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Zirconolite-based titanate ceramics containing U plus Th or Pu have been prepared. The final consolida-
tion to produce a dense monolithic waste form was carried out using hot isostatic pressing (HIPing) of the
calcined materials within a stainless steel can. The ceramics were characterised and tested for their over-
all feasibility to immobilise impure Pu or separated actinide-rich radioactive wastes. As designed, tetra-
valent U and Pu are mainly incorporated in a durable zirconolite phase, together with Gd or Hf added as
neutron absorbers. The interaction of the waste form with the HIP can was also examined. No changes in
the U valences or the U/Pu-bearing phase distributions were observed at the waste form–HIP can
interface.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

Synroc-C, an assemblage of geological stable titanate minerals,
plus minor amounts to encapsulated alloys, was first developed
in the 1970s for immobilisation of high-level nuclear waste
(HLW) derived from Purex-type reprocessing of spent nuclear fuels
[1,2]. The waste form mineral phase assemblage was designed to
incorporate the radioisotopes via substitution for elements in the
target mineral crystal lattices. For example: actinides (Ac) and rare
earth (RE) fission products were targeted to enter zirconolite
(CaZrTi2O7) via, e.g., Pu4+, Zr4+ and 2(RE,Ac)3+, Ca2+ + Zr4+; Sr2+

for Ca2+ in perovskite (CaTiO3); and, Cs+ or Rb+ ions in the Ba2+ site
of hollandite [Ba(Al,Ti)2Ti6O16]. Some fission products such as Mo,
Tc, Ru, Rh, and Pd formed very fine metallic particles encapsulated
within the waste form ceramic matrix. Since then, various synroc
derivatives have been developed and extensively studied [2–8],
both in the laboratory and via natural analogue minerals, as poten-
tial candidates for immobilisation of a range of diverse high-level
radioactive waste streams. Zirconolite, one of the key mineral com-
ponents for many synroc formulations, has long been recognised as
a radiation resistant [9,10] and chemically durable [11,12] phase,
suitable to host actinides. In the mid-1990s, zirconolite-rich and
pyrochlore-rich formulations were developed for immobilisation
of surplus plutonium [13,14]. In these formulations Gd and Hf were
added as neutron absorbers to address the criticality issue during
processing, interim storage and long-term disposal of the final
waste forms.

Zirconolite, as a derivative of the fluorite structure type, can be
viewed as a condensed version of the pyrochlore structure [15]. It
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consists of alternating layers of (Ca, Zr) polyhedra and Ti polyhe-
dra. The main differences between the pyrochlore (A2B2X6Y) and
zirconolite structures are that pyrochlore contains three dimen-
sional arrays of corner-linked B–X octahedra whereas zirconolite
contains only two dimensional Ti–O octahedra, and that A cations
in pyrochlore are strongly bonded to only two anions, whilst in zir-
conolite Ca-, Zr- and Ti-site cations are 8-, 7- and 6-fold coordi-
nated, respectively [5]. The end-member of titanate-based
zirconolite is CaZrTi2O7 (2M polytype), in which Ca and Zr have
8- and 7-fold coordination, respectively, with no site symmetry
elements other than the identity operator [5]. Different polytypes
(e.g. 3T, 3O, 4M) arise through solid solutions towards lanthanide
and actinide-bearing end-members [4].

Uranium can be incorporated into both the Ca and Zr sites of
zirconolite as tetravalent ions [16]. Pentavalent uranium can also
be formed in samples sintered in an oxidative environment
[16,17]. Like U, Pu can also be incorporated into the Ca and Zr sites
in zirconolite [3]. The presence of Pu4+ in zirconolite has been
determined by XANES (X-ray absorption near-edge spectroscopy)
and DRS (diffuse reflectance spectroscopy) in air-fired samples
[18–20] whilst up to 80% of Pu ions can be reduced to the trivalent
form when the sample is sintered in a reducing atmosphere [19]. In
addition, it has been demonstrated using Pu-doped perovskites
that Pu valences, either tetravalent or trivalent, have very little ef-
fect on the overall chemical durability of the titanate materials
[21].

