polytype, which may be caused by 
the presence of Ti3+ and Fe2+ due to the presence of titanium metal. 

Zirconolite polytypes, depending on composition and substitution reactions in-
volving Nd, are summarized in Table 8. 

Table 8. Zirconolite polytypes 1 depend on the isomorphism scheme and Nd content. 

Type of Exchange 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 Reference 
Ca2+ + Ti4+ =  
Nd3+ + Al3+ 2M, Per (traces) 3O, 2M, 

Per 3O, Per [87,119] 

Nd2O3, wt% 4.8 9.5 13.9 18.1 22.1 26.0 29.6 33.2 36.6 39.8 NdZrTiAlO7 
Ca2+ + Ti4+ =  
Nd3+ + Al3+ 

2M No data [116] 

Ca2+ + Ti4+ =  
Nd3+ + Fe3+ 

2M, Per (traces) 2M, 3O 3O [88] 

Ca2+ + Ti4+ = Nd3+ + 
0.5Fe3+ +0.5Al3+ 

2M, Per (traces) 2M, 
3O, Per 

3O, Per (traces) [113] 

Ca2+ + Zr4+  
= 2Nd3+ 

2M 2M, 4M 4M No data [85,116] 

` Ca2+ + Zr4+  
= 2Nd3+ 

2M 2M, 
4M 

4M 4M,  
Pyr 

Pyr Pyr, NT NT [120,121] 

Ca2+ + Zr4+ + Ti4+ = 
Nd3+ + Hf4+ + Al3+ 

2M No data [90] 

Zr4+ + Ti4+ =  
Nd3+ + Nb5+ 

2M 
Per 

2M, 
3T 

2M, 4M, Pyr, 
Per 

Pyr, Per (traces) [122] 

1 2M, 4M, 3O, and 3T are zirconolite polytypes, Pyr is pyrochlore, NT is Nd2Ti2O7, and Per is per-
ovskite. 

The incorporation of REE and actinides into zirconolite occurs by a variety of solid 
solution regimes [116], the main of which is Ca2+ + Ti4+ → M13+ + M23+, where M1 is Ln 
(lanthanides), An is actinides (Pu, Am, Cm), and M2 is Al or Fe. At M1 = 1, the structure of 
the (M1)2Ti2O7 phase transforms into pyrochlore (M1 = Gd–Yb, Y) or perovskite (M1 = 
La–Sm, Pu, Am, Cm). An increase in the REE3+ type and radius from Nd to La in the 
formula Ca1-xLnxZrTi2-x(Al,Fe)xO7 reduces the 2M field to x = 0.5 [113], the 3O polytype 
region to “x” = 0.7, and expands the field of perovskite stability. The second most im-
portant exchange involving trivalent REE and actinides is Ca2+ + Zr4+ → 2(Ln,An)3+. When 
zirconolite with composition [Ca1-x/2Ndx/2][Zr1-x/2Ndx/2]Ti2O7 contains neodymium in an 
amount of 0.5–0.8 atom per formula, the 4M polytype is formed [85]. 
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The incorporations of tetravalent Ce [123] and An into the Zr4+ positions ultimately 
lead to the formation of pyrochlore CaAn4+Ti2O7, e.g., CaUTi2O7 (betafite). It should be 
noted, however, that the CaPuZr2O7 end-member does not stabilize the betafite structure; 
rather, the defect fluorite structure type is preferentially formed. Another exchange op-
tion is Ca2+ + 2Ti4+ = An4+ +2(Al,Fe)3+ [124]. For the (Ca1−xPux)Zr(Ti2−2xFe2x)O7 (x = 0.1–0.7), 
the 2M polytype is stable up to “x” = 0.3, while the 3T appears at “x” = 0.3 and 0.4 [101], 
and replacing Pu4+ with Ce4+ increases the 2M polytype region [125]. Zirconolite, like its 
structural relative pyrochlore, has a high capacity for iso- and heterovalent exchanges 
involving REE, actinides, and small ions with a charge of 2+ to 5+ to compensate for the 
lattice charge. This distinguishes it from the Nd2TiO5, Nd2Ti2O7, and Nd4Ti9O24 phases, 
another group of possible matrices for the immobilization of the REE–MA fraction [126]. 

Below are examples of the formation of zirconolite polytypes. A series of samples 
[86] of composition REEZrTiAlO7 (REE = La, Ce, Pr, Nd, Sm, Gd, Tb, Y) synthesized by 
sintering (1450 °C) or melting (1550 °C) was studied. In ceramics with Nd, Sm, and Gd 
(Figure 2, Tables 9 and 10), the content of zirconolite is 90–100%, and its composition is 
close to the target formula. According to X-ray analysis and transmission electron mi-
croscopy, TEM (Figure 2), the structure of zirconolite in these samples corresponds to the 
3O polytype. 

 
Figure 2. SEM image of samples of REEZrTiAlO7 composition: (a) Nd (1450 °C); (b) Nd (1550 °C); 
(c) Sm (1450 °C); (d) Gd (1450 °C). Z, zirconolite-3O; Py, pyrochlore; P, perovskite; C, corundum; 
Al2O3. Insets: electron diffraction patterns for zirconolite-3O and oxide with a fluorite structure (F). 

Table 9. Average compositions of phases in ceramics with different REEs (sum = 100 wt%) 1. 

Oxide, wt% 
Nd Sm Gd 

1450 °C 1550 °C 1450 °C 1450 °C 
Z Py C Z P C + P Z F Z 

Al2O3 11.3 0.5 99.0 7.1 8.5 71.0 9.6 2.5 6.7 
TiO2 18.7 11.3 0.4 21.0 21.6 2.1 18.0 8.8 17.2 

Fe2O3 2 0.8 No No 0.2 No 1.6 No No 5.0 
ZrO2 27.0 34.2 No 29.5 4.6 3.5 30.6 55.1 30.4 
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REE2O3 42.2 54.0 0.6 42.2 65.3 21.8 41.8 33.6 40.7 
1 Z is zirconolite, Py is pyrochlore, C is corundum, P is perovskite, and F is cubic oxide. 2 Impurity. 

Table 10. Cell parameters of rare-earth zirconolites (XRD data) and values for the 3O standard. 

Phase Formula According to SEM Data T, °C a, Å b, Å c, Å β, deg. 
Nd1.07Zr0.95Ti0.99Al0.95Fe0.04O7 1450 10.060 13.957 7.299 90 
Nd1.08Zr1.04Ti1.14Al0.61Fe0.02O7 1550 10.116 13.985 7.316 90 
Sm1.06Zr1.07Ti1.00Al0.86Fe0.04O7 1450  10.020 13.854 7.245 90 
Gd1.01Zr1.05Ti0.98Al0.60Fe0.32O7 1450 10.020 13.854 7.245 90 

Zirconolite-3O JCPDS 85-0928 Reference 10.14 14.14 7.278 90 

When trivalent (Pu,Am,Cm)3+ and rare-earth elements enter the zirconolite struc-
ture, the 2M polytype is replaced by zirconolite-4M and 3O, and sometimes perovskite 
and pyrochlore appear (at high contents of rare-earth elements and An). The substitution 
of Zr4+ for Hf4+ does not affect the phase structure. The 3O polytype is stable in the pres-
ence of (Fe,Al)3+ cations. In their absence, zirconolite-4M is more stable. The REE–actinide 
matrices usually contain polytypes 2M and 4M [111], 3O [86], less often 3T [101,125], and 
there are no data on 6T. The mineral has only three polytypes: 2M with a low content of 
impurities and a composition close to CaZrTi2O7, 3O, and 3T. The two latter are typical 
for zirconolites from alkaline rocks with high contents of Fe, Al, REE, U, Th, and Nb 
[33,37,127]. 

In murataite–zirconolite ceramics containing Th (Figure 3), the zirconolite polytype 
3T is formed [84]. The sample was obtained from a batch of (wt%) 50% TiO2, 10% CaO, 
MnO, ZrO2, and ThO2, 5% Al2O3, and 5% Fe2O3 by melting in a carbon crucible for 0.5 h at 
1500 °C followed by cooling in air. The composition of zirconolite according to SEM/EDS 
data, in wt%, is 1.8 Al2O3, 10.2 CaO, 39.7 TiO2, 4.0 MnO, 1.4 Fe2O3, 29.5 ZrO2, and 13.3 
ThO2, which corresponds to the formula Ca0.67Th0.19Ti1.84Zr0.89Fe0.07Mn0.21Al0.13O7. 

 
Figure 3. The murataite–zirconolite ceramics doped with thorium: (a) X-ray pattern; (b) SEM image 
(1 and 2: murataite, 3: zirconolite-3T, black: pores). 

A reducing atmosphere (5% H2/N2) is favorable for the formation of the 3T polytype 
CaZr1-xThxTi2O7; at “x” ≥ 0.20 [111], the Ca0.8Ti1.35Zr1.3Th0.15Al0.4O7 phase crystallizes in the 
same 3T type [128]. In the SiO2–Al2O3–CaO–ZrO2–TiO2–ThO2 system, an intergrowth of 
the 2M and 3T polytypes was observed [124], as in the glass ceramics without actinide 
surrogates produced by sintering albite glass (NaAlSi3O8), CaO, ZrO2, and TiO2 for 
0.5–1.5 h at 1100–1300 °C [129] and having 3T as intermediate phase. 

Data on the polytypes of zirconolite in glass ceramics are ambiguous. On the one 
hand, as the content of CeO2 and Nd2O3 was increased to 15 wt%, the transformation of 
the 2M polytype into 4M was observed [130]. When studying [116] glass ceramics with 
phases of the composition Ca1−xZr1−xNd2xTi2O7, Ca1−xNdxZrTi2−xAlxO7, and CaZr1−xCexTi2O7 
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(x up to 0.5), the transition of the 2M polytype to 4M was not observed, in contrast to ce-
ramics with the same degree of substitution. The dominance of 2M in glass ceramics can 
be explained by a low content of rare-earth elements and actinides (10–15 wt%) in the 
phase due to limited solubility in glass [131,132] and rather low distribution coefficients 
(Kd) between zirconolite and glass [19,114,115,124,133–135]. The Kd values for Nd3+ are 
only 1.5–3, decreasing with an increase in the crystallization temperature of zirconolite in 
glass and the total neodymium content [116,136]. 

Synthesis conditions (temperature, pressure, duration, and ambient atmosphere) 
affect the structure of zirconolite-based matrices in the following ways: (1) preservation 
of charge relics and intermediate phases; (2) variations in the valency of elements under 
different oxidizing conditions; (3) change in composition upon reaction with a container 
during sintering or a crucible during melting, contamination of the charge with impuri-
ties, or due to the addition of titanium to create reducing conditions during hot pressing 
or initiation of melting in a cold crucible. This will lead to a change in the chemical and 
phase composition of the matrix compared to the target (calculated) value, which may 
affect its ability to retain actinides. Let us consider these phenomena in more detail and 
their possible role in changing the phase composition and properties of the samples. 

6. Influence of Synthesis Conditions on the Structure of Zirconolite-Bearing Matrices 
In order to obtain ceramic wasteforms containing a realistic HLW (or surrogate) 

fraction, sintering at normal or elevated pressure, melting in electric furnaces, or induc-
tion heating is necessary [15,134,137–140]. Sintering a mixture of clay and radioactive 
waste at 1000 °C was carried out as early as the 1950s [141]. Synthesis of actinide matrices 
by cold pressing–sintering (CPS) was tested on a larger number of samples with surro-
gates and actinides (Pu, Np, Am, and Cm). 

Synthesis of zirconolite by the CPS method is considered in many publications 
[142–146]. No zirconolite is formed within 15 h in experiments at 800 and 900 °C, with 
peaks corresponding to titanium and zirconium oxides, as well as calcium titanate (per-
ovskite) detected in on X-ray diffraction patterns. These oxides are components of the 
mixture and perovskite is an intermediate product. Zirconolite is detected after 15 h of 
sintering at 1000 °C or 10 h at 1100 °C (Table 11). 

Table 11. Phases in sintered ceramics with bulk composition CaZrTi2O7 [145]. 

No 
Parameters Intensities of the Strongest Reflection of Phase at XRD Pattern, rel.% 

T °C t, h TiO2 ZrO2, Baddeleyite CaTiO3, Perovskite CaZrTi2O7, Zirconolite 
51 1200 10 88 100 13 90 
45 1200 15 58 84 92 100 
75 1200 20 57 62 70 100 
53 1300 10 29 30 38 100 
67 1300 20 - <5 rel.% <5 rel.% 100 
168 1400 1 14 24 69 100 
166 1400 3 <5% 11 43 100 
164 1400 5 <5% 11 16 100 
94 1400 20 - - <5 rel.% 100 
20 1450 5 - - <5 rel.% 100 
172 1500 1 - <5 rel.% <5 rel.% 100 
121 1500 20 - - <5 rel.% 100 
18 1550 5 Melting  

With an increase in the temperature and duration of the experiment, the overall 
yield of zirconolite increases, and the accompanying proportions of titanium and zirco-
nium oxides decrease. Zirconolite is the main phase at 1200 °C (20 h), but the content of 
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rutile, baddeleyite, and perovskite remains high. An increase in temperature to 1300 °C 
(20 h) leads to a decrease in their amounts, and a further increase in temperature or time 
does not affect the phase composition of the samples. At 1550 °C, the mixture melted, 
since the melting point of stoichiometric zirconolite is 1525 °C. The composition of zir-
conolite was identified to be Ca1.09Zr1.07Ti1.89O7 (1500 °C, 5 h) and Ca1.12Zr1.04Ti1.90O7 (1500 
°C, 20 h). A small amount of perovskite (up to 5%): Ca1.06Ti0.93Zr0.03O3 (run 14) and 
Ca1.08Ti0.94Zr0.04O3 (run 121) was observed even at the maximum temperature and sinter-
ing time (Figure 4). 

Ceramics of composition CaZrTi2O7 were obtained by sintering for 10 h at 900–1450 
°C and studied by X-ray diffraction, SEM, and TEM [146]. The amount of CaTiO3 (per-
ovskite) and ZrO2 (baddeleyite) after 1200 °C decreased to 2 wt%; after 1300 °C (Table 12), 
zirconolite became the main phase (>99%). 

 
Figure 4. SEM images of the sample No. 121; 1: zirconolite, 2: perovskite; scale bar is 50 μm. 

Table 12. Phases (wt%) in ceramic of CaZrTi2O7 composition sintered for 10 h [146]. 

