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ABSTRACT 

Immobilisation of Pu in a zirconolite matrix (CaZrTi2O7) is a viable pathway to disposition. A-site 

substitution, in which Pu4+ is accommodated into the Ca2+ site in zirconolite, coupled with sufficient 

trivalent M3+/Ti4+ substitution (where M3+ = Fe, Al, Cr), has been systematically evaluated using Ce4+ as a 

structural analogue for Pu4+. A broadly similar phase assemblage of zirconolite-2M and minor perovskite 

was observed when targeting low levels of Ce incorporation. As the targeted Ce fraction was elevated, 

secondary phase formation was influenced by choice of M3+ species. Co-incorporation of Ce/Fe resulted in 

the stabilisation of a minor Ce-containing perovskite phase at high wasteloading, whereas considerable 

phase segregation was observed for Cr3+ incorporation. The most favourable substitution approach 

appeared to be achieved with the use of Al3+, as no perovskite or free CeO2 was observed. However, high 

temperature treatments of Al containing specimens resulted in the formation of a secondary Ce-containing 

hibonite phase. 

INTRODUCTION 

The United Kingdom Nuclear Decommissioning Authority (NDA) is responsible for 
the safe and long term management of waste derived from the reprocessing of spent fuel from 
civil power generation 1. Reprocessing of nuclear fuels in the UK has resulted in a significant 
stockpile of civil separated Pu, forecast to reach 140 teHM 2. The default strategy for this 
material is continuous interim storage (subject to periodic repackaging) at the Sellafield site. 
However, NDA is currently in the process of refining the ‘credible options’ framework, 
exploring potential reuse and disposal options for UK stockpiled Pu. The UK Government has 



placed preference on the fabrication of (U/Pu)O2 mixed oxide fuels (MOX) for use in a fleet of 
civil light water reactors 3. Yet, some portion of the stockpile may not meet the requirements 
for the manufacture of MOX fuel due to degradation and contamination, hence, prompt 
immobilisation and disposal in a suitable glass or ceramic matrix is considered a viable and 
proliferation resistant management strategy for this material. 

Alkali borosilicate glass wasteforms are currently operational for the immobilisation 
of chemically heterogeneous calcines derived from aqueous reprocessing operations, however, 
ceramic matrices are considered a more suitable option for wastes with a high actinide fraction. 
Zirconolite, with ideal composition CaZrTi2O7, is a naturally occurring titanate phase that is the 
candidate host for Pu in the UK 4. Natural zirconolites have demonstrated excellent resistance 
to extensive weathering and self-irradiation over geological timescales (109 years), whilst 
retaining significant actinide inventories (in some instances approximately 20 wt. %). In the 
ideal zirconolite-2M structure, planes of Ca2+ and Zr4+ (8 and 7-fold oxygen coordinated 
respectively) are arranged between sheets of Ti arranged in hexagonal tungsten bronze type 
(HTB) motifs. The Ca/Zr layers and HTB units alternate parallel to (001), whilst HTB layers at 
z = 0.25 and z = 0.75 are orientated by a 180˚ rotation, along the [130] direction 5. The 
nomenclature ‘2M’ refers to the two layer repeating sequence forming the unit cell. With 
reference to the prototypical composition CaZrxTi3-xO7, the zirconolite-2M polytype is found to 
be stable over the compositional range 0.83 < x < 1.33 6. Further zirconolite polytypes (e.g. 4M, 
3T, 3O) have been reported, the formation these polytypes, is postulated to be controlled by the 
level of  targeted Ln3+/An4+ incorporation, processing temperature and target site 7–9. Pu4+ can 
enter the zirconolite lattice via solid solution with either Ca2+ and/or Zr4+ sites, which can create 
charge imbalance. Co-substitution of a lower valence cation such as Al3+ on the Ti4+ sites is 
necessary for Ca2+ substitution, in order to maintain isovalence across the structure. In the 
present work, we aim to systematically evaluate the influence of trivalent charge compensation 
species Fe3+, Cr3+ and Al3+ on zirconolite phase evolution. In this instance, Ce4+ is used as a 
structural surrogate for Pu4+. 

EXPERIMENTAL 

A series of zirconolite ceramics were batched according to composition Ca1-

xCexZrTi2-2xM2xO7 (0.05 ≤ x ≤ 0.35, 0.05 increments) with M3+ = Cr/Al/Fe as a charge 
balancing species. CaTiO3, ZrO2, CeO2, M2O3, and TiO2 (Alfa Aesar, 99.9% purity, trace 
metals basis) were batched according to nominal stoichiometry and mixed by high speed 
planetary milling (Fritsch P7, 400 rpm, 20 min, IPA carrier fluid). Approximately 0.3 g of 
homogenised precursor material was pressed into the walls of a 10 mm hardened steel die 
and pressed under 3 t uniaxial pressure. Green bodies were sintered in air at 1350 ˚C for 
20 h. Specimens were prepared for powder X-ray diffraction using a Bruker D2 Phaser, 
fitted with Lynxeye position sensitive detector, using a Cu Kα source (λ = 1.5418 Å, Ni 
filter). Identified phases were refined using the Rietveld method. Samples were mounted 
in cold setting resin and polished to a 1 μm finish prior to SEM analysis using a Hitachi 
TM3030 scanning electron microscope, operating at 15 kV with a working distance of 
approximately 8 mm. Semi-quantitative analysis was performed using a Bruker Quantax 
Energy Dispersive X-ray Spectrometer (EDS).  