Hot isostatic pressing (HIPing) was first developed in the US in
the 1950s [22] and today is widely applied in the heat treatment of
both ceramics and metal alloys [23]. Components to be processed
are placed in an electrically heated furnace, inside a pressure ves-
sel, and pressure applied by compressing a gas, such as argon. Un-
der high temperature and pressure, the components bond together
rights reserved.
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Table 1
Calculated oxide compositions (wt.%) of the two zirconolite-rich samples.

Oxide U/Th-doped sample Pu-doped sample

Al2O3 4.20 6.86
BaO 2.25 2.26
CaO 9.37 5.93
TiO2 42.50 40.12
ZrO2 24.69 13.03
Gd2O3 8.07 8.69
HfO2 – 10.10
ThO2 4.41 –
UO2 4.51 –
PuO2 – 13.00
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physically, sinter and/or react chemically to form a dense solid
material. For densification of porous or powdered materials, the
samples to be HIPed are placed into a container, typically metal
or glass, which is then evacuated and hermetically sealed. The HIP-
ing route has been shown to be particularly useful for processing of
high-level radioactive wastes as it offers some advantages over the
conventional methods (such as sintering or melting). As the con-
solidation of the waste form takes place within an enclosed can
[24,25], there are no high temperature volatility losses and hence
less of a need for large, expensive off-gas systems. HIPing also pro-
vides a flexible process platform able to handle multiple waste
streams [26]. Furthermore, unlike baseline borosilicate glass tech-
nologies, the HIP process is not dependant upon the properties of a
melt (such as viscosity, electrical conductivity and crystal forma-
tion). As a result, waste loadings can be higher and the HIP process
can handle problematic wastes not suitable for borosilicate glasses
and can be made with higher waste loadings. This results in sub-
stantial life-cycle waste disposition savings [27]. In addition, sec-
ondary wastes, such as used melters, are eliminated, further
decreasing life-cycle costs.

During HIP processing, the waste form and the container, typi-
cally stainless steel [24–27], used for containment of the waste
form may interact with each other. Previously we have reported
such interactions for an inactive synroc sample containing mainly
zirconolite, hollandite and rutile [24]. The main interactions at the
interface are localised oxidation of the stainless steel can and
reduction of the ceramic. As the main feature for such interactions,
oxidised Fe and Cr diffuse and transfer from the stainless steel can
to the synroc phases. However, possible ceramic/can interactions
on the actinide-bearing phase distribution near the interface need
to be verified for real plutonium-bearing materials.

In the current work, zirconolite-based formulations were cho-
sen to confirm their overall feasibilities for immobilisation of im-
pure Pu wastes or separated minor actinides through the HIP
processing technique, including characterisations of actinide-bear-
ing phases, actinide valences, waste form/HIP-can interactions un-
der HIP conditions, and chemical durability of the waste forms.
2. Experimental

The U/Th-doped sample formulation was nominally 90% zircon-
olite (containing Gd) and 10% Ba-hollandite. The Pu-doped sample
was nominally 80% of zirconolite (containing Gd and Hf), plus
�10% each of Ba-hollandite and rutile [14]. Both formulations were
designed to incorporate Pu and neutron absorbers into the zircon-
olite phase (with Pu on the Ca site, Hf on the Zr site and Gd equally
distributed on the Ca and Zr sites). The hollandite was present in
the formulations to provide a host phase for radioactive Cs. This
would provide the option of using an internal radiation barrier to
prevent or reduce the threat of theft of Pu during the formation
and transport of the waste form [13,14].

The oxide compositions for both U/Th-doped and Pu-doped
samples are given in Table 1. The U/Th-doped sample (200 g)
was prepared by the oxide route [28], calcined in air at 700 �C
for 2 h, 2 wt.% Ni was added and the powder placed inside a HIP
can, which was then evacuated and sealed. This was then hot iso-
statically pressed (HIPed) at 1280 �C and 100 MPa for 3 h under an
argon atmosphere. The HIP can was made from 2 mm thick 316
stainless steel. The Pu-doped sample (20 g) was prepared in the
similar way as the U/Th-doped sample and was HIPed using a
4 mm thick 304 stainless steel can at 1280 �C under an argon
atmosphere.