T °C Zirconolite Perovskite, CaTiO3 Baddeleyite, ZrO2 Rutile, TiO2 Density, rel.% 
900 4.9 38.0 35.3 21.8 55.0 
1000 36.9 27.7 22.9 12.5 55.9 
1100 78.7 11.2 10.1 - 56.8 
1200 95.1 2.6 2.3 - 59.58 
1300 99.0 1.0 - - 72.7 
1400 99.0 1.0 - - 97.0 
1450 99.0 1.0 - - 98.3 

The CPS method has been proposed for industrial immobilization of plutonium into 
titanates with the structure of pyrochlore and zirconolite [66,103–105,138,147,148]. This 
process generally includes grinding oxides to a size of less than 20 μm by ball milling, 
homogenizing, granulating and pressing the mixture at 10–20 MPa, and then heating in 
air or in an Ar medium at 1300–1400 °C for 4–6 h. The final product has a density of 5.5 
g/cm3 and consists of pyrochlore (90%), brannerite and rutile (5% each), and zirconolite 
and oxide (U,Pu)O2 (up to 1%) with grains of micron size. To test its possible scale up to 
industrial application, around one thousand samples were made, weighing 500 g with 
dimensions of 6 cm in diameter and 3 cm in height (similar to a hockey puck). Ce, U, and 
Th oxides were used as Pu surrogates, but samples with 10–12 wt% PuO2 were also 
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produced. In all samples, the 2M zirconolite polytype (sp. group C2/c) is formed, which 
was confirmed by high-resolution TEM data. 

Pressing at 1 atm and sintering are used to manufacture nuclear fuel based on U 
[149] and with additions of Th, Pu, and minor actinides (Np, Am, and Cm) [150,151]. The 
process takes place above 1500 °C in a reducing/inert environment. To obtain UO2–AmO2 
fuel, a mixture of crushed U3O8 and AmO2 is pressed into pellets at 450 MPa and fired for 
4 hours at 1750 °C in a medium of 96%Ar/4%H2. MOX fuel (U–Pu) is sintered for 24 hours 
at 1700 °C in a reducing atmosphere. The CPS method for obtaining actinide matrices is 
simpler than the production of nuclear fuel, since it does not require such high temper-
atures and a special gas atmosphere. The conditions for obtaining zirconolite: 20 h at 1300 
°C, 10 h at 1400 °C, and 5 h at 1450 °C are determined for the CaZrTi2O7 composition, and 
the same parameters are necessary for the synthesis of zirconolite with actinides (Th, U, 
and Pu) and their associated REE surrogates [152–154]. Synthesis can be accelerated by 
attrition of the initial mixture in an induction rotator or an impact-type planetary mill 
[155]. In this case, a dense (open porosity 1%, density 4 g/cm3) single-phase ceramic, 
consisting of zirconolite with the composition CaZr0.75U0.25Ti2O7, could be obtained in just 
2 hours at 1350 °C. 

To accelerate the preparation of zirconolite ceramics at a lower temperature, it has 
been proposed to perform the sintering stage with the addition of a flux (CaF2) and an 
oxidizing agent (Fe2O3) and to replace part of the TiO2 in the charge with more reactive Ti 
[156]. Samples were prepared from a mixture of CaF2, Fe2O3, Ti, TiO2, and ZrO2. The CeO2 
simulant was added based on substitution in the zirconolite formula Ce4+ = Zr4+ in the 
range from 0 to 50 at.% with a step of 10 at.%. The powders were pressed into pellets with 
a diameter of 12 mm and sintered for 6 h at a temperature of 900 to 1300 °C. Corro-
sion-resistant ceramics containing zirconolite, perovskite, and pseudobrookite (Fe2TiO5) 
were obtained at 1200 °C according to the reaction 2Fe2O3 + 3Ti + TiO2 + 2(1 − y)ZrO2 + 
2CaO + yCeO2 = 2CaZr1−yCeyTi2O7 (zirconolite) + 4Fe, and CeO2 appears at y = 0.5. 

Another option is pressure-assisted sintering, either using isostatic (HIP) or axial 
(HUP) hot pressing [148] or electric pulse sintering (SPS) methods. As a result, the target 
phases are obtained in a short time and at lower temperatures. Synthesis is also acceler-
ated by replacing the oxide mixture with a sol–gel precursor, which is prepared by mix-
ing solutions with matrix and waste components, followed by neutralization. As a result, 
colloids and a gel are formed, which are dried, pressed, and sintered. Hot pressing of a 
mixture of composition Ca0.75Ce0.25ZrTi1.625Fe0.375O7 for 2 h at 1320 °C and 100 MPa was 
used to obtain [157] a matrix of zirconolite (Ca,Ce)Zr(Ti,Fe)2O7 and perovskite, varying in 
composition from CaTiO3 in the center of the grains to (Ca,Ce)(Ti,Fe)O3 at the edges. 
Under similar conditions (HIP, 1320 °C, 100 MPa, 2 h), zirconolite Ca0.75Ce0.25ZrTi2O7 was 
synthesized [71] from a sol–gel charge with the addition of 2.2 wt% Ti to stabilize Ti3+ in 
order to ensure the electroneutrality of the structure during the exchange reaction: 0.25 
Ca2+ + 0.25 Ti4+ = 0.25 Ce3+ + 0.25 Ti3+. 

Two types of matrices based on zirconolite for the immobilization of Pu-containing 
wastes were synthesized by hot isostatic pressing (HIP) using steel (SS) or nickel (Ni) 
canisters [158]. The HIP-SS sample contained 13.5 wt% PuO2, 10 wt% HfO2, 4.2 wt% 
Gd2O3, 4.2 wt% Sm2O3, and targeted a phase assemblage comprising 80% zirconolite 
(CaZrTi2O7), 10% hollandite (BaAl2Ti6O16), and rutile (TiO2) each. The composition of 
zirconolite was determined to be Ca0.47Pu0.34Gd0.15Sm0.13Hf0.25Zr0.55Ti1.74Al0.37O7 from EDS 
analysis. The HIP-Ni sample with 15 wt% PuO2 and 6 wt% Gd2O3 was designed to pro-
duce pyrochlore, 25% zirconolite, and rutile impurities. The composition of zirconolite 
determined by SEM/EDS corresponded to 
Ca0.72Gd0.13Pu0.22U0.09Th0.02Zr0.87Ti1.76Al0.12Ni0.06O7. 

SYNROC-Z with waste from the GANEX (Group Actinide Extraction) process was 
obtained by hot pressing, reported to comprise hollandite, perovskite, rutile, zirconolite. 
Equilibrium during synthesis is achieved in 3–5 h at 1150–1200 °C, and pressure varia-
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tions in the range from 10 to 40 MPa have almost no effect on the rate of phase formation 
[159]. 

7. Samples Obtained by Melt Crystallization 
Another way to obtain HLW matrices is melt crystallization. The high melting point 

of zirconolite (1525 °C) complicates its synthesis in electric furnaces. A method of melting 
in a “cold” crucible induction melter (CCIM) with temperatures from 1200 to 3000 °C has 
been proposed [63,134,137,160]. Zirconolite-rich ceramic matrices have been prepared 
[137] by CCIM at 1600–1700 °C; consisting of zirconolite (70%), perovskite (10–30%), and 
an admixture of Zr and Ti oxides (rutile). The optimal content of actinide waste (Pu, mi-
nor actinides, or REE–MA fraction) in it is estimated at 10 wt%, and the mass of the re-
sulting blocks can vary from 2 to 30 kg. From a mixture of oxides of Ca, Zr, Ti, Gd, and Al, 
taken in a ratio corresponding to the formula of zirconolite, four samples were prepared 
by CCIM [160]. The temperature varied from 1550 to 1650 °C depending on the charge 
composition decreasing with an increase in the Gd content in the mixture. The difference 
in compositions by SEM and chemical analysis (Table 13) is due to their heterogeneity. In 
addition to zirconolite, zirconium and gadolinium oxide, rutile, perovskite, aluminum 
titanate (pseudobrookite), and glass with high silica content were found (Figure 5, Tables 
14 and 15). 

Table 13. Compositions 1 determined by SEM 2 (numerator) and “wet” chemistry (denominator). 

Oxide, wt% Sample–I Sample–II Sample–III Sample–IV 
Al2O3 8.70/6.3 8.8/6.5 11.3/9.4 2.9/1.3 
SiO2 6.1/5.6 5.4/7.9 5.6/4.9 1.0/2.6 
CaO 5.3/4.9 5.4/5.1 6.2/5.7 13.2/14.3 
TiO2 26.7/24.1 32.0/27.3 38.1/38.5 33.6/38.3 
ZrO2 23.5/25.4 19.0/19.5 31.0/25.5 41.3/32.5 

Gd2O3 30.0/n.a. 29.2/24.9 7.6/6.1 7.7/n.a. 
1 Additionally 0.1–0.2 wt% Na2O, K2O, and FeO; n.a., not analyzed. 2 Determination of the compo-
sition by the SEM/EDS was carried out according to 5 analyses of 300 × 300–1000 × 1000 micron 
areas. 

Table 14. Relative contents of the phases in Samples I–IV, in vol.%. 

Phase Sample–I Sample–II Sample–III Sample–IV 
Zirconolite (Zir) 80 1 75 1 65 50 

Gd-Zr oxide (GZO) 10 10 10 25 
Ti oxide (TO) <1 <5 15 5 

Perovskite (Per) n.o. n.o. n.o. 20 
Al2Ti2O5 (AT) n.o. n.o. 5 n.o. 

Glass (Gl) 10 10 5 <5 
1 Sum of two zirconolites (early and late differed on Ti/Zr ratio); n.o.—not observed. 

Table 15. The compositions of samples I, IV and their phases, designations are as in Table 14. 

Oxide S-I Zir-1 Zir-2 GZO TO Gl S-IV Zir GZO TO Per Gl 
Gd2O3 29.2 31.6 33.5 23.2 1.2 12.6 7.0 6.8 9.8 Bdl 7.7 2.4 
ZrO2 19.0 30.6  10.0  69.0 3.4 Bdl 40.4 44.9 81.5 3.6 1.2 0.7  
TiO2 32.0 26.3 42.9 6.0 91.8 8.3 34.5 33.8 5.4 95.5 54.9 12.2 
CaO 5.4 5.0 4.8 1.1 0.9 14.0 14.3 12.9 2.9 0.5 35.5 22.4 
Al2O3 8.8 6.4 8.0 Bdl 1.3 24.0  2.8  1.7  0.3  0.3 0.7 26.6 
SiO2 5.4 Bdl Bdl Bdl Bdl 41.0 3.0 Bdl Bdl Bdl Bdl 35.0 

Bdl—below the detection limit of 0.3–0.5 wt%. 
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Samples I and II contain two forms of zirconolite. From early (1) to late (2) zircono-
lite, the Zr content decreases and the Ti content increases, while the Gd content remains 
at the same level (Table 16). The late zirconolite-2 is characterized by a low Zr content and 
is enriched in Gd and Al. The amount of (Zr,Gd)O2−x increases in the sample with the 
maximum ZrO2 content in the charge. Silica, small amounts of alkalis, and iron enter the 
melt when the refractory coating of the crucible dissolves. 

 
Figure 5. SEM images of samples of zirconolite ceramics obtained by CCIM: Sample I (a) general 
view, (b) detail: 1: Zr oxide; 2 and 3: zirconolite-1 and -2; 4: Ti oxide; 5: glass); Sample IV (c) general 
view, (d) detail: 1: Zr oxide; 2: zirconolite; 3: perovskite; 4: Ti oxide). Scale marks are 50 (a), 20 (b), 
200 (c), or 20 (d) micrometers. 

Table 16. Zirconolite formulas calculated from SEM/EDS analysis. 

Sample Number Generation of Zirconolite Formulae Normalized to 7 O2− 

Sample I Zirconolite-1 (early) Ca0.34Gd0.69Zr1.06Ti1.37Al0.49O7.0  
Zirconolite-2 (late) Ca0.30Gd0.74Zr0.33Ti2.01Al0.60O7.0 

Sample II Zirconolite-1 (early) Ca0.35Gd0.72Zr1.03Ti1.42Al0.45O7.0 
Zirconolite-2 (late) Ca0.31Gd0.71Zr0.32Ti2.02Al0.59O7.0 

Sample III Zirconolite Ca0.52Gd0.39Zr0.91Ti1.69Al0.44O7.0 
Sample IV Zirconolite Ca0.84Gd0.14Zr1.26Ti1.60Al0.14O7.0 

Two samples containing an REE–actinide surrogate fraction were fabricated by 
CCIM using a batch mixture of composition 15.5 wt% CaO, 44.5 wt% TiO2, 20.5 wt% 
ZrO2, 5.0 wt% CeO2, 2.0 wt% Eu2O3, 4.0 wt% La2O3, and 8.5 wt% Nd2O3 (target formula 
Ca1.01Ti2.04Zr0.61La0.09Ce0.11Eu0.04Nd0.19O7). To initiate melting, a Zr ring was placed onto the 
surface of the batch. After the end of the experiment the melt was solidified in the cruci-
ble. To assess the effect of heat treatment, the sample obtained was additionally calcined 
for 4 h at 800 °C. According to XRD and SEM/EDS data (Figure 6), both samples are 
dominated by zirconolite, with minor ZrTiO4 (srilankite) and TiO2 (rutile). SEM images 
revealed two types of zirconolites of different composition (Table 17). We did not deter-
mine their polytypes, but it is likely that zirconolite-1 is a 2M polytype, while zircono-



Ceramics 2023, 6 1591 
 

 

lite-2 is a 4M polytype (or alternatively zirconolite-4M and pyrochlore). The effect of 
heating on the structure of the sample was not revealed. 

 
Figure 6. SEM image of pristine ceramics (a,b) and the sample after heating for 4 h at 800 °C (c,d). 
1,2: zircono-lite-1 and -2 (pyrochlore?); 3: zirconium titanate; 4: rutile. Phase numbers as in Table 17. 
Scale bars are 200 (a,c) and 50 (b,d) micrometers. The images (b,d) are details of (a,c). 

Table 17. Average formulae of the phases in the samples calculated from SEM/EDS analysis. 