 

 



RESULTS AND DISCUSSION 

Ca1-xCexZrTi2-2xFe2xO7 

When targeting a nominal composition x = 0.10, zirconolite-2M was identified 
as the dominant crystalline phase (space group C2/c). This was determined by powder X-
ray diffraction measurements (Fig. 1), and later confirmed by zone axis electron diffraction 
techniques (not shown). Intense reflections indicative of prototypical zirconolite-2M were 
observed alongside a minor perovskite phase, nominally CaTiO3, identified by diagnostic 
reflection 2θ = 33.1˚. This was consistent with the microstructure observed in SEM 
analysis of well-sintered regions (Fig. 2). Perovskite clusters were observed to be 
distributed throughout the ceramic, observed as darker grey particulates in Fig. 2. At x = 
0.10, perovskite comprised 1.72 ± 0.24 wt. % of the overall phase assemblage. EDS 
analysis also demonstrated partial retention of Ce and Fe within the perovskite phase whilst 
zirconolite-2M exhibited an average composition in good agreement with the nominal 
stoichiometry. This was confirmed by semi-quantitative EDS measurements (Table 1). As 
the targeted level of Ce/Fe incorporation was elevated, no significant phase separation was 
observed. When the nominal concentration of Ce was elevated to x = 0.35, perovskite 
remained present as a secondary phase, accounting for 3.46 ± 0.60 wt. % of the overall 
phase assemblage. No free CeO2 or Fe2O3 oxides were readily identified by XRD analysis 
(Fig. 3) or by SEM analysis, where only a matrix of zirconolite-2M with considerable 
perovskite was present (Fig. 4).  

Fig. 1) Powder X-ray diffraction measurements for Ca0.90Ce0.10ZrTi1.80M0.20O7 where M3+ = Al/Fe/Cr. Nominal zirconolite-

2M reflections are indicated. Minor perovskite inclusions are indexed by (●). 

 



Ca1-xCexZrTi2-2xCr2xO7 

Single phase zirconolite-2M was attained when targeting nominal stoichiometry 
Ca0.90Ce0.10ZrTi1.80Cr0.20O7, with no perovskite indexed by powder XRD measurements 
(Fig. 1). This was confirmed by zone axis electron diffraction measurements. A 
homogeneous matrix was observed when viewing polished surfaces (Fig. 2). It was, 
however, noted that all specimens doped with chromium formed with considerable 
porosity, with respect to the Fe/Al samples (Fig. 2 and Fig. 5). The observed composition 
is in general agreement with the nominal stoichiometry – Table 1. No perovskite was 
observed when targeting low Ce/Cr substitution (x < 0.15). SEM evidenced several 
secondary phases as the concentration of Ce/Cr was further increased; XRD measurements 
evidenced free Cr2O3 and perovskite for x = 0.35 (Fig. 3). These phases comprised 2.50 ± 
0.26 wt. % and 3.22 ± 0.33 wt. % of the overall phase assemblage, respectively. EDS 
analysis confirmed co-partitioning of some Ce and Cr in the perovskite phase at x = 0.35. 
SEM analysis also revealed minor ZrO2 and CeO2 to be present in the microstructure, these 
were not readily evidenced by powder XRD due to overlap of diagnostic peaks. Typical 
phase segregation and elemental distribution for Ca0.65Ce0.35ZrTi1.30Cr0.70O7 is shown in 
Fig. 5. 

Table 1) Average zirconolite-2M compositions determined from semi-quantitative EDS analysis (normalized to seven 

oxygen units). 

 Observed Average Composition 

Nominal 
composition 

Ca1-xCexZrTi2-2xAl2xO7 Ca1-xCexZrTi2-2xFe2xO7 Ca1-xCexZrTi2-2xCr2xO7 

x = 0.10 Ca0.94(4)Ce0.08(4)Zr0.95(7)-

Ti1.82(6)Al0.22(4)O7 
Ca0.95(4)Ce0.07(2)Zr0.93(8)Ti1.86(8)Fe-

0.19(3)O7 
Ca0.94(5)Ce0.07(1)Zr-

0.93(12)Ti1.89(28)Cr0.17(3)O7 

x = 0.35 Ca0.78(6)Ce0.31(10)Zr-
0.97(10)Ti1.49(10)Al0.44(7)O7 

Ca0.69(12)Ce-
0.28(6)Zr1.04(11)Ti1.41(11)Fe0.57(7)O7 

Ca0.68(7)Ce0.30(4)Zr1.01(10)Ti1.46(8)Cr0

.52(6)O7 



Fig. 2) Representative backscattered electron micrographs for specimens with nominal composition x = 0.10. 