Polished samples were prepared for electron microscopy char-
acterisation of phases formed in the bulk materials. The interface
samples were cut for characterisation of the interactions between
stainless steel and the waste form. The samples were cross section-
ally mounted in epoxy resin, and polished to a 0.25 mm diamond
finish.

Round disc specimens, 8 mm in diameter and 2 mm thick, for
durability testing were taken from the bulk materials and polished
to a 0.25 mm diamond finish on their large faces. The durability
tests were carried out at 90 �C in duplicate in deionised water,
according to the ASTM leaching protocol [29]. The test was modi-
fied in that leachates were completely replaced with fresh leachant
after 1 and 7 days, with a total leaching time of 28 days for the U/
Th doped specimens; leachate replacement was carried out after 7
and 35 days, with a total leaching time of 84 days for the Pu-doped
specimens. The same surface area to volume ratio (SA/
V = 0.1 cm�1) was used for all the tests. Pu contents in the leach-
ates were analysed by using alpha-spectrometry whilst the other
elements were analysed by using ICP-MS (Inductively Coupled
Plasma – Mass Spectrometry).

Scanning electron microscopy (SEM) on polished surfaces of
samples was carried out on a JEOL 6400 instrument run at 15 kV
and fitted with a Tracor Northern TN5502 energy-dispersive spec-
trometer (EDS). Diffuse reflectance spectra were collected at ambi-
ent temperature using a Cary 500 spectrophotometer equipped
with a Labsphere Biconical Accessory. Spectra are referenced to
that of a Labsphere certified standard (Spectralon), and trans-
formed into Kubelka–Munk units, F(R) = (1 � R)2/2R [30].
3. Results and discussion

3.1. Characterisation by electron microscopy of the bulk waste forms

3.1.1. U/Th-doped sample
A SEM backscattered electron image of the bulk material (Fig. 1)

showed two main phases, zirconolite (�89 vol.%) and hollandite
(�8 vol.%), with trace amounts of brannerite (�2 vol.%), and metal-
lic Ni (<1 wt.%, <75 lm) added as powder to control redox during
HIPing. No perovskite was observed, which is not unexpected as
reducing conditions sufficient to reduce some Ti4+ ions to Ti3+ are
required to form perovskite in zirconolite ceramics [31].

The oxide compositions of zirconolite, hollandite and brannerite
(nominally UTi2O6) are shown in Table 2, although the exact com-
position of the brannerite was difficult to determine due to the
very small grain size; however it is known that ThO2 promoted
brannerite formation in pyrochlore-rich ceramics [28]. Note the
presence of brannerite in a waste form has been shown to have lit-
tle effect on the waste form overall chemical durability as branne-
rite is a relatively durable phase [28,32]. Uranium and thorium are
overwhelmingly incorporated in the zirconolite and brannerite, to-
gether with the Gd.

3.1.2. Pu-doped sample
The backscattered SEM electron image of the bulk material (see

Fig. 2) indicated that the microstructure of the sample is similar to



Table 2
Main oxide composition of zirconolite, hollandite and brannerite in the U/Th-doped
sample.

Oxide Zirconolite (wt.%) Hollandite (wt.%) Brannerite (wt.%)

Al2O3 3.3 7.7 –
BaO – 26.9 –
CaO 10.7 – –
Gd2O3 9.2 – 1.7
ThO2 4.4 – 34.0
TiO2 39.9 65.4 39.2
UO2 4.4 – 19.7
ZrO2 28.0 – 4.9

Fig. 2. SEM backscattered electron image of the polished Pu-doped sample shows
primarily zirconolite (light matrix-Z), hollandite (H) and rutile (R).