N Phase Ideal Formula Initial Sample After Heat Treatment 

1 Zirconolite-1 
CaZrTi2O7 

(Ca0.40La0.03Ce0.10Nd0.30Eu0.14) 
Zr1.03Ti1.84O7 

(Ca0.36La0.03Ce0.10Nd0.29Eu0.12) 
Zr1.01Ti1.90O7 

2 Zirconolite-2 (Ca0.35La0.10Ce0.45Nd0.53Eu0.11) 
Zr0.29Ti2.14O7 

(Ca0.38La0.11Ce0.44Nd0.56Eu0.13) 
Zr0.28Ti2.09O7 

3 Zr titanate ZrTiO4 Zr0.92Ti1.08O4 (Ca0.02Zr0.95)Ti1.04O4 
4 Rutile TiO2 Not analyzed Ti0.91Zr0.09O2 

Because Nd3+ serves as a highly suitable crystal–chemical analogue for actinides 
(Am, Cm) and REE–actinide fraction, data on two samples with Nd2O3 obtained by CCIM 
at a scale of approximately 1 kg (Figure 7, Table 18) are of great interest. Sample No. 4 
was synthesized from a charge of the zirconolite composition Ca0.5Nd0.5ZrTi1.5Al0.5O7, 
while the target phase in the synthesis of sample No. 5 was Nd2Ti2O7 titanate with a 
perovskite structure. According to XRD and SEM/EDS data [161,162], sample No. 4 con-
sists of two types of zirconolites, an admixture of Zr oxide, perovskite, rutile, and 
hibonite. The compositions of both generations of zirconolite were calculated using the 
formula with 7 O2- and the sum of cations equal to 4. A small amount of iron in this sam-
ple is most likely associated with impurities in initial reagents for synthesis. Early for-
mation of Zr oxide (Sample No. 4) is caused by a wide field of its crystallization in this 
system. As in the previous samples with Gd, the late generation of zirconolite grains 
contains less Zr, more Ti, and the amount of Nd in it increases. A similar sequence of the 
crystallization of phases beginning from Zr–Gd oxide and zirconolite to perovskite and 
rutile was formerly observed at cooling of a melt with Ca0.9Gd0.1ZrTi1.9Al0.1O7 composition 
[163]. 
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Figure 7. SEM image of the samples: (a) No. 4 (1: zirconolite-1; 2: (Zr,Nd)-oxide; 3: zirconolite-2; 4: 
perovskite; 5: rutile; 6:hibonite) and (b) No. 5 (1: Nd2Ti2O7; 2: zirconolite-3O). Scale bar is 50 mi-
crometers. 

Table 18. Compositions of samples No. 4 and No. 5 and their phases in wt% and atoms in formula. 

Oxide NZO 1 Zir-1 Zir-2 Per TO Hib №5/1 №5/2 mt 3O 
Al2O3 2.1 5.8 5.5 2.4 - 55.2 - 0.8 - 3.1 
CaO 6.8 6.9 5.9 8.8 - 2.3 - - - - 
TiO2 21.3 30.3 46.0 41.9 95.6 25.1 32.9 28.5 31.4 33.1 
FeO - 1.1 3.0 - 1.1 0.9 - - - - 
ZrO2 47.9 33.4 11.6 - 3.3 - - 6.2 0.8 25.2 

Nd2O3 21.9 22.5 28.0 46.9 - 16.5 67.1 64.5 67.8 38.5 
Al3+ 0.04 0.44 0.40 0.08 - 8.37 -  - 0.27 
Ca2+ 0.13 0.48 0.38 0.28 - 0.32 -  - - 
Ti4+ 0.28 1.46 2.11 0.93 0.97 2.43 2.0  1.96 1.82 2 

Fe2+ - 0.05 0.14 - 0.01 0.09 -  - - 
Zr4+ 0.41 1.05 0.34 - 0.02 - -  0.03 0.90 
Nd3+ 0.14 0.52 0.61 0.49  0.76 2.0  2.01 1.01 
Σ cat. 1.0 3.99 3.98 1.78 1.0 11.96 4.0  4.0 4.0 
Σ O2- 1.79 7.0 7.0 3.0 2.0 19.0 7.0  6.99 7.37 

1 NZO: Nd–Zr oxide; Zir-1, Zir-2: zirconolite-1 and -2; Per: perovskite; TO: titanium oxide; Hib: 
hibonite; mt: monoclinic titanate; 3O: zirconolite-3O. 5/1 and 5/2 are the target and actual compo-
sitions of the sample No. 5. 1 Capture of zirconolite during analysis. 2 Part of the Ti is as the Ti3+ 
cation. 

Sample No. 5 was composed of 80% Nd2Ti2O7 phase and 20% zirconolite-3O (Table 
18). The phase composition of the sample differs from the target value by the presence of 
zirconolite due to the contamination of the charge with alumina (impurity in precursor). 
It was interesting to note that the zirconolite formula (Table 18) has a higher number of O 
atoms (7.33) relative to the theoretical value (7.0). One explanation could be the partial 
reduction of Ti4+ to Ti3+ due to the use of a ring of metallic Ti to promote melting with 
exchange reaction in the zirconolite: Ca2+ + Ti4+ = Nd3+ + (Al,Ti)3+. 

8. Other Methods for Obtaining Zirconolite-Containing Matrices 
In recent years, spark plasma sintering (SPS) has become a popular method for the 

synthesis of matrices with waste simulants, including zirconolite [16]. In this case, the 
material is subjected to uniaxial pressure and heating by electric current pulses. SPS is 
believed to be advantageous to produce dense ceramics as it allows rapid synthesis at a 
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lower temperature, compared to the processing times of CPS or HIP (typically several 
hours). Zirconolite ceramics with a grain size of about 2 microns with near-theoretical 
density have been obtained in 1 h at 1200 °C from a mixture of CaTiO3, ZrO2, TiO2 using 
SPS [164]. Spark plasma sintering was applied to produce zirconolite with composition 
Ca0.8Ce0.2ZrTi1.6(Me3+)0.4O7, Me = Fe and Al [165]. CaTiO3, ZrO2, CeO2, TiO2, Al2O3, or Fe2O3 
powders were calcined for 12 h at 800 °C, mixed in ratios corresponding to target for-
mulas, ground, and homogenized in planetary ball mill. Then 5 g of the mixture were 
placed in a cylindrical graphite mold with a diameter of 20 mm with graphite foil spacers 
for uniform current flow and pressed at a load of 3 tons for 5 minutes to form a tablet. 
The mold was loaded into the SPS system and heated at a rate of 100 °C/min to 1320 °C at 
a uniaxial pressure of 15 MPa in vacuum. The content of zirconolite-2M in the sample is 
>80%; there is also a significant amount of cerium-containing perovskite due to the re-
duction of Ce4+ to Ce3+ (quantified by Ce L3-edge XANES analysis). The use of Al3+ as a 
charge compensator in the reaction Ca2+ + Ti4+ = Nd3+ + Al3+/Fe3+ reduced the proportion of 
perovskite in ceramics. 

To obtain zirconolite-rich matrices, heating with high-frequency currents and self- 
propagating high-temperature synthesis (SHS) has also been investigated. Syntheses 
have been reported using inactive REE simulants (Ce and Nd) [166–170]. Besides zir-
conolite-2M, the samples contain perovskite and, less often, pyrochlore at the elevated 
surrogate concentration, with REE elements preferentially located within the perovskite 
phases. An example of the synthesis of zirconolite ceramics from a mixture of MoO3, 
CaO, Ti, ZrO2, Al2O3, and Nd2O3 is described in [170]. The target phases were Nd–Al 
zirconolite and metallic Mo in accordance with the intended reaction: 4MoO3 + 3(1 − 
x)CaO + 6Ti + 3ZrO2 + 1.5xNd2O3 + 1.5xAl2O3 = 3Ca1−xNdxZrTi2−xAlxO7+2x + 4Mo. The 
amount of Nd2O3 in the batch was calculated to replace up to 30 at% Ca in the zirconolite 
formula. The mixture (20 g) was triturated and homogenized in an agate mortar, pressed 
at 10 MPa into tablets, and the SHS process was initiated with a spiral of W heated by a 
current of 50–60 A. After 20–25 s after the start of the reaction, the products were com-
pacted at a pressure of 40–50 MPa using a hydraulic press for 60 s. The main phases are 
Nd–Al zirconolite, metallic Mo, and an admixture of rutile and perovskite. The compo-
sition of zirconolite corresponds to the formula Ca0.76Nd0.17Zr1.13Ti1.75Al0.15O7, which was 
somewhat different from the target with “y” = 0.15: Ca0.85Nd0.15ZrTi1.85Al0.15O7. Ceramics 
were also synthesized [168,169] with other actinide simulants (Ce) and a reducing agent 
Cu,Ca(NO3)2. When using a mixture of CuO, CaO, Ti, TiO2, ZrO2, and CeO2 the goal was 
to fabricate Ce-containing zirconolite according to the reaction: 6CuO + 2CaO + 3Ti + TiO2 
+ 2ZrO2 + CeO2 = 2Ca(Zr,Ce)Ti2O7 + 6Cu. Due to the reduction of cerium to Ce3+, perov-
skite was formed, the content of which increases from 12 to 67% with an increase in the 
share of CeO2 in the charge with a decrease in the proportion of zirconolite [169]. Despite 
the simplicity of SHS, its main disadvantages are less controlled synthesis parameters, 
high gas release and entrainment of solid particles–aerosols, which is unacceptable for 
highly active materials, ceramic porosity, small size and weight of blocks (hundreds of 
grams), lack of experiments with transuranium actinides, and verification of the tech-
nology in a remote environment. Solutions were proposed for a number of problems, for 
example, in order to increase the density, it was proposed to press the sample after com-
pletion of SHS; however, this leads to a complication of the technology when it is carried 
out remotely. 

9. Influence of Oxidative Conditions of Synthesis on the Structure of Matrices 
Actinide and REE cations can have different oxidation states and sizes depending on 

the imposed conditions during materials synthesis. At high temperatures, the following 
ions are stable: U4+/5+, Np4+, Pu3+/4+, Am3+, Cm4+, and Ce3+/4+, the remaining REEs are in the 
trivalent state. Variations of PO2 from 0.2 atm (air) to 10−4 atm (N2 medium) do not affect 
the phase composition of zirconolite ceramics with REEs (Ce, Nd) and actinides (U, Np, 
Pu) obtained by sintering or hot pressing at 1250–1400 °C [171]. When the charge and size 
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of element cations change, they will enter different structural positions of zirconolite, re-
placing Ca2+ and/or Zr4+ cations. The products of zirconolite synthesis with Ce and Pu by 
sintering for 10–80 h at 1200–1550 °C in various media (air, N2, Ar, a mixture of 3.5% H2 + 
96.5% N2) or hot pressing (2 hours at 1150 °C and 200 atm) were studied [172,173]. Ce is 
present in the samples as Ce3+ or/and Ce4+, which models the behavior of Pu ions due to 
close sizes, for example, for coordination numbers (CN) equal to VI they are 0.101 
(Ce3+)–0.100 (Pu3+) nm and 0.087 (Ce4+)–0.086 (Pu4+) nm [98,124]. In experiments with Pu, 
instead of zirconolite CaZrTi2O7, its hafnium analogue CaHfTi2O7 has been used to avoid 
overlapping of the LIII (Pu) and K (Zr) lines when determining the plutonium valence in 
zirconolite by X-ray absorption spectroscopy (XAS) in the near-edge region of the X-ray 
absorption (XANES) spectrum. The change from an oxidizing (air) or neutral (Ar, N2) 
medium to a reducing one (3.5% H2/N2) leads to the appearance of 10% perovskite in 
samples with Pu and Ce due to the formation of their respective trivalent cations. In 
samples with Np, perovskite is not formed, since it only exists in the Np4+ state over the 
entire PO2 range. 

A series of CaZr1−xCexTi2O7 samples (x from 0 to 0.4) was fabricated by the CPS 
method at oxidizing, inert, and reducing conditions [110]. They contain two polytypes of 
zirconolite (2M and 4M) and perovskite, the relative yields of which were dependent on 
the synthesis conditions and the value of the Ce3+/Ce4+ ratio. Under oxidizing conditions, 
where Ce4+ is stable, perovskite is absent. In inert and reducing media, a part of Ce4+ is 
reduced to Ce3+, and although zirconolite-2M remained the dominant phase, up to 8% of 
Ce-bearing perovskite also appeared. During the synthesis of ceramics with CeO2 (sim-
ulator of tetravalent actinides) by sintering at 1250–1400 °C in air in the range of 15–25 
wt% CeO2, the transition of the 2M polytype to zirconolite-3T is observed [125]. 

Another possible reason for the replacement of zirconolite with perovskite and zir-
conium oxide is associated with the reduction of Ti4+ to Ti3+ [174]. Zirconolite CaZrTi2O7 
was prepared from a sol–gel mixture, and the mixture was dried and calcined for 1 hour 
in air at 700 °C, granulated, and sintered for 60 h at 1400 °C in air. To determine the effect 
of the medium on the stability of zirconolite, the sample was crushed to 100 μm and 
heated again in a flow of 3.5% H2/N2 at 1400 °C, first for 20 h and then for another 40 h. As 
a result, its structural rearrangement occurred with the formation of an oxide phase with 
the structure of fluorite and perovskite (CaTiO3). The shift of the position of the Ti–K 
edge (XANES method) to lower energies indicates an increase in the relative quantity of 
Ti3+ in the sample. The maximum shift (60 h, 1400 °C, 3.5% H2/N2) is a quarter between the 
values for Ti2O3 and TiO2, i.e., 25% of the titanium in the sample is suggested in the Ti3+ 
state. 

The difference in the phase composition from the target value may be due to a 
change in the composition of the samples due to interaction with the container during the 
preparation of matrices by hot pressing or the reaction of the melt with the walls of the 
crucible. This effect was found when preparing ceramics by hot pressing [108,175]. The 
reaction of stainless steel and ceramic during the HIP process resulted in the formation of 
a transition region due to Fe diffusion with a change in the amount of zirconolite at the 
interface. These interactions do not create lower durable phases and are unlikely to have 
a detrimental effect on the stability and chemical resistance of SYNROC. In glass ceramics 
composed of 70 wt% CaZr0.8Ce0.2Ti2O7–30 wt% NaAlSi3O8 glass obtained by HIP, along 
with the zirconolite-2M, there are perovskite, sphene CaTiSiO5, baddeleyite m-ZrO2, 
zircon ZrSiO4, rutile TiO2, and CeO2. The predominant oxidation state of cerium is Ce3+, 
probably due to the influence of the steel canister [176]. 

