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Reactive spark plasma synthesis of CaZrTi2O7 zirconolite ceramics for

plutonium disposition

Shi-Kuan Sun, Martin C. Stennett, Claire L. Corkhill, Neil C. Hyatt*

Immobilisation Science Laboratory, Department of Materials Science and Engineering, University of Sheffield, Sheffield S1 3JD, United Kingdom

h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Rapid fabrication of zirconolite CaZr-

Ti2O7 ceramics was demonstrated by

reactive spark plasma sintering

(RSPS).

� Zirconolite ceramics could be fully

densified at a temperature as low as

1200 �C in 1h.

� Ceramics were formed with a

controlled mean grain size of

1.88± 0.55 mm.
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a b s t r a c t

Near single phase zirconolite ceramics, prototypically CaZrTi2O7, were fabricated by reactive spark

plasma sintering (RSPS), from commercially available CaTiO3, ZrO2 and TiO2 reagents, after processing at

1200 �C for only 1 h. Ceramics were of theoretical density and formed with a controlled mean grain size

of 1.9± 0.6 mm. The reducing conditions of RSPS afforded the presence of paramagnetic Ti3þ, as

demonstrated by EPR spectroscopy. Overall, this study demonstrates the potential for RSPS to be a

disruptive technology for disposition of surplus separated plutonium stockpiles in ceramic wasteforms,

given its inherent advantage of near net shape products and rapid throughput.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Zirconolite, prototypically CaZrTi2O7, is proposed as an actinide

host, for disposal of high level waste from nuclear fuel recycle, as a

component of the Synroc composite ceramic, and as a tailored

ceramic wasteform for excess civil and military plutonium [1e5].

For this purpose, synthetic and mineral zirconolites demonstrate

the requisite stoichiometric flexibility, chemical durability, radia-

tion tolerance, and long term stability in open geochemical envi-

ronments [5,6].

The fabrication of zirconolite ceramics has been typically ach-

ieved by solid state synthesis, with a requirement for sintering at

high temperature, typically 1400e1450 �C [7]; sintering at 1200 �C,

has been shown to yield porous specimens [8]. Zirconolite ceramics

of near theoretical density may be produced by hot isostatic

pressing (HIPing) at ca. 1250 �C, but with a requirement for

containment in a canister e.g. of stainless steel [9].

Fabrication times for ceramic wasteforms produced by con-

ventional sintering and HIPing are typically several hours. In

contrast, spark plasma sintering (SPS) is a rapid method for

consolidation of ceramics of refractory materials, including UO2,

UN, and UC nuclear fuels [10e12]. In SPS, thematerial to be sintered
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is subject to uniaxial pressure, typically within a graphite die, and

rapid heating by application of pulsed electric current; the associ-

ated electric field may also assist sintering [13e15]. SPS is poten-

tially advantageous for production of ceramic wasteforms since it

achieves rapid consolidation of ceramic bodies at lower tempera-

ture, potentially reducing the volatilisation of radionuclides,

compared to conventional sintering. However, this application of

SPS was only recently demonstrated, although in a diversity of

examples, including: CaZr1�xCexTi2O7 zirconolite [16];

Ln2(Ti,Zr)2O7 pyrochlores [17e21]; hollandite-rich ceramics [22];

CaTh(PO4)2, [23]; iodoapatites, [24e26]; and glass-composites [27].

Here, we demonstrate application of SPS to the rapid fabrication

of high quality CaZrTi2O7 ceramics, from commercially available

mixed metal oxides, as micron sized powders. Since the target

ceramic is produced in a single step, with solid state reaction of

reagents and sintering of the product phase occurring in parallel,

we refer to this approach as Reactive Spark Plasma Sintering (RSPS).

We distinguish this from consolidation of pre-synthesised powders

employed in conventional SPS, as was generally applied in the ex-

amples above, including zirconolite ceramics [16]. In contrast, the

RSPS approach has not been widely exploited and confined to

relatively few examples, such as Pb10(VO4)4.8(PO4)1.2I2, Gd2Zr2O7,

and Lu2Ti2O7 [19,21,24].