Fig. 3. SEM backscattered electron image of the cross-sectional interface for the U/
Th-doped sample shows numbered areas of interest: (Cr/Mn = 2:1)-rich oxide
particles (1); SiO2 particles (2); (Cr, Fe, Al)2O3 solid solutions (3 and 4) with various
amounts of Fe and Ti oxides; Cr-doped hollandite (Ba1.3Al0.4Fe0.1Cr2.1Ti5.4O16) (5)
and Ni-rich metallic particle (6).

Fig. 1. SEM backscattered electron image of the polished U/Th-doped sample shows
mainly zirconolite as the general matrix and hollandite with trace amounts of
brannerite and metallic Ni particles.
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the U/Th-doped sample. The Pu-doped sample contained mainly
zirconolite (�90%) and hollandite (�8%), together with small
amounts of Hf-bearing rutile (�2%). As designed, the Pu was com-
pletely incorporated in zirconolite phase together with Gd and Hf
as neutron absorbers. Again, no perovskite was observed in the
microstructure. Brannerite was also not observed. This is primarily
believed to be due to the smaller ionic radius of Pu4+ ions com-
pared to Th4+ and U4+ ions, and Pu4+ lies at the lower A site size io-
nic limit of stability for brannerite (A2Ti2O6) [32]. It is apparent
that the target phase assemblage has been closely achieved.

3.2. Waste form/HIP-can interactions under HIPing conditions

3.2.1. U/Th-doped sample
Waste form/HIP-can interactions of an inactive synroc sample

have been studied previously [24]. The interface interactions were
dominated by Fe and Cr diffusion from stainless steel into synroc.
In the current work, the U/Th-doped sample has been used to verify
the previous finding and to examine if there is any effect of such
interactions on the U-bearing phase distribution near the interface.
A SEM backscattered electron image of the cross-sectional interface
(Fig. 3) shows several numbered areas of interests. Some (Cr/
Mn = 2:1)-rich oxide particles (1) �2 lm in diameter, have been
identified �10 lm away from the interface on the stainless steel
side. Small SiO2 particles along the reaction interface on the stain-
less steel side have also been observed (2) and they are likely to
be the result of oxidation and migration of trace amounts of Si in
the 316 stainless steel (typical composition: Fe: 61.8–68.8%, C:
0.08%; Mn: 2.0%; P: 0.045%, S: 0.03%, Si: 1.0%, Cr: 16–18%, Ni: 10–
14%, Mo: 2–3%) towards the reaction interface. Areas (3) and (4)
are (Cr, Fe, Al)2O3 solid solutions containing trace amounts of TiO2

(�1%), with higher Fe content in area 4 (�24%). Cr-rich hollandite
(5), with nominal composition very close to (Ba1.3Al0.4Fe0.1Cr2.1-

Ti5.4O16), forms at the interface adjacent to the zirconolite front.
Some small scattered Ni-rich metallic particles (6) are also present
in areas 3 and 4.
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Fig. 6. Normalised elemental release rates (g m�2 d�1) of the U/Th sample leached
at 90 �C in deionised water for 0–1, 1–7 and 7–28 days (midpoint of each leaching
period is used).

Fig. 5. SEM backscattered electron image of the cross-sectional interface for the Pu-
doped sample shows labelled ceramic phases (Z – zirconolite, H – hollandite and R –
rutile) and some numbered areas of interest: SiO2 particles (1); Cr-depleted
stainless steel particles (2); (CrxAl1�x)2O3 solid solutions (3 and 4) with various
amounts of Fe and Ti oxides; and Cr-doped hollandite (5).
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The reaction zone of the waste form was observed to extend up
to 50 lm from the can interface. The microstructure of this region
is slightly different to the bulk material (Fig. 1), with less abundant
hollandite. The profiles of Fe and Cr oxides in zirconolite from the
reaction front towards the waste form, shown in Fig. 4, indicate
that Cr and Fe diffuse into zirconolite about 100 lm and over
500 lm (100–500 lm not shown), respectively. The result is con-
sistent with our previous work [23]. It has been shown that transi-
tion metals can be readily accommodated into the zirconolite
lattice [33] and the zirconolite can self-charge compensate, e.g.,
Gd3+ can reside on either the Ca2+ or Zr4+ site or cation vacancies
can form.