When studying actinide matrices, stable simulants (REEs, Hf) or weakly active acti-
nides (U, Th) are used. Tetravalent cations (Hf, Ce, Th, U) serve to replace Pu4+ and Np4+, 
while to imitate trivalent cations (Pu, Am, Cm) close to them in size, Ce3+ and Nd3+ are 
used [137]. Samples of the composition Ca1−xCexZrTi2−2xAl2xO7 (x = 0–0.35) were studied 
[97]. In the compositional range 0.05 < x < 0.2, the proportion of zirconolite is more than 
94%. Zirconolite Ca0.8Ce0.2ZrTi1.6Al0.4O7 contains 9.3 wt% CeO2, which, taking into account 
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the difference in atomic masses of Ce and Pu, corresponds to 14.9 wt% PuO2. For zir-
conolite, a large number of studies have been carried out with transuranium actinides Pu 
and Np, and there are some data on the behavior of Cm; the following section will ex-
amine these systems in detail. 

10. Zirconolite Matrices with Transuranium Actinides 
Between 1994 and 1997, collaborative work at ANSTO (Australia) and LLNL (USA) 

focused on ceramics with a high targeted yield of zirconolite, containing ~12 wt% Pu and 
17 wt% Gd and Hf (neutron absorbers) for criticality control. Samples were prepared for 
sintering by uniaxial or hot isostatic pressing. The HIP method was used to fabricate the 
samples with REE surrogates of up to 10 kg and with a Pu weight of 0.4 kg (50 g of PuO2). 
To prevent an inadvertent chain reaction, the addition of U is required which limits the 
Pu content in zirconolite. As a result, ceramics composed of 95 wt% pyrochlore 
(Ca0.89Gd0.22Hf0.23Pu0.22U0.44Ti2O7) and 5 wt% rutile (Ti0.9Hf0.1O2) were obtained [138,148]. 
Samples containing Pu and U, Th and U, or Ce and U consisted of pyrochlore, an ad-
mixture of brannerite and rutile. In ceramics sintered in air, the proportion of brannerite 
increases relative to pyrochlore compared to synthesis in Ar. During sintering in 3.7% 
H2/Ar, brannerite and rutile disappear, but zirconolite-2M and perovskite appear in ad-
dition to the main pyrochlore phase. A change in temperature from 1250 °C to 1400 °C 
had little effect on the composition of phases and the structure of ceramics, except for the 
partial retention of Pu oxide at lower temperatures, and an increase in the grain size and 
density of ceramics with an increase in temperature to 1350 °C. From the point of view of 
crystal chemistry, Th4+ is the best analogue of Pu4+ in the experiments with surrogates. 

Pyrochlore ceramics for immobilizing excess Pu in the United States evolved from 
early forms of SYNROC to meet the requirements of the fissile materials disposal pro-
gram [67,177]. The basic composition (12 wt% PuO2, 24 wt% UO2) consists of 80% pyro-
chlore, 12% brannerite, and 8% rutile. Due to impurities, zirconolite appears in Pu in the 
form of several polytypes: 2M, 3T, and 4M with various stacking of Ca/Zr and TiOx layers 
[66,104]. After the curtailment of the Pu utilization program, interest in pyrochlore faded, 
but the study of zirconolite as a matrix of small actinides and REE–MA fraction became 
more active. Therefore, all the results of the study of zirconolite are of interest. 

The studies of zirconolite with Np and Pu started in the 1980s [178,179] and con-
tinued into the 1990s [171,172]. The samples were sintered for 20 h at 1150 °C–1400 °C in 
air, in an inert (Ar, N2) or reducing medium (3.5% H2/N2, graphite crucible) at 1 atm or 
increased (20 MPa) pressure. The valency of Ce and Pu in the samples depends on the 
conditions of synthesis–fraction of the oxidized state decreases from 100% to 0 when air 
is replaced by an inert and reducing medium, regardless of the presence of Al3+ as a 
charge compensator. Even under the most reducing conditions (3.5% H2/N2), Np4+ is sta-
ble, which distinguishes it from Ce and Pu with more common trivalent state. The Pu and 
Np cations are distributed between the Ca and Zr sites of the zirconolite. The amount of 
Pu in the Zr4+ position increases with an increase in the fraction of the Pu4+ state and a 
decrease in the content of Al3+. Although the radius of Np4+ is larger than that of Zr4+ and 
Pu4+, it mainly enters the Zr4+ positions. In addition to zirconolite, the samples always 
contain perovskite, in which the degree of oxidation of actinides depends on the compo-
sition; the content of Al3+: Ce and Pu in perovskite are in the 3+ state (if there is little Al3+) 
or 4+ (in the case of a lot of Al3+) both during synthesis in air and under reducing condi-
tions and inert environment. In the absence of Al3+, the perovskite composition is deter-
mined by the reactions Ca2+ + Ti4+ = (Ce,Pu)3+/4+ + Ti3+ and 2Ca2+ = (Ce,Pu)4+ + vacancy. 

When Zr4+ is replaced by Pu4+ in CaZr1−xPuxTi2O7 zirconolite (x = 0.1–0.6), zircono-
lite-2M is replaced by 4M polytype and then by pyrochlore [96]. Zirconolite-2M is stable 
up to 15 at% Pu4+, 4M forms near CaZr0.6Pu0.4Ti2O7 composition, and pyrochlore is stable 
at a higher Pu content. The stability of zirconolite polytypes is sensitive to the size of ions 
in the VIZr4+ position. The reduction of Pu4+ to Pu3+ leads to the replacement of zircono-
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lite-4M by perovskite and, possibly, zirconolite-3T. Zirconolite with Pu is superior to ti-
tanate pyrochlore in terms of radiation resistance and stability in water [67]. 

Two samples with 10 wt% PuO2 based on zirconolite or monazite were synthesized 
[179]. The batch was pressed (800 MPa) and sintered for 10–15 h at 1450 °C. The formulae 
of zirconolite (Ca0.87Pu0.13)Zr(Al0.26Ti1.74)O7 and monazite (Ca0.09Pu0.09La0.73Th0.09)PO4 were 
determined. The density of ceramics is 4.4–5.1 g/cm3, or 92–96% of the theoretical value. 
The XANES showed that plutonium is present as Pu4+ (zirconolite) and Pu3+ (monazite). 

Ceramics with composition, wt%: CaO (13.4–15.8), Al2O3 (0–1.7), Gd2O3 (0–5.9), TiO2 
(40.8–45.2), ZrO2 (29.4–31.3), and PuO2 (7.7–8.8) with zirconolite were obtained by melt-
ing a mixture of oxides at 1550 °C for 1 h [180]. The proportion of zirconolite in the sam-
ples is 80–85%. When the batch is melted under reducing conditions, perovskite also 
appears. 

The possibility of incorporating Pu with isotopic composition 91% 239Pu, 9% 240Pu 
into zirconolite (Ca1−xPux)Zr(Ti2−2xFe2x)O7 (x = 0.1–0.7) was studied [101]. Up to x = 0.3, the 
2M polytype is stable, the 3T polytype is stable up to x = 0.4 (20 wt% Pu), and with an 
increase in x to 0.6 and 0.7, in addition to the 3T polytype, oxides of Fe and Pu also ap-
pear. 

The work of [108] presents data on zirconolite ceramics with U/Th and Pu obtained 
by hot isostatic pressing. Mixtures of oxides weighing from 200 (U/Th sample) to 20 g 
(with Pu) were sintered for 3 h at 1280 °C, 100 MPa in argon. In addition to zirconolite, 
both samples contain hollandite, and the U/Th matrix also contains brannerite. The 
leaching rate for Pu and Hf < 10−5 g/m2/d, and for Gd between 10−4 and 10−5 g/m2/d. 

The work of [181] studied the leaching of Ce– and Pu–zirconolite in 1 M HCl, 2 M 
NaCl, 1 M NaOH, H2O) at 100–300 °C. Most of the runs were carried out with zirconolite 
containing 238Pu and 239Pu in 1 M HCl. Zirconolite with 238Pu is X-ray amorphous; with 
239Pu, it is crystalline. Some conclusions were made: (1) after 14 days of interactions, its 
change is insignificant in all solutions, except for 1 M HCl; (2) dissolution of zirconolite in 
1 M HCl solution is incongruent; (3) the degree of change slightly increases with in-
creasing temperature; (4) at 200 °C in 1 M HCl amorphous zirconolite with 238Pu changed 
to a much greater extent than crystalline samples containing 239Pu. 

11. Radiation Damage in Zirconolite Matrices 
Damage from α-decay was studied in zirconolite containing up to 4 mol.% 238PuO2 

[178,179,182–186]. During irradiation, the density decreases by 6%, and amorphization 
occurs at a dose of 2.13 × 1025 α-decays/m3. A study of zirconolites containing 10 wt% 
239PuO2 or 238PuO2 and obtained by sintering was performed [187]. The sample with 
239PuO2 was composed of zirconolite Ca0.92Pu0.13Zr1.01Ti1.72Al0.25O7. The XANES study 
showed that Pu was in the Pu4+ state. Radiation damage was studied in a sample with 10 
wt% 238PuO2, since the activity (number of decays per second) for 238Pu is 6.3 × 1011 Bq/g 
compared to 2.2 × 109 Bq/g for 239Pu. Some of the samples were kept at 250 or 500 °C. At 25 
°C, amorphization of zirconolite with 238Pu started at 2.2 × 1018 α-decay/g and ended after 
3 years at 5 × 1018 α-decay/g (0.45 displacements per atom). An increase in temperature 
slows down rate of amorphization and the associated decrease in sample density. 

A large number of studies have been carried out on the irradiation of zirconolite 
with accelerated ions of different energies. In [89] zirconolites of composition CaZrTi2O7, 
Ca0.8Ce0.2ZrTi1.8Al0.2O7, Ca0.85Ce0.5Zr0.65Ti2O7, Ca0.5Nd0.5ZrTi1.5Al0.5O7, CaZrNb0.85Fe0.85Ti0.3O7, 
and CaZrNbFeO7 were irradiated with 1 MeV Kr+ in the range from 25 to 973 K and ex-
amined in situ in a transmission electron microscope. Radiation-induced amorphization 
was studied by electron diffraction and high-resolution electron microscopy. As irradia-
tion proceeds, the structure of zirconolite transforms into a fluorite sublattice due to the 
disordering of cations. At room temperature, zirconolites were amorphized at dose of 2 × 
1015–3.9 × 1015 ions/cm2. The dose increases with temperature at different rates for each 
phase. The critical temperatures were 550 K for CaZrNbFeO7, 590 K (Ca-
ZrNb0.85Fe0.85Ti0.3O7), 640 K (CaZrTi2O7), 900 K (Ca0.8Ce0.2ZrTi1.8Al0.2O7), 1000 K 
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(Ca0.85Ce0.5Zr0.65Ti2O7), and 1020 K for Ca0.5Nd0.5ZrTi1.5Al0.5O7. Reduction of Ca content 
appeared to increases the tendency of the material to undergo amorphization. 

Polycrystalline samples composed of zirconolite (Ca0.8Nd0.2)Zr(Ti1.8Al0.2)O7 and per-
ovskite (Ca0.9Nd0.1)(Ti0.9Al0.1)O3 were irradiated with Kr+ ions with an energy of 2 MeV to a 
dose of 5 × 1015 ions/cm2 to simulate the recoil of plutonium nuclei during alpha decay 
[188]. Nd3+ was chosen to replace Pu3+ due to similar ionic radii at the same oxidation 
states. During irradiation, an amorphous region appeared in the zirconolite, separated 
from the initial crystalline material by a thin zone (40–60 nm), where the zirconolite-type 
lattice disappears, but the fluorite-type sublattice is still preserved. 

Fewer investigations concern the irradiation of glass ceramics with zirconolite, alt-
hough their properties may change under the action of the decay of fission products and 
actinides. The work of [189] revealed a change in the shape and composition of the grains 
of the phases of glass ceramics irradiated with Si ions with an energy of 15 MeV. When 
zirconolite glass ceramics were irradiated with 21 MeV Au+ to a dose of 1015 ions/cm2 
[190], a change in the volume of the glass phase, amorphization, and a change in the 
shape of zirconolite grains were revealed; in addition, the Ce content in the glass in-
creased. 

A sample with Nd–zirconolite obtained by sintering was irradiated with 120 MeV 
Au+ ions [191] until amorphization, which was established by the disappearance of re-
flections in the X-ray diffraction pattern. Zirconolite of the composition 
Ca0.8Nd0.2ZrTi1.8Al0.2O7 was irradiated with 30 keV He+ ions [192]; although X-ray diffrac-
tion patterns showed a decrease in intensity and an increase in the width of the peaks, 
complete amorphization did not occur at a dose of 1017 ions/cm2, which confirms its high 
resistance to radiation. Irradiation with 12 MeV Au+ up to 100 displacements per atom 
[193] caused amorphization of zirconolite in glass ceramics, which has a lower elastic 
modulus, compression limit, and higher impact strength compared to the sample before 
irradiation. 

It was shown [194] that the amorphization dose upon irradiation of 1.5 MeV Kr+ at 
25 °C of zirconolite-2M (pure and with Nd or U) and 3T (with Nd and Th) lies in the 
range from 3.8 to 6.1 × 1014 ion/cm2; it is close to the value of Ti-Zr pyrochlore doped with 
uranium, and 3–5 times lower than that of perovskite. No correlation was found between 
its value and atomic mass of the element—an impurity in the composition of zirconolite. 

12. Other Applications of Zirconolite Bearing Matrices 
Glass ceramics with a Zr–calcine simulant from the HLW plant in Idaho and 17 wt% 

PuO2 were prepared [195] by melting (1450 °C, 4 h) and holding the glass for 4 h at 500 °C. 
The mixture consisted of glass (21 wt%), calcinate simulant (52 wt%), metal Ti (4 wt%), 
Sm2O3 (6 wt%), and 17 wt% PuO2. In these glass ceramics, 11 crystalline phases were 
found, two of them contained plutonium: cubic oxide Zr (23–52 wt%) and zirconolite 
(about 6 wt%). The Pu leaching rate (PCT test) was 0.001 g/m2 day. Glass ceramics with 
simulant calcinate of HLW of Idaho plant (ICPP) enriched with ZrO2 or Al2O3, containing 
7 wt% CeO2 (Pu surrogate) or 17 wt% PuO2, were synthesized using three methods: (1) 
melting 1450 °C–cooling; (2) HIP at 1050 °C and 138 MPa; (3) cold pressing at 34.5 
MPa–sintering at 1050–1250 °C [196]. The charge consisted of a mixture of glass, calcinate 
simulant, Ti, Sm2O3, CeO2, or PuO2. Zirconolite is formed in glass ceramics with 
ZrO2–calcine obtained by melting, which, together with Zr oxide, serves as the main 
phase for Ce and Pu. 