The raw materials used were CaTiO3 (99%, ~325 mesh; Alfa

Aesar), ZrO2 (99%, 5 mm, Aldrich) TiO2 e anatase (�99%, ~325Mesh;

Aldrich). CaTiO3, ZrO2 and TiO2 with a mole ratio of 1:1.025:1 were

mixed by planetary milling for 20min using zirconia media and

isopropanol as a carrier fluid. The slurrywas then dried overnight at

85 �C. An excess of ZrO2 was utilised, relative to the ideal stoi-

chiometric composition, since, in our experience, this results in

near single phase materials.

Reactive Spark Plasma Sintering (RSPS) of zirconolite utilised 3 g

of the oxide precursors, loaded into a cylindrical graphite die

(diameter 20mm), with thin graphite foil spacers to obtain a more

uniform current flow. An HP-D 1050 SPS system (FCT Systeme

GmBH) was used to process materials; samples were ramped to

900e1200 �C, at 50 �C/min followed by a dwell time, under uniaxial

pressure of 15MPa or 50MPa. The reaction/sintering time was

10min or 30min; samples were cooled to room temperature at

natural rate. The graphite foil and surface contamination was

removed by light grinding with SiC paper.

Solid state synthesis of zirconolite was investigated by reaction

sintering of oxide precursors at 900e1300 �C for 10 h under Ar gas

(100ml/min). Conventional sintering of zirconolite powder (from

solid state reaction at 1300 �C) was achieved by forming green

pellets of 20mm� 10mm (diameter� height) under uniaxial

pressure of 50MPa; thesewere sintered at 1450 �C for 10 h in air. All

such processing used a ramp rate of 5 �C/min from/to room

temperature.

Microstructures were observed using scanning electron micro-

scopy (SEM; Inspect F50, FEI) on fracture or polished surfaces with a

thermal etch (0.25 mm finish using SiC and diamond polishing

media; thermal etch at 1100 �C for 1 h in air). Grain size de-

terminations were made on >500 grains, using semiautomatic

image analysis to calculate equivalent spherical diameters. The

Span was calculated by Span ¼ (d0.9 - d0.1)/d0.5 to represent the

width of grain size distribution. The bulk density of ceramics was

determined using Archimedes' method by immersion in water. The

phase assemblage was determined by X-ray diffraction (XRD; D2

Phaser, Bruker; Cu-Ka radiation, Ni-filter). Rietveld quantitative

phase analysis (QPA) of XRD data was performed using the GSAS

software package [28]. Electron Paramagnetic Resonance (EPR)

measurements were carried out on a Bruker EMX-8/2.7 spec-

trometer operating in the X-band at 9.37 GHz and 1.7mW, at 77 K;

powder samples were contained in Spectrosil tubes.

The XRD patterns for the products after RSPS at various tem-

peratures with a dwell time of 10min, are shown in Fig. 1. In

comparison with the starting materials (Fig. S1 in Supporting In-

formation), no obvious changes could be seen in the product after

heat treatment at 900 �C. For the product heat-treated at 1000 �C

and 1100 �C, characteristic (221)/(402) and (004) reflections of

CaZrTi2O7 (2M phase; C2/c) were apparent at 2q¼ 30.5� and 32.0�,

respectively. The relative intensity of these reflections increased

with increasing temperature, indicating increased yield of zirco-

nolite, however, substantial unreacted CaTiO3, TiO2, and ZrO2

remained. Near single phase zirconolite was obtained after heat

treatment at 1200 �C, with trace residual CaTiO3 and ZrO2. No other

ternary oxides could be identified after reaction at any tempera-

ture. The XRD patterns from the powdered bulk material and pol-

ished ceramic surface, after removal of the graphite foil, showed no

significant difference (Fig. 1d and e, respectively).