The interfacial reaction–diffusion system here is relatively com-
plex, being a multi-component, non-equilibrium system operating
with redox changes in the ions present and requires further study,
probably with simpler systems, to fully understand it. Despite the
diffusion of Fe and Cr into the zirconolite matrix, the waste form/
HIP-can interactions do not significantly change the U/Th-bearing
phases at the reaction interface, with U/Th entirely incorporated
in zirconolite and brannerite phases. Given that the purpose of
the waste form is to immobilise actinides then one can conclude
from this case that the HIP can has no effect upon this criterion.

3.2.2. Pu-doped sample
A SEM backscattered electron image of the cross-sectional

interface of the Pu-doped sample is given in Fig. 5. The microstruc-
ture was observed to be somewhat similar to the interface in the U/
Th-doped sample (Fig. 3) with small SiO2 particles along the reac-
tion interface on the stainless steel side (1), Cr-depleted stainless
steel particles (2), grains of (CrxAl1�x)2O3 solid solution that contain
variable amounts of Fe (7–17%) and Ti (3–11%) oxides (3 and 4),
and Cr-rich hollandite (5) with the nominal composition similar
to that found in the U/Th-doped sample.

The waste form HIP can reaction zone, up to 50 lm deep, has a
slightly different microstructure to the bulk material (Fig. 2). The
hollandite grains are larger than those in the bulk. However, as
an interface reaction product, the Cr-rich hollandite (5) in both
Pu and U/Th samples has slightly different appearance. In the case
of U/Th-doped sample, it forms a continuous layer right at the reac-
tion front on the waste form side. In contrast for the Pu-doped
sample, it forms larger grains, compared to hollandite grains in
the bulk waste form, evenly distributed up to 50 m in the reaction
front of the waste form. The above difference is believed to be due
to subtle diversity of local redox conditions. However, future work
on Pu-doped samples may provide more evidence for better under-
standing of such phenomena.

As with the U/Th-doped sample, the waste form/HIP-can inter-
actions for the Pu-doped sample do not seem to have any signifi-
cant effect on the Pu-bearing phase distribution in the reaction
zone with the Pu remaining wholly incorporated in zirconolite.
Nevertheless, the current work confirms that zirconolite-rich
waste form/HIP-can interactions involve diffusion of Fe/Cr from
stainless steel and Al/Ti from the waste form (at the expense of
hollandite), forming mixed oxide solid solutions and Cr-rich hol-
landite at the interaction region.

3.3. Chemical durability of actinide-bearing zirconolite-rich waste
forms

Leaching tests were carried out to verify the chemical durability
of the waste forms produced. The normalised elemental release
rates, based on geometrical surface areas, of the U/Th-doped sam-
ple in deionised water (DIW) are shown in Fig. 6. The dissolution of
the waste form in DIW is incongruent with preferential releases of
Al, Ba and Ca over Gd, Th, Ti, U and Zr. These results suggest that
Gd, Th and U are incorporated in the more durable zirconolite
phase as designed, consistent with the microscopic characterisa-
tions, with normalised elemental release rates all below
10�3 g m�2 d�1 after 28 days of leaching in deionised water.
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Similar to the observations for the U/Th-doped sample, the nor-
malised elemental release rates of the Pu-doped sample in DIW
show (see Fig. 7) preferential releases of Al, Ba and Ca over Gd,
Ti, Pu, Hf and Zr, with normalised elemental release rates of Pu
and Hf below 10�5 g m�2 d�1 after 35 days, and that of Gd between
�10�4 and 10�5 g m�2 d�1. The low and similar release rates of Pu
and Hf and Gd from the waste form suggest that the neutron
absorbers will remain in the ceramic with the Pu, unlike more mo-
bile neutron absorbers, such as boron. In addition, if in the long run
the Pu is released the Hf and to some extent the Gd will escort it.
This will minimise the risk of criticality during waste form storage
and in the long-term geological disposal [11]. These results are cer-
tainly in agreement with those of the early chemical durability tes-
tings for various synroc formulations [2,3].