The coimmobilization of technetium and transuranium elements is an urgent prob-
lem since they are problematic for vitrification due to volatility or and low solubility in 
glass matrices [197]. Samples based on zirconolite targeting the 
Ca1−x/2Zr1−x/2CexTi2−xMoxO7±d (x = 0.1, 0.2, 0.3) solid solution, where Mo and Ce are simu-
lants for Tc and Pu, respectively, and “d” is the coefficient accounting for charge balance, 
were produced under 5% H2/N2 and Ar at 1200–1400 °C. The phase composition was in-
fluenced by stoichiometry, the form of calcium used as a reagent, temperature, and sin-
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tering atmosphere. The matrix consisted of zirconolite, but at x = 0.3 an admixture of 
perovskite and metallic Mo appeared. Relics of ZrO2 have been preserved in the center of 
zirconolite grains. 

To increase the loading of REE and Mo wastes, B–Si glass ceramics with zirconolite 
and powellite were synthesized by melting and heat treatment of glass. The influence of 
CaO, TiO2, and ZrO2 (C–T–Z) on phase crystallization, structure, and corrosion resistance 
was studied. The glass ceramic had a homogeneous structure at C–T–Z content < 40 wt%. 
At 40 wt% C–T–Z, zirconolite and powellite were present, and at 50 wt% C–T–Z, perov-
skite was found in the glass ceramics. The leaching rate (g/m2/d) at t = 28 d was of the 
order 10−3 for Na, 10−4 for Ca, 10−3 for Mo, and about 10−5 for Nd [198]. 

13. On the Role of Perovskite in Zirconolite Matrices 
Works on the synthesis of matrices consisting only of zirconolite are rare, for exam-

ple, [199]. In many matrices based on zirconolite, there is an admixture of Ca–REE titan-
ate with a perovskite structure. Perovskite can be an intermediate product [62,146] and as 
phase of equilibrium associations (Table 6). It is known for rather low hydrothermal sta-
bility above 100 °C [200]. Large cations (Ca, Ln, U) are easily removed from perovskite in 
an aqueous media with the formation of a layer of oxides and hydroxides of Ti, anatase, 
brookite, on the surface [31,201,202]. The thickness and composition of the layer increase 
with temperature and interaction time. The reduced stability of perovskite in water in 
relation to the other major titanate SYNROC phases (mainly zirconolite and hollandite) 
was established [203]. At 70 °C, a Ti–O–H film appears on the surface of perovskite grains 
[204], passivating the dissolution. As temperature rises to 150 °C, the dissolution rate of 
perovskite increases and it is replaced by precipitates of anatase and brookite with a 
grain size of 10–70 μm. 

Hydrothermal alteration of perovskite and two SYNROC-type ceramics have been 
studied [205]. Perovskite dissolves incongruently above 110 °C at a pressure of 180 kPa (2 
atm) to form brookite and anatase. Hollandite and especially zirconolite are more re-
sistant to corrosion. To reduce the negative effect of perovskite in the matrix, the amount 
of this phase should be minimized, and content of wastes is proposed to be calculated in 
such a way as to exclude the heating of the matrix above 100 °C (considering its isolation 
from the groundwater during the first 1000 years by a corrosion-resistant container). 

To obtain zirconolite Ca1−xLnxZrTi2−x(Al,Fe)xO7 (x = 0.1–1.0), mixtures of CaCO3, ZrO2, 
TiO2, Al2O3, Fe2O3 (Al:Fe = 1) and Ln2O3 (Ln = La, Nd, Gd, Ho or Yb) were heated for 10 h 
at 900 °C, granulated, and sintered for 50 h at 1400 °C [113]. To obtain dense ceramics, the 
pellets were ground, pelletized, and sintered again for 50 h at 1400 °C. The samples in 
addition to zirconolite contain perovskite, whose amount increases with increasing “x”. 
Perovskite is present in all samples with La; it appears at x > 0.5 (Nd), x > 0.7 (Gd, Yb), 
and x > 0.9 (Ho). Zirconolite is represented by polytypes 2M and 3O at high REE content. 

Ceramics CaZr0.8Ce0.2Ti2O7, CaZr0.8U0.2Ti2O7, and Ca0.8Zr0.9Ce0.3Ti1.6Al0.4O7 with the 
addition of Ti and Zr to exclude the formation of perovskite were fabricated by the HIP 
method at 1300 °C, 100 MPa for 4 h in Ar medium [112]. The matrices were leached for 14 
days at 90 °C. The largest removal of Ce (15%) occurs from CaZr0.8Ce0.2Ti2O7 in a 1 M 
H2SO4 solution. The degree of Ce removal correlates with the amount of perovskite. The 
sample of bulk composition CaZr0.8U0.2Ti2O7 is more resistant to leaching due to the lower 
proportion of perovskite; only 7 rel.% U was released into the 8M HNO3 solution. Ce-
ramics targeting Ca0.8Zr0.9Ce0.3Ti1.6Al0.4O7 without perovskite were significantly more sta-
ble, with less than 0.4% Ce leaching into the 1 M H2SO4 solution. This demonstrates the 
importance of impurity phases (perovskite) which can affect the corrosion resistance of 
the matrix in solutions. 

14. Glass Crystalline Materials (GCM) with Zirconolite Crystalline Phase 
One way to accelerate the formation of zirconolite at relatively low temperatures is 

the synthesis of composite glass crystalline matrices (GCM) [18,206]. This can also avoid 
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the appearance of an unwanted perovskite phase. For the manufacture of GCM, two ap-
proaches are proposed (Figure 8): internal crystallization or encapsulation [17,19,140]. 

Encapsulation is the physical mixing of prefabricated crystalline phases with glass, 
followed by pressing (granulation) and heat treatment. The crystalline phases typically 
act as the host wasteform for actinides, with the nonradioactive glass serving as a binder 
and an additional barrier, thereby increasing durability. 

A common method for the manufacture of composite GCM is melt crystallization 
during cooling as well as heat treatment of a parent glass; in this case, the materials ob-
tained from the parent glasses are termed glass ceramics (GC) [19,206]. In the second 
case, a two-stage glass heating is used for nucleation at lower temperature and crystal 
growth at higher temperature (Figure 8). 

 
Figure 8. Obtaining glass crystalline matrices by crystallization of parent glass containing radio-
nuclides (a) or sintering of powders of a glass frit and crystals with incorporated radionuclides (b). 
Nucleation (1) and growth (2) rates of zirconolite in the Ca–Al–Si–Zr–Ti glass ceramics (c). Curves 1 
and 2 are separated at temperature, which optimizes the production of glass ceramics during 
two-stage heat treatment. Reproduced from [17], available open access. 

A large number of works on zirconolite glass ceramics have been performed in 
France. Such matrices for immobilization of Pu, MA, or REE–MA were obtained [134] by 
sintering without/under pressure, melting, and heating the glass to form glass ceramics. 
Zirconolite-containing matrices were obtained by (1) melting in an electric furnace at 
1450 °C a mixture of oxides, including Al2O3, SiO2, and 6.5 wt% Nd or Ce oxides, and 
heating the glass at 1200 °C; (2) melting of a mixture of oxides with 12–26 wt% REE sim-
ulants at 1600–1700 °C in CCIM. In the first case, glass ceramics were obtained, in which 
there was 30–40% zirconolite and 60–70% glass, with Nd and Ce distributed between 
both phases with a slight enrichment in zirconolite. In the second case, crystalline ce-
ramics were formed in which, in addition to 50–70% zirconolite, there was also 10–30% 
perovskite, Zr and Ti oxides, and sometimes Al2TiO5. The REE content in zirconolite and 
perovskite was 30 and 15 wt%, respectively. A rapid deceleration of the mass loss rate is 
observed for both matrices in water at 90 °C; after 10 days the leaching rates are as small 
as 10−6 g/m2/d for ceramics, but for glass ceramics they are an order of magnitude higher 
due to decreased stability of the vitreous phase in solution. 

Glass ceramics with zirconolite were synthesized [114] by heating the glass of 
composition (wt%) 43 SiO2, 13 Al2O3, 21 CaO, 9 ZrO2, 13 TiO2, 1 Na2O with the addition of 
up to 10 wt% Nd2O3 first at 810 °C (nucleation stage), and then at 1050 or 1200 °C (growth 
stage). Here, Nd3+ was chosen as a surrogate for Am3+ and Cm3+ due to the same ionic 
radii (1.09 Å). Zirconolite is the only phase in the bulk volume of the sample; sphene, 
anorthite, and baddeleyite (1200 °C) were formed on its surface. With an increase in the 
Nd2O3 content and heating temperature from 1050 to 1200 °C, the proportion of Nd en-
tered zirconolite decreases from almost 60 rel.% to 20 rel.%. 
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To obtain GC with zirconolite [115], glass of the SiO2–Al2O3–CaO–ZrO2–TiO2 system 
with up to 6 wt% Nd2O3 was heated at 810 °C (above the glass transition temperature of 
775 °C), and then additionally from 950 to 1350 °C. After heating at 1200 °C, zirconolite 
accounts for less than 13% of the sample, and the distribution of elements is characterized 
by the Kd (Kd = Czirconolite/Cglass): 7.81 (ZrO2), 4.26 (TiO2), 1.46 (Nd2O3), 0.67 (CaO), 0.38 
(Na2O), 0.26 (Al2O3), 0.10 (SiO2). Sphene and anorthite were present on the surface of the 
sample; above 1250 °C, instead of zirconolite, baddeleyite (monoclinic ZrO2) is formed in 
the bulk of the glass. The optimal range of zirconolite formation is defined as 1000–1200 
°C. 

In [119,124] glasses were melted for 4 h at 1550 °C and poured into steel cylinders 1.4 
cm in diameter and height. Then they were annealed at 775 °C (near the glass transition 
temperature Tg = 760 °C) and cooled down to 25 °C. Glass ceramics were prepared in the 
stages of nucleation (810 °C, 2 h) and grain growth (1050 or 1200 °C, 2 h), which ensured 
the crystallization of about 10 vol.% zirconolite. The nucleation rate increases from Nd3+ 
to Th4+ and Yb3+ with increasing field strength F (F = Z/d2, Z is the charge, d is the cati-
on–oxygen distance, Å). The proportion of actinide surrogates in the zirconolite phase 
decreased with increasing cation radius and crystallization temperature. This affects the 
resistance of glass ceramics to corrosion due to the greater solubility of the glass in water. 

The determining factor for the formation of zirconolite is the content of REE2O3, 
ZrO2, and TiO2 in initial (parent) glass before heating (Table 19); with an increase in their 
amount, the proportion of zirconolite in the glass ceramic matrix will increase. The heat 
treatment mode is a key factor in the formation of zirconolite ceramics and glass ceramics 
[134]. Melting of the mixture of oxides at 1450 °C and subsequent heating of the 
quenched glass at 1200 °C leads to formation of glass ceramic with zirconolite-2M. The 
glass enriched with SiO2 constitutes 60–70 vol.% of the matrix; Nd and Ce actinide sim-
ulants are distributed between the glass and the crystalline phase. Ceramics obtained by 
melting at 1600–1700 °C in addition to zirconolite contain perovskite and rutile. Rapid 
cooling of the melt (>100 °C/min) causes the formation of fine crystals ranging in size 
from 1 to less than 20 μm. With slow cooling (<25 °C/min), the phase grain sizes increased 
to hundreds of microns while maintaining the corrosion resistance characteristic of fine 
crystalline samples. For glass ceramic matrices, the initial corrosion rate of zirconolite in 
water was two orders of magnitude lower than for residual glass. Over the time of inter-
action, the residual rate of corrosion decreased by 3–4 orders of magnitude relative to the 
initial rate. 

Table 19. Changes in the composition of the glass (wt%) during the formation of zirconolite 1. 

Oxide  CGd (in) CGd (1200 °C) CGd (1050 °C) CTh (in) CTh (1200 °C) CTh (1050 °C) 
SiO2 40.6 43.8 47.9 40.6 44.3 46.3 

Al2O3 12.0 15.9 17.4 12.0 14.6 15.1 
CaO 19.6 22.2 22.9 19.6 21.3 21.7 
TiO2 12.4 8.1 4.8 12.4 8.4 6.7 
ZrO2 8.5 3.8 1.9 8.5 4.1 3.6 
Na2O 0.9 1.0 1.0 0.9 1.2 1.2 
Gd2O3 6.0 5.2 4.1 - - - 
ThO2 - - - 6.0 6.1 5.4 

1 Dash: the element is missing in the glass. In: initial glass, 1200 °C; 1050 °C: after heat treatment. 

Glass ceramics with 6.5 wt% Nd2O3 or Ce2O3 were obtained by melting at 1450 °C, 
quenching, and heat treatment of glass for 12 h at 1200 °C [207]. The crystalline fraction 
reached 40 vol.%, containing zirconolite with formula Ca0.82Nd0.2Zr1.1Ti1.71Al0.16O7 or 
Ca0.88Ce0.16Zr1.02Ti1.8Al0.15O7. There were trace amounts of Zr oxide and silicate, sphene, 
and anorthite (only with Ce). The REE distribution coefficients between zirconolite and 
glass were 1.5 (Nd) and 1.1 (Ce). Two types of leaching experiments were carried out with 
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the samples: (1) 6 months at 90 °C in a mixture of 24 g of water and 34 g of clay mineral 
(smectite); (2) leaching of the powder (fraction 40–50 or 63–100 μm) in 5 ml of water at 90 
°C for a week to a year without replacing the solution and the ratio of the surface area of 
the matrix to the volume of the solution, equal to 200 cm−1. In the first case, the influence 
of the bentonite buffer on the stability of glass ceramics was analyzed, and the purpose of 
experiments of the second type was to study the long-term stability of the sample. In 
experiments with smectite, the glass corrodes to a depth of 20 microns at the boundary 
with zirconolite grains, and no changes in zirconolite were observed. In experiments with 
powders, a low leaching rate of Nd and Ce was established, despite their presence in the 
glass matrix. The leaching rates for REE, Ti, and Zr were similar and 2–3 orders of mag-
nitude lower than the leaching rates of glass components (Ca, Al, Si). 

The effect of the crystallization temperature, concentration, and ionic radii of REE 
(Ce, Nd, Gd, and Yb) on their distribution between glass and zirconolite was considered 
[140]. The purpose of the work was to increase the proportion of actinides accumulated in 
zirconolite. The maximum proportion of Nd3+ in zirconolite is 41 rel.% and decreases 
with increasing temperature. The amounts of amorphous and crystalline phases in glass 
ceramics did not depend on the total content of Nd2O3. With an increase in the amount of 
Nd2O3 in the matrix, the proportion of Nd per zirconolite decreases. An increase in the 
REE3+ radius from Yb to Ce also causes a decrease in this value. 