For comparison, the solid state synthesis of zirconolite was

investigated under argon atmosphere. The phase assemblage, as a

function of reaction temperature, was very similar to that to RSPS

(compare Fig. S2). In particular, near single phase zirconolite was

only obtained at 1200 �C or 1300 �C, and was observed to be in

equilibrium with CaTiO3, TiO2 and ZrO2 at lower temperature; no

other ternary oxides were identified. These results are consistent

with the phase diagram of the CaO-ZrO2-TiO2 system in air [29] and

suggest that the mechanism of the conventional solid state and

RSPS reactions are identical. However, inspection of relative

reflection intensities in the XRD patterns, showed that the zirco-

nolite yield is reduced at lower processing temperatures in RSPS,

compared to solid state synthesis, due to the short processing time

and kinetic limitations.

SEM observations (backscattered electron images) of the frac-

ture surface of RSPS zirconolite ceramics processed at 1100 �C and

1200 �C at 15MPa, are shown in Fig. S3 and Fig. S4. Comparison of

these microstructures revealed considerable porosity, observed as

black contrast, in the sample processed at 1100 �C, which was all

but eliminated after processing at 1200 �C. In these microstruc-

tures, the zirconolite phase appeared as mid grey contrast with

residual ZrO2 evident as bright contrast (consistent with XRD and

Fig. 1. XRD patterns of the products of RSPS at 900 �C (a), 1000 �C (b), 1100 �C (c),

1200 �C (d and e); patterns (a)-(d) were acquired from bulk powder specimens,

whereas (e) was acquired from a polished ceramic surface; vertical blue lines are the

reference diffraction pattern for zirconolite from Ref. [4]. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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confirmed by EDX, see Fig. S4). It was not possible to reliably

identify the minor CaTiO3 phase, since the backscattered electron

coefficient (h¼ 0.2772) was similar to that of the major CaZrTi2O7

phase (h¼ 0.2388), as estimated using well established formula-

tions [30]. Such a difference in relative contrast of ca. 3%, is

acknowledged to make differentiation challenging in backscattered

electron imaging [30].

Increasing uniaxial pressure from 15MPa to 50MPa, did not

improve the phase assemblage and microstructure obtained after

RSPS at 1200 �C for 10min (compare Fig. S4 and Fig. S5). Rietveld

analysis of XRD data from this material afforded a quantitative

phase assemblage of: CaZrTi2O7e 84.8(1) wt%, CaTiO3e 8.4(4) wt%,

and ZrO2 e 6.8(4) wt%. However, increasing the dwell time to

30min at 1200 �C, under 15MPa, further improved the yield of

zirconolite, as assessed from both XRD data and SEM observations.

Rietveld analysis of XRD data, Fig. 2a, afforded a quantitative phase

assemblage of: CaZrTi2O7 e 97.0(1) wt%, CaTiO3 e 2.1(2) wt%, and

ZrO2e 0.9(1) wt%. Consistent with this analysis, SEM observation of

the ceramic microstructure, as both a fracture and polished surface

(Fig. 2b and c), together with EDX analysis (Fig. S6), revealed no

obvious accessory phases, due to their low concentration (and

negligible difference in contrast of CaTiO3 and CaZrTi2O7). The

microstructure of the polished ceramic surface (after thermal etch

of 1 h at 1100 �C in Ar) demonstrated a homogenous and equiaxed

grain structure, and absence of observable porosity (the isolated,

angular, dark contrast is due to grain pull out during polishing). The

mean grain size was 1.9± 0.6 mm with a span of 0.80, and the

density was determined to be 4.41(3) g cm�3, identical to the

theoretical density of 4.40 g cm�3. In contrast, themicrostructure of

zirconolite ceramic produced by conventional sintering at 1450 �C,

exhibited some noticeable porosity at grain triple points and a

larger mean grain size of 15.9± 7.2 mmwith span of 1.34, as shown

in Fig. S7. No further improvement in phase assemblage by RSPS

was attained by increasing the reaction temperature to 1300 �C.