Natural analogue studies [2,6–8] on U/Th zirconolites have re-
vealed valuable information on radiation damage, long-term acti-
nide retention and hydrothermal alterations of natural
zirconolites. However, it is difficult to directly correlate the hydro-
thermal alterations to the laboratory leaching results for the syn-
thetic zirconolites due to the unknown nature of the
hydrothermal fluids present in a future repository. Nevertheless,
the general loss of Ca, rare earths and slightly depleted U/Th in
some of the alteration zones [6] are broadly consistent with the
preferential release of Ca over U/Th identified in the above labora-
tory studies.

3.4. Actinide valences in zirconolite

3.4.1. U in zirconolite
Both tetravalent and pentavalent uranium ions have been previ-

ously identified in zirconolite samples prepared at different redox
conditions [16,17]. In principle, the f–f electronic transitions give
numbers of sharp peaks with half width of a few hundred cm�1

in the near infrared. The absorption spectrum of U5+ (f1 configura-
tion) ion in zirconolite consists of a sharp band at 6650 cm�1, and
three broader bands at 9270, 10,720 and 13,400 cm�1, due to spin–
orbit coupling and crystal field splitting in an octahedral environ-
ment [17]. In contrast to U5+, a large number of components (90)
arise from the splitting of the states of the f2 configuration of
U4+, under spin–orbit coupling and crystal field effects. DR spectra
of the U/Th-doped sample and a single-phase U-doped zirconolite
(CaZr0.8U0.2Ti2O7) sample, in the near infrared range, are shown in
Fig. 8. Clearly both spectra exhibit no features of U5+ ions and they
have been assigned to the spectra of U4+ ions in zirconolite [16]. As
the zirconolite phase near the reaction interface is exposed to a
more reducing environment due to the presence of the stainless
steel HIP-can, uranium should continue to favour the state of tetra-
valent as U3+ will not form in oxide systems [34]. The waste form/
HIP-can interactions therefore, should have no detectable effect on
uranium valences near the reaction interface.
3.4.2. Pu in zirconolite
Early XANES (X-ray absorption near-edge spectroscopy) studies

[18–20] confirmed that tetravalent Pu ions dominate zirconolite
samples sintered in air whilst �80% Pu3+ ions can exist in zircono-
lite samples sintered in a reducing atmosphere [19]. Note Pu va-
lence states >+4 have never been found in these titanate
ceramics. DR spectra (5000–20,000 cm�1) of the bulk material to-
gether with that of a Pu-doped single-phase zirconolite
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(CaZr0.97Pu0.03Ti2O7) sintered in air are shown in Fig. 9. The similar-
ity between these two spectra suggests that Pu presents as Pu4+

ions in the Pu-doped sample, consistent with the previous XANES
and DRS studies [18–20]. However, there is no evidence on
whether the Pu4+ has been partially reduced to Pu3+ at the reaction
interface. SEM-EDS analysis results did not provide any positive
answer, noting that there would have expected stoichiometric
changes if Pu3+ formed. Nevertheless, the presence of Pu3+ in tita-
nate ceramics does not seem to compromise the chemical durabil-
ity of the materials [21].

4. Conclusions

As designed, both U and Pu exist mainly as tetravalent ions in
zirconolite in the waste forms for actinide immobilisation prepared
by HIP using stainless steel cans for containment. The low and
comparable release rates for both U/Gd and Pu/Hf pairs will de-
crease the criticality risk during the interim storage and long-term
geological disposal of the waste form.

The waste form/HIP-can interactions under HIPing conditions
do not seem to change the overall U valence, U/Pu-bearing phase
distributions or produce any undesirable U/Pu-bearing phases at
the reaction interface. However, whether the Pu has been reduced
to trivalent at the reaction interface still remains an open question.
Hence, using the criteria that the actinides remain in a stable and
durable waste form phase, it can be concluded that the use of
stainless steel HIP cans has no significant effect on the overall
integrity of the waste form. Overall, zirconolite-based titanate
ceramics are eminently suitable for immobilisation of separated
actinide-rich waste streams through HIP processing technology.
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