Three types of ceramics and glass ceramics with zirconolite of the composition 
Ca1-xZr1-xNd2xTi2O7, Ca1-xNdxZrTi2-xAlxO7, and CaZr1−xCexTi2O7 (x = 0–0.5) were studied 
[116]. The samples were obtained by sintering for 12 h at 1300 °C (ceramics) or 3 h at 1250 
°C (glass ceramics). Zirconolite of the composition Ca1−xNdxZrTi2−xAlxO7 included up to 
0.5 Nd (apfu), and the minor phases of the samples were baddeleyite (ceramics) or 
sphene (glass-ceramics). Zirconolites targeting Ca1−xZr1−xNd2xTi2O7 contained less Nd, 
with minor phases of perovskite (ceramics) and sphene (glass ceramics). Only a small 
amount of Ce (x ≤ 0.1) can be included in the CaZr1-xCexTi2O7 zirconolite without the 
formation of minor perovskite-type cerium phases. 

The combined effect of Gd2O3 and CeO2 on the phase evolution and change in the 
valence of cerium in zirconolite glass ceramics was studied [208]. With an increase in the 
Gd2O3 content, the zirconolite structure transformed from the 2M polytype to the 3T 
polytype, and then the secondary pyrochlore phase Gd2Ti2O7 appeared. When the 
amount of actinide surrogates was 10 wt%, only zirconolite was formed, which incorpo-
rated both surrogates of trivalent (Gd) and tetravalent (Ce) actinides. The results on the 
phase structure and oxidation state of REE surrogates may be useful for creating an in-
dustrial technology for the synthesis of zirconolite glass ceramic matrices for the immo-
bilization of actinides. 

The melting temperature of parent glass for the subsequent production of glass ce-
ramics can be reduced to 1200–1300 °C if boron is added to the batch [140]. During cool-
ing of B–Al–Si glasses or their heat treatment, zirconolite-containing glass ceramics were 
obtained. The work of [209] describes the production of a glass ceramic block with 50% 
calcinate simulants of HLW from the US Idaho chemical plant at the EREBUS unit with 
CCIM of the French Ministry of Energy (CEA). It is equipped with a 160 kW generator 
and has a crucible diameter of 50 cm. To start heating and melting a batch weighing 50 
kg, a titanium ring placed was used. Melting occurred in 2 hours at between 1300 ˚C and 
1260 °C. The batch mixture was fed in portions into the crucible to create a “cold cap” on 
its surface. The melting time was 3 h, during which samples of the melt weighing 200 g 
were taken from the crucible. One was quenched by draining onto a plate, and the others 
were placed in a furnace and cooled from 1200 °C to 400 °C at a rate of 200 °C/h. The size 
and proportion of crystals in glass ceramics are affected by the cooling mode. The basic 
mode is described by the Canister Centerline Cooling curve: cooling from 1300 to 900 °C 
at a rate of 300 °C/h, then from 900 to 25 °C at a rate of 24 °C/h; the duration of experiment 
was 42 h. Main volume of the melt was cooled to 900 °C at a rate of 414 °C/h, then to room 
temperature. The cooling of the melt near the walls of the crucible is faster, and in the 
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center it is slower, which simulates different scenarios. Dimensions of the matrix block in 
the crucible were diameter 51 cm, height 11 cm, weight over 50 kg. ZrO2 crystallized first 
with zirconolite formed in the range of 1150–1000 °C, and fluorite, CaF2, was formed 
between 1000 °C and 900 °C, after which the formation of crystals stops due to the in-
crease of glass viscosity. 

In the works of [130,210], zirconolite glass ceramics were obtained by quenching the 
melt of the SiO2–B2O3–Na2O–CaO–ZrO2–TiO2–Al2O3 system into glass and heating it. 
Glass with 10, 15, 20, 30 or 40 wt% CeO2 and Nd2O3 (ratio 1:1) was obtained by calcining a 
mixture of SiO2, H3BO3, Na2CO3, Al(OH)3, CaCO3, TiO2, ZrSiO4, CeO2, and Nd2O3, melting 
for 3 h at 1250 °C and quenching, grinding, and remelting for 0.5 h at 1250 °C. Then the 
glass was kept for 2 h at 650 °C for nucleation and 2 h at 850 °C for crystal growth, after 
which it was cooled to 25 °C [130]. The glass transition (Tg) and crystallization (Tc) tem-
peratures were determined by differential thermal analysis for powders with a particle 
size of 75–150 microns. X-ray phase analysis and electron microscopy revealed the pres-
ence of zirconolite in the samples, and at the maximum concentration of REE, britholite 
appeared. 

Glass ceramics were obtained by hot isostatic pressing at 1270 °C for 2 h [109] from a 
mixture of components of zirconolite (CaO, TiO2, ZrO2, Gd2O3), glass (CaF2, Na2O, Al2O3, 
B2O3, SiO2), and PuO2. The effect of synthesis conditions on the valence of plutonium, the 
presence of cationic vacancies in the structure of zirconolite, and stability in water have 
been studied. It has been shown that Pu enters the Ca position of zirconolite with the 
appearance of vacancies or with the simultaneous incorporation of Al3+ instead of Ti4+ for 
charge compensation. 

An alternative way to obtain GCM is to mix the REE–MA fraction, presynthesized 
zirconolite or its components (CaO, ZrO2, TiO2), and inactive glass, pressing and sintering 
this mixture at moderate temperatures. The GCM containing 10–40 wt% zirconolite Ca-
ZrTi2O7 was synthesized by pressing (6 MPa) a mixture of crystalline phases and B–Si 
glass of two compositions and followed by sintering for 1 hour in air at 1100 or 750 °C 
[211]. 

From a mixture of 70% CaZr0.9Ce0.1Ti2O7 and 30% albite glass NaAlSi3O8, a GCM was 
obtained by the HIP method to study the interaction of the matrix with a canister [212]. 
The pellets were heat treated for 4 h at 1250 °C in an atmosphere of Ar and 5% H2/95% N2. 
The rest of the powder was calcined for 6 h at 600 °C and placed in a steel canister (height 
60 mm, diameter 60 mm, volume 170 cm3) under a pressure of 2.5 t. The powder was 
added in four stages and compacted after each addition. The canister was heated to 300 
°C under vacuum, sealed, and placed in the HIP setup. The container was heated for 4 
hours at 1250 °C and 103 MPa. The interaction of the matrix and the metal shell leads to 
the reduction of Ce4+ to Ce3+, with the extent of Ce3+ formation dependent on the distance 
to the canister wall. The regions in the lower part of the container have a higher propor-
tion of Ce4+ compared to the upper zones. The main phase was zirconolite-2M, and the 
minor phases were sphene, baddeleyite, rutile, and perovskite. Their proportions when 
synthesized in argon were, wt%, zirconolite-2M (69%), sphene (30%), rutile (4%), badde-
leyite (3%), zircon (3%), and perovskite (<2%). In a 5% H2/95% N2 medium, a similar 
phase assemblage was obtained: zirconolite-2M (69%), sphene (19%), rutile (5%), badde-
leyite (3%), zircon (3%), and perovskite (<1%). A notable observation was the appearance 
of an interaction zone with a canister containing significant amounts of Ce3+. The iron 
canister creates a moderately reducing environment. The bulk of the sample contained 
only Ce4+ (determined by Ce L3-edge spectra), and the interaction between the container 
and the sample did not affect the main volume of the glass ceramic. The interaction zone 
was 5 mm with a transition zone of 3 mm. In full-scale HIP synthesis, glass ceramics will 
contain Ce4+ in bulk with a thin zone enriched in Ce3+. Perovskite stabilized in regions 
with an average oxidation state from Ce3.3+ to Ce3.1+. 

Four facts are important for GCM containing zirconolite: (1) Due to the addition of 
boron and alkalis, the melting temperature of the mixture can be reduced by 300–400 °C 
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compared to the melting temperature of ceramics based on zirconolite. (2) GCM can in-
clude actinide wastes including the REE–MA fraction, with impurities (alkalis and alka-
line earths, Al, Fe, Si, etc.). Radionuclides will enter zirconolite, impurity elements will be 
dissolved in glass. (3) The zirconolite-3O polytype, which appears when (REE,MA)3+ and 
Al3+ enter the Ca2+ and Ti4+ positions of the structure, has the highest capacity (about 40 
wt%) for REE and MA. Al oxide is one of the main elements of GCM. (4) REE distribution 
coefficients (La, Ce, Nd) between zirconolite and glass are 1.5–3.0 [114,115,124]. Part of 
the REE and MA fraction will remain in the glass with higher dissolution rates in water 
than zirconolite [134,207]. This is also characteristic of GCM with other phases, for ex-
ample, with britholite [213]. (5) The size of zirconolite grains in GCM should be large 
enough (tens of microns) in order to exclude their transfer by water in the form of tiny 
particles. This requires special conditions for heat treatment of glass at the stage of its 
crystallization. 

Glass ceramics with zirconolite have been studied for immobilization of minor acti-
nides [124,135]. The composition of the glass must be such that the rate of nucleation of 
the crystalline phase will be high for its internal crystallization, and not on the surface, 
and the distribution coefficient of radionuclides between crystals and glass will be high 
too. In glass ceramics with zirconolite, the amount of the crystalline phase and the dis-
tribution coefficient Ln (MA) between crystals and glass can be controlled by changing 
the composition of the original glass, for example, the content of Al2O3. However, even in 
this case, a part of the MA will remain in the residual glass, and the double barrier for 
isolation of actinides (durable crystalline host and glass) cannot be fully provided 
[94,114,115]. 

The stability of zirconolite in glass with formula NaAl0.8B0.2Si3O8 (wt%: 11.97 Na2O, 
15.75 Al2O3, 2.69 B2O3, 69.6 SiO2) was studied [214]. A mixture of glass and CaZrTi2O7 was 
sintered for 0.5–15 h at 1250 °C. Over time, the phase type changed due to the instability 
of zirconolite in B–Si glass with a high content of SiO2. Zirconolite dominated after 1 h of 
sintering and then was replaced by zirconium oxide, which became the main phase after 
3 h of sintering. The addition of CaO to the batch in a mass ratio of (10–35): 100 with re-
spect to glass stabilized the zirconolite phase in the matrix. 

Zirconolite glass ceramics with actinide simulant (1–10 wt% CeO2) were obtained in 
the SiO2–B2O3–Na2O–CaO–ZrO2–TiO2–Al2O3 system in two stages [210]: (1) melting at 
1450 °C, (2) exposure for 2 hours at a temperature in the range from 710 to 960 °C with a 
step of 50 °C for nucleation of zirconolite grains and final heating for 2 hours at 1200 °C 
for their growth. It was found that the optimum nucleation temperature was about 860 
°C. 

Induction melting in a cold crucible (CCIM) can be an effective method for manu-
facturing glass ceramics with mineral-like phases for immobilization of the REE–MA 
fraction. The possibilities of a pilot plant for the production of B–Si glass with waste 
simulants, and then glass ceramics during their cooling, were considered [215] using the 
example of britholite-containing compositions. Depending on the melt cooling rate, glass 
ceramics were obtained with a different number of phases and their grain size. 

Thus, glass ceramics are a special type of REE–MA matrices containing small-sized 
crystals distributed in the vitreous phase. They are obtained by controlled heat treatment 
of parent waste glass (for grain nucleation and growth) or controlled melt cooling to 
provide the desired microstructure and phases in the residual glass [13,17]. These phases 
are selected according to their durability and ability to immobilize certain elements of the 
waste such as long-lived radionuclides. Composite GCM (glass with dispersed crystals of 
the desired nature and size) can be obtained by sintering a mixture of glass powder and 
crystals with HLW elements (encapsulation). The goals of further research of GCM and 
glass ceramics are improvement of mechanical properties, thermal and chemical re-
sistance in comparison with glass matrices, and obtaining more efficient and durable 
matrices than glass for isolating long-lived radionuclides in the crystalline phase dis-
persed in the glass as additional protection against water dissolution (Figure 7). It should 
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be emphasized that the vitreous phase (glass) can be effective in immobilizing most im-
purities present in the waste. 

15. Technologies for Fabrication of Zirconolite Wasteforms 
Zirconolite-bearing matrices comprising a significant (up to 25 wt%) REE–MA frac-

tion can be obtained by a variety of routes. The preferred methods for their industrial 
fabrication are sintering at the ambient (CPS) or elevated (HIP, HUP) pressure or melt 
crystallization, including cold crucible induction melting (CCIM). These methods (CPS) 
have proven effective in the manufacture of nuclear fuel, and they are used in the indus-
trial synthesis of radioactive waste forms (CPS, HIP, HUP, CCIM) or will be used in the 
near future. Synthesis parameters (temperature, pressure, duration, medium) can affect 
the structure of matrices in the following way: (1) preservation of charge relics and in-
termediate phases; (2) due to the variation in the degree of oxidation of elements under 
different oxidizing conditions; (3) due to a change in the composition of the sample 
during the reaction with the container during sintering or the crucible during melting; (4) 
contamination of the batch with impurities in reagents or when titanium is added to 
create reducing conditions during hot pressing or initiation of melting in a cold crucible. 
This will lead to a change in the chemical and phase composition of the matrix relative to 
the target values and may affect its ability to retain actinides. Let us consider this ques-
tion in more detail. 

Cold pressing–sintering (CPS) is one of the first and simplest technical methods for 
the production of ceramic materials. The mixture (sometimes with binder additives) is 
placed in a mold with lower and upper pistons to obtain a tablet (green body) with a 
diameter of 10 to 70 mm, a height of 2–3 to 30 mm, and a weight of 1–2 to 500 g, which is 
then sintered in a furnace. The advantages of sintering are simple equipment suitable for 
obtaining ceramic and glass ceramic samples of various sizes. CPS is used for sintering 
UO2 [149] and MOX fuel with Th, Pu, Np, Am, and Cm [150,151] at 1600–1750 °C for 4–24 
h in an inert or reducing (4% H2/Ar) environment. Based on the CPS method, a technol-
ogy for obtaining pyrochlore matrices with Pu was created in the USA [66,103,105,147]. 
The process includes the following stages: mixing of Pu and U oxides, addition of inac-
tive components, homogenization and pelletizing the mixture at 10–20 MPa, and heating 
for 4–6 h in air or argon at 1300–1400 °C. Pressing increases the contact area of charge 
grains and accelerates synthesis. After pressing, 500 g of the batch (green body) contains 
50 g of Pu and 100 g of U; as a result of sintering, the diameter of the sample decreases 
from 9 to 6 cm, and the height from 4 to 2.5 cm. An oxide mixture or a sol–gel can be used 
as the initial batch, as in the SYNROC synthesis by hot pressing. About a thousand sam-
ples have already been obtained, including those with 10–12 wt% Pu, with density of up 
to 93% of the theoretical value. It was proposed to place 20 such pellets into a canister 8 
cm in diameter and 50 cm high, and 28 canisters into one container 60 cm in diameter and 
3 meters high, into the free space of which a highly active B–Si melt is poured and, after 
sealing, sent for storage. For 50 tons of Pu, 1700 containers are required. The manufac-
turing parameters of the HLW matrix are lower than for MOX fuel (cold pressing stage: 
137 MPa for fuel against 14 MPa for wasteforms). Fuel is sintered at 1700 °C in 4% H2/Ar 
in a 24-hour cycle, and ceramics with Pu are produced at 1350 °C in Ar or in air over 15 
hours. 