The reducing atmosphere imposed by the graphite die and

vacuum applied in RSPS could be expected to reduce Ti4þ to Ti3þ in

zirconolite. Indeed, materials produced by RSPS were black in

colour when ground to a fine powder, typical of Magnelli phases,

TinO2n-1, which contain considerable of Ti3þ. Thus, Electron Para-

magnetic Resonance (EPR) spectroscopy was applied to zirconolite

powder specimens (at 77 K) to ascertain the presence of Ti3þ spe-

cies. The EPR spectrum of RSPS zirconolite (1200 �C, 30min,

15MPa; see Fig. S8) demonstrated the presence of a strong reso-

nance centred at gz 1.94, which was also observed in the EPR

spectra of zirconolite prepared by solid state synthesis under Ar

(1300 �C, 10 h) and annealed under 5% H2/N2 (1200 �C, 10 h). This

signal was observed by Begg et al. [31], in the EPR spectrum (at

80 K) of zirconolite reduced under flowing 3.5% H2/N2 (1200 �C,

12 h) and attributed to paramagnetic Ti3þ species, verified by Ti K-

edge XANES. Thus, we infer the presence of reduced Ti3þ in the

ceramics prepared by RSPS and under Ar or 5% H2/N2 in this study,

presumably accommodated within the zirconolite phase, charge

compensated by oxygen vacancies in accordance with the study of

Begg et al. The EPR spectra of the zirconolites prepared under Ar

and 5% H2/N2 in this study also exhibit additional features, the

origin of which is not known, but which implies a subtle difference

in the precise defect chemistry.

Reactive Spark Plasma Sintering has been shown to yield zir-

conolite ceramics of theoretical density from commercially avail-

able reagents, at 1200 �C and 15MPa, with a process time of only

Fig. 2. RSPS of zirconolite at 1200 �C, 15MPa, for 30min; a) Rietveld fit of XRD data for QPA, with Rp¼ 8.23%, Rwp¼ 6.08% and c
2
¼ 3.24; (b) and (c) SEM observation of polished and

fracture surface specimens, respectively; (d) Grain size distribution.
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1 h. The resulting ceramics are characterised by partial reduction of

Ti4þ to Ti3þ and possibly cation/vacancy disorder. Formation of the

zirconolite phase, and sintering, progressed in tandem, with no

evidence of a mechanism different from solid state reaction.

RSPS could be a disruptive technology for nation states, such as

the UK, currently considering the disposition of surplus separated

plutonium stockpiles in ceramic wasteforms. The rapid process

time achievable in RSPS would translate to high material

throughput, if the technology could be deployed at the desired

scale. The batch wise nature of the RSPS process would be advan-

tageous for criticality, accountancy and safeguards controls.

Consolidation is near net shape in SPS, such that ceramics could

conceivably be fabricated with requisite dimensions to fit within

current standard PuO2 storage cans, compatible with existing

stores. The use of a graphite die may not be desirable for processing

of fissile materials, given its moderating characteristics; however, a

recent review highlighted the use of a wide range of advanced al-

loys and ceramics as die materials [15], including boron nitride,

which would be advantageous given the high neutron absorption

cross section of boron. The potential reduction of Pu4þ to Pu3þ

under RSPS conditions could stabilise a Pu3þ perovskite accessory

phase, which would not be desirable given the lower radiation

tolerance of this structure. Indeed, stabilisation of a Ce3þ perovskite

phase was observed in a recently published study of Ce-zirconolite

consolidation by SPS utilising a graphite die [16]. This could be

mitigated by use of a boron nitride die, tuning of the zirconolite

composition and charge compensation mechanisms, or alternative

choice of ceramic wasteform. Industrial scale automated SPS sys-

tems have been operated commercially for fabrication of large scale

components [15,32,33], and small scale systems have operated

with radiological materials [10e12,23]. Further investigation of the

application of SPS to the fabrication of ceramic waste forms,

particularly for disposition of surplus plutonium, and maturation

and adaptation of the technology for nuclear applications, would be

desirable.
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