Ca1-xCexZrTi2-2xAl2xO7 

Intense reflections indicative of prototypical zirconolite-2M were observed for 
nominal stoichiometry Ca0.90Ce0.10ZrTi1.80Al0.20O7, alongside a minor perovskite phase as 
indexed in Fig. 1, comprising 1.72 ± 0.24 wt. % of the phase assemblage. Electron 
diffraction techniques inferred that zirconolite remained present in the 2M polytype. The 
phase assemblage identified by powder XRD was confirmed by SEM analysis of the 
polished surfaces to be a matrix of zirconolite-2M, with minor Al2O3 present at high 
wasteloading. Fig. 2 displays a dense matrix of zirconolite-2M, with perovskite inclusions 
evidenced by variation in backscattered electron contrast, with brighter grains indicating 
overall greater Ce fraction. EDS analysis confirmed Ce accommodation in the perovskite 
phase, suggesting the formation of Ce3+. As the Ce/Al fraction was elevated to x = 0.35, 
the separation of a secondary Al2O3 phase was observed, this is evidenced by reflections 
at approximately 2θ = 25.6˚ and 35.2˚, accounting for 4.01 ± 0.54 wt. % of the phase 
assemblage. In contrast to the Fe and Cr systems, no perovskite was observed in the 
microstructure when targeting maximum Ce concentration x = 0.35. A representative 
microstructure for Ca0.65Ce0.35ZrTi1.60Al0.40O7 is displayed in Fig. 6, with a minor amount 
of (Ce,Zr)O2 present (< 1 wt. %). Whilst perovskite is a common accessory phase in the 
fabrication of zirconolite specimens (attributed to the partial formation of Ce3+), perovskite 
has a markedly lower resistance to hydrothermal alteration with respect to zirconolite 10,11. 
Therefore, the accommodation of Ce within the Ca2+ site of zirconolite-2M may be best 
achieved via the co-partitioning of Al3+ on the Ti4+ site, in order to inhibit perovskite 
formation. It was however noted, in separate trials on the same precursor, that a sintering 
regime in which 1450 ˚C was reached, resulted in the crystallization of a Ce-bearing 
hibonite phase (ideally CaAl12O19). This was not evidenced in the current work, as the 
formation temperature of nominal CaAl12O19 is quoted to be approximately 1500 ˚C 12. 



Fig. 3) Powder X-ray diffraction measurements for Ca0.65Ce0.35ZrTi1.30M0.70O7 where M3+ = Al/Fe/Cr. Nominal zirconolite-

2M reflections are indicated. Minor perovskite and Cr2O3 inclusions are indexed by (●) and (o) respectively. Al2O3 phases 

are denoted by (*) 



Fig. 4) Backscattered electron micrograph for Fe-doped specimen with nominal x = 0.35 composition. 

Fig. 5) Representative BSE micrograph and corresponding EDS maps for Ce/Cr doped specimen with nominal composition 

Ca0.65Ce0.35ZrTi1.30Cr0.70O7. 



Fig. 6) Representative BSE micrograph and corresponding EDS maps for Ce/Al doped specimen with nominal composition 

Ca0.65Ce0.35ZrTi1.30Al0.70O7. 

CONCLUSIONS 

Zirconolite ceramics are under consideration as a host matrix for the 
immobilisation of civil UK Pu that does not meet the requirements for MOX fuel 
fabrication. Pu4+ may enter the zirconolite system via Ca1-xPuxZrTi2-2xM2xO7 with the co-
substitution of some M3+ trivalent species to provide charge balance. The prevailing phase 
assemblage was likely controlled by size constraints between Ti4+ and M3+ sites, alongside 
thermodynamic considerations. When targeting relatively low Ce incorporation (i.e. x ≥ 
0.15) a broadly similar phase assemblage and microstructure was observed when utilizing 
Fe/Cr/Al charge compensation species. When attempting to a substitute high Ce fraction 
(x = 0.35), Fe charge compensation favored the formation of a minor Ce-containing 
perovskite phase, whilst considerable phase separation and perovskite inclusions were 
observed for Cr3+ samples. Specimens formed with Al3+ produced the most favorable phase 
assemblage due to the lack of secondary CaTiO3. The suppression of secondary perovskite 
phases is desirable, given the lower aqueous durability of this phase with respect to the 
target zirconolite phase. Based on the current work, Al3+ and Fe3+ charge compensation 
produced wasteforms with the lowest accessory perovskite fraction, and may therefore be 
considered superior candidates for charge balance than Cr3+. Considerations with respect 
to temperature should, however, be noted. These results are promising towards the 
refinement and evaluation of a single phase ceramic host for Pu.  
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