A promising technique for the Industrial production of radioactive waste matrices, 
including ceramics and glass ceramics with an REE–MA fraction, is hot press-
ing–sintering with simultaneous isostatic (HIP) or uniaxial pressure (HUP). This tech-
nology has been used in Australia since the late 1970s for the synthesis of matrices in la-
boratory, pilot, and semi-industrial plants. Since 2012, the HIP technology has been tested 
for the immobilization of spent nuclear fuel processing waste from 99Mo production. The 
construction of a hot-pressed SYNROC matrix fabrication plant, in conjunction with a 
reactor and spent nuclear fuel reprocessing plant in Australia, was scheduled to begin in 
2014. This deadline was postponed several times and construction of an SYNROC waste 
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treatment facility began in August 2017. The completion rate in the summer of 2020 was 
estimated at 50% [65], and construction is ongoing. The plant is currently expected to 
start operating in 2025. The SYNROC HIP method has been tested on samples weighing 
up to 100 kg and takes 10 hours. Its capacity can be increased up to a ton of matrix per 
day. The disadvantages of hot pressing technology are the high cost and complexity of 
the equipment. 

Melt crystallization is another method for obtaining REE–MA matrices close to in-
dustrial implementation. Due to the high melting temperature of zirconolite, the CCIM 
method is most suitable for synthesis, and has already produced large blocks of ceramic 
(6–16 kg) and glass ceramic (up to 50 kg) matrices with REE simulants of actinides. The 
feasibility of carrying out the process remotely is supported by many years of experience 
in the use of CCIM for vitrification of HLW in France and ILW in Russia. More promising 
is its application for the production of glass ceramics by melting B–Si glass with radio-
nuclides followed by partial crystallization after the melt is poured into a container, or 
according to a special regime with the stages of nucleation and crystal growth. As Figure 
9 shows, there is a large similarity of the structure of glass ceramics with the model waste 
of the Idaho plant (ICPP), made by hot pressing (1270 °C, 2 h) or melting in CCIM and 
crystallization of the melt upon cooling from 1300 °C at a rate of 400 °C per hour. 

 

Figure 9. SEM image of glass ceramics: (a) GC sample with 5.2 wt% PuO2 obtained by HIP. Black: 
glass, Z: zirconolite, dark grey: CaF2, inclusions in zirconolite: ZrO2. Reproduced from [109] with 
permission of Elsevier. (b) GC samples from a 50 kg block obtained at CCIM. Light grains are zir-
conolite, grey areas are fluorite, and white areas are ZrO2 [209]. 

A number of additional synthesis methods have also been proposed (SPS, SHS, and 
MSS (microwave synthesis sintering)), the practical application of which, given the need 
for remote control, is currently doubtful. In particular, spark plasma sintering (SPS), 
known as pulsed electric current sintering (PECS), uses short (millisecond) DC pulses 
along with uniaxial pressure to consolidate the powder. In this case, local high tempera-
tures (up to 2000 °C) are created, causing the reactions to proceed. The method was used 
to obtain near single-phase zirconolite ceramics [164] from CaTiO3, ZrO2, and TiO2 after 1 
h treatment at 1200 °C. Its density is close to theoretical, with an average grain size of 
about 2 μm. This route has not been demonstrated for synthesis of matrices with real ac-
tinides in distant mode. 

The feasibility of microwave synthesis and sintering (MSS) for the synthesis of acti-
nide-containing wasteforms has not been demonstrated. This route typically takes place 
in 30 min at 1300 °C or 10 min at 1400 °C [216,217]. For zirconolite synthesis, a mixture of 
CaTiO3, ZrO2, and TiO2 in a molar ratio of 1:1:1 was triturated and homogenized for 24 
hours, dried, and pressed (80 MPa) into tablets 20 mm in diameter and 15 mm thick. They 
were placed on a ZrO2 refractory brick in the center of a microwave oven equipped with 
an electromagnetic wave source with a generator operating frequency of 2.45 GHz. The 
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temperature of the samples was measured with an infrared pyrometer installed outside 
the sintering chamber. Due to the low ability of the CaZrTi2O7 dielectric to absorb energy 
(low dielectric loss), the sample was placed at the center of the SiC ring. Until data on the 
synthesis of large samples with actinides are obtained, the use of the method remains 
questionable. In the SPS, MSS, HIP, and HUP methods, the synthesis proceeds in an inert 
or reducing environment, which will cause a change in valence (Pu, Ce, Ti), possibly 
promoting the formation of a perovskite secondary phase. Its formation during SPS re-
quires resintering of the matrix in air for its transformation into zirconolite, which will 
complicate the technology of synthesis. 

Matrices based on zirconolite were obtained by self-propagating high-temperature 
synthesis, SHS [109,166–170]. Samples of zirconolite–perovskite matrices with REE sim-
ulants for actinides weighing up to hundreds of grams have been obtained. We note that 
there are insurmountable difficulties in applying this technique for the remote synthesis 
of highly radioactive matrices in industrial quantities. 

The optimal method for the industrial production of zirconolite matrices is sintering 
at normal and elevated pressures (hot pressing) or melting in an induction melter with a 
cold crucible, the so-called cold crucible induction melter (CCIM). These technologies are 
used in the industrial production of highly radioactive materials–nuclear fuel, as well as 
vitreous wasteforms. For the synthesis of glass ceramics, three methods are used: (1) 
melting with slow cooling after draining the melt into a container for partial glass crys-
tallization; (2) rapid quenching of the melt followed by heating the glass according to a 
special thermal regime that provides the required quantities and sizes of phase grains; (3) 
mixing of HLW and glass, or crystalline phases and oxides of elements necessary for their 
formation, and sintering at atmospheric or elevated pressure. In the latter case, the for-
mation of radionuclide phases occurs during the diffusion of elements in glass. 

Methods for the manufacture of matrices for the isolation of the REE–MA fraction 
are summarized in Table 20. One way to increase the ratio of waste distribution between 
glass and crystals is to manufacture a matrix by encapsulating a crystalline material 
containing waste in glass by sintering a mixture of two powders (Figure 8b). Compared 
to glasses, the production of GCM by melting–heat treatment of glass or by encapsulating 
crystalline phases in glass is more difficult due to additional steps and operations that are 
difficult to implement in a highly radioactive environment [17]. 

Table 20. Promising technologies and matrices for the immobilization of REE–MA fractions. 

Method (and Synthesis 
Parameters) 

Matrix, Content of REE–MA Frac-
tion, wt% 

Prototypes and Applica-
tion Experience 

Peculiarities 

Hot pressing (T = 
1200–1300 °C, 

P = 30–50 MPa) 

Glass ceramics with zirconolite, 
britholite, pyrochlore (20–40%). 

Pyrochlore ceramics with 
Pu. Nuclear fuel with Pu 
and small actinides (Np, 

Am). 

No experience in synthesiz-
ing large radioactive samples 

with real minor actinides. Sintering (1 atm, 
1300–1500 °C) 

Ceramics with zirconolite, pyrochlore,
brannerite (30–50%). 

Electric furnace  
(up to 1200 °C) 

Low-melting B–Si and Al–B–P glass-
es, glass ceramics with zirconolite 

(20–40%). 

Industrial vitrification of 
fractionated waste (HLW, 

ILW). 
Laboratory tests with MA 

simulators. 

Highly corrosive melts re-
duce lifetime of the ceramic 

melter. 

CCIM 
(1200–1600 °C) 

Refractory Al–B–Si glasses or 
low-melting glasses, glass ceramics 

with zirconolite (15–25%). 

No experience in synthesiz-
ing matrices with actinides. 

CCIM 
(1400–1800 °C) 

Ceramics with zirconolite, pyrochlore,
murataite and perovskite (10–50%). 

Laboratory tests with 
simulators (REE, U, Th) of 

actinides. 

No experience in synthesiz-
ing matrices with real minor 

actinides. 
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In the process of radioactive decay, heat is released, and the matrices are heated. The 
REE–actinide fraction contains short-lived REE isotopes and relatively long-lived MA. 
The former determines the heat release of matrices during the first years, then this role 
passes to the minor actinides. At certain contents of the REE–actinide fraction and block 
sizes, the heating of matrices due to radioactive decay can reach hundreds of degrees and 
last for tens of years. This is sufficient for the partial crystallization of glass and the for-
mation of glass ceramics. Consider our calculated data on this aspect 

16. Synthesis of Glass Ceramics by Radiation-Induced Heating of REE–MA Glass 
The REE–MA fraction of HLW contains relatively short-lived radionuclides (Tables 7 

and 21); subsequently, their decay can heat the glass to the temperatures of its partial 
crystallization. Calculations were made on the heating of glasses containing REE with 
80–100% purification from transuranium actinides [218], as well as for the MA (Am, Cm) 
fraction [219]. In the latter case, it is assumed that all REE isotopes are stable. 

Table 21. The main isotopes of the REE–MA fraction in SNF with a burnup of 33 GW day/t, 3 years 
after unloading from the reactor [13,21]. 

Element Content, g/t Radionuclide Content, g/t Half-Life 
La 1205 No No Stable 
Ce 2352 144Ce 23 284 days 
Pr 1109 No No Stable 

Nd 1 4000 No No Stable 
Pm 86 147Pm 86 2.6 years 
Sm 1 777 151Sm 16 93 years old 

Eu 133 
154Eu 20 8.6 years 
155Eu 12 4.8 years 

Gd 76 No No Stable 

Am 369, including: 
241Am 290 433 years 
243Am 79 7370 years 

Cm 20, including: 

243Cm 0.2 29 years 
244Cm 18.3 18 years 
245Cm 1.0 8500 years 
246Cm 0.1 4760 years 

1 There are radionuclides of REE that also can be considered stable due to a very long half-life: 147Sm 
(T1/2 = 1.06 × 1011 years), 144Nd (2.38 × 1015 years), and 150Nd (7 × 1018 years). 

In reality, among them there are 151Sm (T1/2 = 90 years), which decays to 151Eu (stable); 
147Pm (2.6 years), which first decays to 147Sm (1.06 × 1011 years), then passes through 
α-decay into 143Nd (stable); 144Ce (284 days)–144Pr (17 min.)–144Nd; 154Eu (8.8 years)–154Gd 
(stable); 155Eu (5 years)–155Gd (stable). Taking into account the half-lives and content of 
REE isotopes (Table 22) in the first years, the main contribution to the heating of the 
REE–MA mixture will be made by 147Pm and 154/155Eu isotopes, and the same applies to 
matrices of this fraction. The 239Pu and 237Np isotopes have half-lives of tens of thousands 
to millions of years, and their contribution to SNF heat release is small. Isotopes 238Pu (88 
years) and 241Pu (14 years) are transformed into 234U (246,000 years) and 241Am (431 years), 
and after 30 years, the heat release of the REE–MA fraction will be determined by the 
decay of Am and Cm. 

  



Ceramics 2023, 6 1608 
 

 

Table 22. Contribution of groups of radionuclides to the heat release of SNF from a PWR reactor 
with a burnup of 40 GWd/t in the time interval from 1 to 500 years [75]. 

Heat Release, W/t SNF 1 10 30 50 70 100 300 500 
Fraction Cs/Sr/Ba/Rb 2765 1054 566 354 222 110 1 0 

Ag/Pd/Ru/Rh 2752 11 0 0 0 0 0 0 
La/Ce/Pr/Nd/Pm/Sm/Eu 3593 64 10 2 0 0 0 0 

Ac/Th/Pa/U 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Np/Pu/Am/Cm/Bk 819 348 332 309 287 258 159 116 
Other radioisotopes 515 15 2 1 <0.1 <0.1 <0.1 <0.1 

TOTAL 10,444 1492 910 666 509 368 160 116 

The heating of the matrix is affected by the composition and content of radionu-
clides in it, the dimensions of the container (diameter), and the thermophysical properties 
of the matrix and host rocks. It is possible to choose such parameters at which the tem-
perature of the matrix block for many years will be close to the glass transition temper-
ature (Tg), which for B–Si glasses varies from 550 to 800 °C [130,210,218,220]. In the man-
ufacture of glass ceramics, the heat treatment of glass is carried out in two stages: nucle-
ation of zirconolite grains (1) and then their growth (2) at a higher temperature [114,115]. 
The maximum rate of formation of nucleation centers is achieved at a temperature sev-
eral tens of degrees higher than the glass transition temperature [221,222], and the high-
est grain growth rate is observed at a temperature 200–300 °C higher. 

The melting temperatures of glass for the production of glass ceramics with zir-
conolite by adding B2O3 and alkalis (Na2O) to the charge decrease from 1400–1550 °C 
[115,136,207] to 1200–1300 °C [140,198,209], and the glass heating temperatures for crys-
tallization decrease by the same values (up to 600–800 °C), which makes it easier and 
more economical to manufacture a glass ceramic matrix. 

The heating of a hypothetical matrix of the REE–MA fraction was calculated, con-
sisting of 95 wt% REE (all isotopes were considered stable) and 5 wt% MA, of which 3.5% 
241Am (T1/2 = 432 years), 1% 243Am (7370 years), 0.45% 244Cm (18 years), 0.05 245Cm (8500 
years). Taking into account the heat release of isotopes (W/kg): 241Am–115, 243Am–6, 
244Cm–2842, 245Cm–6, the initial heat release of the matrix is due to 244Cm (~78%) and 
241Am (~22%). The change in the temperature of the matrix with 30 wt% REE–MA fraction 
is shown in Figure 10, with calculation methodology given in the publication [219]. 

Although the bulk of REE is present in SNF (HLW) as stable isotopes (Tables 7, 21, 
and 22), some of them are radioactive with half-lives of 0.8–9 years (144Ce, 147Pm, 154,155Eu) 
or 90 years (151Sm). Three isotopes have long half-lives and can be considered stable 
(144Nd, T1/2 = 2.38 × 1015 years; 150Nd–7 × 1018 years; 147Sm–1.06 × 1011 years). Therefore, the 
decay of rare-earth elements will weakly and only for a short time affect the heating of 
the rare-earth–MA matrix. When the matrix contains 30 wt% REE–MA fraction, the 
temperature increase due to the decay of REE in a year is estimated at 100 °C, and after 10 
years it will be about 40 °C (Figure 11). The change in SNF heat release over time is taken 
from [75]. 

Due to the decay of MA, REE, and the geothermal gradient, the temperature of the 
matrix in a deep borehole for the first decades can reach 600–800 °C, which is sufficient 
for crystallization of zirconolite in glass. The development of this concept requires further 
experimental work. Note that the limiting content (solubility) of REE (and MA) in typical 
Na–Al–B–Si glasses is estimated at 15–25 wt% [132,223]. By modifying the composition, 
this value can be increased up to 30 wt% [224,225] and even 40–50 wt% [226]. Since TiO2 
and ZrO2 are also necessary for the formation of zirconolite, the actual REE solubility and 
their content in the initial glass should be lower. The question of the optimal composition 
of the glass for the synthesis of glass ceramics with zirconolite remains open. 
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Figure 10. Time dependence (a) of heat release of matrix with 30 wt% REE–MA and temperature: 
(b) on the axis (1) and surface (2) of a block with diameter of 0.1 m; (c) the temperature profile 100 
and 1000 years after loading matrix into the borehole. Storage of SNF before reprocessing is 1 year. 

 
Figure 11. An increase in the temperature of the matrix due to the heat release of REE through 1, 10, 
and 100 years after loading the waste into the well, depending on the distance to its axis. The con-
tent of REE in the glass matrix is 10 (a), 30 (b), and 50 (c) wt%. The diameter of the block is 0.1 m. 

17. On Borehole Disposal of Actinide Zirconolite Matrices 
Zirconolite ceramics and glass ceramics are promising matrices for the immobiliza-

tion and geological disposal of the REE–MA (Am, Cm) fraction of radioactive wastes. The 
facility could be of the traditional mine type repository with a depth of HLW of about 0.5 
km, and in the form of very deep vertical wells (3–5 km) or with their horizontal termi-
nation at a depth of 1–2 km. The placement of HLW matrices in wells up to 5 km deep 
was proposed 40 years ago [64,227,228]. A comparison of the concepts of underground 
HLW storage facilities has been made in many publications [229,230]. Advantages of 
waste packages placement in boreholes are noted for small-diameter cylindrical con-
tainers with various types of HLW, including long-lived radionuclides [231]. Disposal in 
wells thousands of meters deep is considered for HLW, SNF, plutonium waste, and fis-
sion products (Sr-90, Cs-137) with high specific activity. For disposal in deep boreholes, 
waste forms with the following characteristics are preferred: (i) small volume and (ii) 
package size, (iii) high specific activity, and/or (iv) concentration of long-lived radionu-
clides, including (v) fissile materials. There are several potential deep well applications 
for disposal of some HLW, such as high activity spent 137Cs/90Sr gamma sources in small 
capsules and fissile materials (239Pu) to make them less available in a deep borehole than 
in a shaft storage facility. In addition to more reliable isolation due to a much greater 
depth of disposal than in a shaft storage, this method has other advantages: (i) 
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cost-effectiveness, (ii) faster preoperational, operational, and closed stages, and (iii) 
modularity [232]. In the case of a deep borehole disposal facility, the temperature in the 
HLW location area can reach significant values due to the combined effect of radiogenic 
heat and the natural thermal background of the host rocks due to the geothermal gradi-
ent. This has its advantages in the case of matrices with mineral-like phases: slowing 
down the rate of amorphization of the zirconolite structure [56,187], the possibility of 
crystallization of zirconolite in Ca–REE–Zr–Al–Si–B glasses, and transformation into 
glass ceramics [124]. Corrosion of zirconolite in aqueous fluids is observed above 500 °C 
only, and at 250 °C and 50 MPa it is stable even in acidic and alkaline solutions with HCl 
or NaOH concentrations from 0.001 to 0.1 M per liter [70,181]; moreover, in the range of 
250–500 °C, only partial corrosion of zirconolite occurs. 

The disadvantages and limitations associated with high temperatures include an 
increased corrosion rate of engineering barriers: container, bentonite buffer, and matrix 
itself. Although the optimal temperatures for bentonite are considered to be up to 100 °C, 
there is evidence of its stability up to 250 °C [233,234]. The deterioration of the properties 
of bentonite occurs due to illitization [235]; this is not observed due to low potassium 
contents in deep waters of crystalline massifs. Of special concern is the possibility of mi-
gration of long-lived actinides (Am, Pu, Np) as colloids [236,237]. Deep waters are Na–Ca 
brines with high ionic strength; this will cause colloids to aggregate into larger particles, 
and their sedimentation and retention by rocks, which will limit the radionuclides’ mi-
gration. 

18. Discussion and Conclusions 
Zirconolite, first found in alkaline rocks of the Kola Peninsula, attracted attention 

after the discovery of an artificial analogue in ceramics for immobilizing radioactive 
waste. In SYNROC ceramics, zirconolite is the dedicated host phase for tetravalent acti-
nides (Np, Pu) and second, after perovskite, for trivalent actinides (Am, Cm) and REE, as 
well as Sr [28,31,54,64,238]. There are a large number of publications investigating the 
incorporation mechanisms of trivalent REE into the zirconolite structure, including Nd3+, 
which is the most representative surrogate for actinides such as Am and Cm. This makes 
zirconolite one of the most promising phases for the immobilization of the REE–actinide 
fraction of HLW. Although single-phase zirconolite ceramics can be obtained under cer-
tain synthesis conditions, they usually contain an admixture of perovskite as an accom-
panying phase. In trace amounts, perovskite is formed even from a stoichiometric mix-
ture of Ca, Zr, and Ti oxides [239]. Large amounts of REE and actinides stabilize perov-
skite, which are noted to preferentially incorporate large trivalent REEs (from La to Sm) 
and Am and Cm cations closely related in size. Zirconolite more readily includes smaller 
REE cations which is manifested in variations in the distribution coefficients of ra-
re-earths (La, Ce, Nd, Yb) in the zirconolite–residual glass of the GCM system [124]. 

Changes of the compositions of natural and artificial zirconolite are associated with 
exchanges [23,31,32], and the dominant mechanisms are (Ce,An)4+ → Zr4+; 2(Ln,An)3+ → 
Ca2+ + Zr4+; (Ln,An)3+ + (Al,Fe,)3+ → Ca2+ + Ti4+; rare: An4+ + (Fe,Co)2+ → Ca2+ + Ti4+; (Ce,An)4+ 
+ 2(Al,Fe,Cr)3+ → Ca2+ + 2Ti4+. There are three polytypes of natural zirconolite (2M, 3O, 3T) 
and five (2M, 3O, 3T, 4M and rare 6T) for synthetic phases [83]. Their appearance de-
pends on the composition of zirconolite (content of impurities, isomorphic reactions) and 
the conditions of its formation [240]. Trivalent rare-earth elements (Nd) and small acti-
nides prefer large Ca positions, to a lesser extent Zr4+, or are included in both of these 
positions. To balance the charge, Ti4+ must be replaced by cations of a lower 
charge-(Al,Fe,Cr,Ti)3+ or (Fe,Mg,Mn,Co)2+. The Ca position of the 2M polytype includes 
up to 65 at.% Nd3+ and Ce3+ (whilst Al3+ replaces Ti3+), the 3O polytype is stable at contents 
up to 85 at.% Nd3+, and additional perovskite or pyrochlore phases appear above 85 at.% 
Nd3+ [87,241]. The actinides (Th, U, Np, Pu)4+ and Ce4+ replace Ca2+ with the simultaneous 
entry of low-valence cations into the Ti4+ sites, or they undergo isovalent substitution 
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within the Zr4+ site. As the concentration of tetravalent cations for Zr4+ increases, zircono-
lite undergoes a transformation to pyrochlore [171,185]. 

Depending on the degree of substitution of Ca, Zr, and Ti for REE, (An) and (Fe, Al)3+ 
actinides, in addition to CaZrTi2O7 zirconolite-2M, four more polytypes are formed [88]: 
3O [33,242], 3T [37], 4M [85,95], and, rarely, 6T [83]. The 3T and 3O polytypes are formed 
with the participation of trivalent REE, actinides, Fe, and Al [87,88,101,113,119]. The 6T 
polytype is a combination of 2M and 3T, and the 4M zirconolite is a combination of 2M 
and pyrochlore modules, preferentially accommodating REE3+ and An relative to the 2M 
polytype. 

The replacement of 2M zirconolite by 4M, 3O, or 3T polytypes occurs with an in-
crease in the concentration of tri- (REE, MA) and tetravalent cations (Ce, U, Pu) replacing 
Ca2+ and Zr4+ [95,96,99,111,113,129]. An increase of Nd3+ and (Ce/U/Th/Pu)4+ contents will 
stabilize the structures: zirconolite-2M–3T–4M–pyrochlore [85,111,120]. The zirconolite 
polytypes have similar properties, including resistance to radiation and corrosion 
[111,194], but differing from each other in the content of REE and actinides. The maxi-
mum content of Nd2O3 (~40 wt%) is characteristic of zirconolite-3O (NdZrTiAlO7), which 
makes this polytype a promising candidate for immobilization of REE–MA fraction. 

Determination of polytypes of zirconolite in matrices is carried out by X-ray diffrac-
tion analysis or by methods of transmission electron microscopy. This is often a difficult 
task, especially if there are several coexisting polytypes. A promising technique for 
structural studies is the diffraction of reflected electrons with simultaneous analysis of 
the composition of samples in the SEM/EDS measurement mode [84]. This method makes 
it possible to determine the spatial distribution of polytypes and the nature of the rela-
tionships between them. 

As applied to the isolation of tri- and tetravalent elements of the REE–actinide and 
actinide fractions, the possible substitution schemes correspond to four formulas [124]: 
• For trivalent REE, actinides (An = Pu, Am, Cm), and REE–MA fraction: 

Ca1-x(REE,An)xZrTi2-xAlxO7; (1)

Ca1−0.5x(REE,An)0.5xZr1−0.5xREE0.5xTi2O7. (2)

• For tetravalent REE (Ce) and actinides (An = Th, U, Np, Pu): 

Ca1−x(REE,An)xZrTi2−2xAl2xO7; (3)

CaZr1−x(REE,An)xTi2O7. (4)

To compensate for the charge disparity (Formulas (1) and (3)), other triple- (Fe, Cr) 
and double-charged (Mg, Co, Fe) cations of small size can be used. However, Al3+ is gen-
erally preferred due to (1) fixed valence, hence not being affected by oxidizing conditions, 
and (2) in the production of zirconolite glass ceramics, Al3+ is typically one of the 
glass-forming components. 

Zirconolite matrices for the immobilization of actinide-containing wastes (Pu, MA, 
REE–actinide fraction) can be obtained by different methods. For industrial production, 
methods of “cold” pressing–sintering or sintering under pressure (“hot” pressing) are 
promising. Due to the high melting temperature (1525 °C) of zirconolite, induction 
melting in a “cold” crucible (CCIM) is also suitable. This technique is also effective for the 
synthesis of glass ceramics, obtained by melting the batch at relatively low temperatures 
(1200–1400 °C) and then heating the glass such that partial crystallization occurs, pro-
moting the formation of zirconolite. The production of glass ceramics can be carried out 
by mixing oxides and components of zirconolite, actinide-containing waste, and glass frit 
and processing this mixture by sintering or “hot” pressing. 

The optimal temperature for obtaining zirconolite by sintering is 1300–1450 °C; with 
an increase in temperature, the required duration to promote phase formation decreases 
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from 10–15 to 3–5 hours. When obtaining matrices by sintering, incompleteness of syn-
thesis reactions is often observed, with the preservation of charge residues and the ap-
pearance of intermediate products (perovskite), which are less resistant to corrosion in 
water than zirconolite. The acceleration of the process is achieved by increasing the ho-
mogeneity of the mixture (sol–gel method), reducing the particle size, or by carrying out 
the synthesis at high uniaxial or isostatic pressure [29,30,86,155,243]. 

Hot pressing has been used for the synthesis of ceramics and glass ceramics for more 
than 40 years [64,241]. By hot uniaxial pressing at ~1200 °C and 20 MPa, a mixture of 
powders and 2 wt% Ti in sealed containers can be transformed into a dense fi-
ne-crystalline matrix. Since 1978, about 20 SYNROC variants have been synthesized and 
studied, including a variety rich in zirconolite (80–90%) for actinide immobilization [65]. 
This process has been tested for 5 years in a demonstration plant at ANSTO (Australian 
Atomic Energy Commission) to produce 100–150 kg batches of inactive SYNROC in a 10 
kg per hour facility. Medium-level liquid waste from the production of radiopharmaceu-
ticals (99Mo, precursor of 99Tc) will be immobilized for disposal. Equipment for remote 
operations is being installed; it is expected to be working at full capacity by 2025 [244]. 

A possible technique for management of REE–MA fraction is to obtain a relatively 
low-melting Na–Al–B–Si–Ti–Zr–REE–MA glass and place it in a deep borehole disposal 
facility. Due to radiation heating and geothermal gradient, the temperature of the matrix 
block will reach the values necessary for spontaneous crystallization, promoting the 
formation of zirconolite glass ceramics. It is notable that the concept of 
self-transformation of nuclear wasteforms disposed of deep underground into a more 
stable GCM was briefly analyzed as early as 2004 [14,245]. The prospects for the practical 
application of this approach require additional theoretical and experimental verification. 

It can be concluded that there are all the necessary scientific and technological pre-
requisites for the earliest solution to the problem of handling MA by incorporating them 
into the structure of host matrices prior to placement within a GDF. With political will, 
this approach could be successfully implemented within a decade. Other solutions to this 
problem, based on the transmutation of actinides in fast neutron reactors, molten salt 
reactors, or accelerators, face great technological difficulties and can be implemented on a 
time horizon of 100 years or even more [246]. Thus, the isolation of REE–actinide fraction 
wastes in a specially selected wasteform (for example, zirconolite) is an option that pre-
sents an economical, fast, and safe way of placing them beyond reach. This is especially 
important, given the huge volumes of such highly toxic and dangerous transuranium 
elements that will exist at different stages of the numerous technological operations 
(processing of spent nuclear fuel, partitioning of high-level waste, fabrication of new fuel 
with MA) in the closed nuclear fuel cycle [246]. 
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