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Abstract: Should the decision be made to immobilise the UK Pu inventory through a campaign
of Hot Isostatic Pressing (HIP) in a zirconolite matrix, prior to placement in a geological disposal
facility (GDF), a suite of disposability criteria must be satisfied. A GDF safety case should be able
to demonstrate that post-closure criticality is not a significant concern by demonstrating that such
an event would have a low likelihood of occurring and low consequence if it were to occur. In the
case of ceramic wasteforms, an effective means of criticality control may be the co-incorporation of a
requisite quantity of a suitable neutron absorbing additive, either through co-immobilisation within
the host structure or the encapsulation of discrete particles within the grain structure. Following an
initial screening of a range of potential neutron absorbing additives, a literature-based assessment of
the solid solution limits of a number of potential additives (Gd, Hf, Sm, In, Cd, B) in the candidate
zirconolite (CaZrTi2O7) wasteform is presented. Key areas of research that are in need of development
to further support the safety case for nuclearised HIP for Pu inventories are discussed.
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1. Status of the United Kingdom’s Plutonium Inventory

Upon completion of domestic reprocessing of spent nuclear fuel (SNF) derived from
the civil reactor fleet, the United Kingdom will have accumulated a substantial inventory of
separated PuO2 in excess of 140 teHM (tonnes heavy metal equivalent) [1,2]. This inventory
is the result of the PUREX reprocessing (Plutonium Uranium Reduction Extraction) of
SNF. In the PUREX process, irradiated fuel assemblies are discharged from a reactor,
cooled, sheared and dissolved in HNO3, with Pu/U subsequently recovered in a series
of solvent extraction steps. Pu(IV) and Pu(III) nitrates are coextracted from the aqueous
raffinate by complexation with tributyl phosphate (TBP), followed by precipitation as Pu
insoluble oxalates, Pu4+(C2O4)3·6H2O and Pu3+

2(C2O4)3·10H2O, via the addition of oxalic
acid. The precipitated oxalates are subsequently converted to PuO2 via calcination in
the air or an inert atmosphere, with calcination temperature and time generally inversely
proportional to specific surface area (m2/g), prior to interim storage awaiting a decision on
long term management [3]. The Nuclear Decommissioning Authority (NDA) is responsible
for identifying a preferred long term strategy for placing this material beyond reach,
satisfying proliferation and safety concerns, that the site license companies will implement.
Potential routes towards Pu recycling and/or disposal were defined in the Credible Options
Analysis, utilising a life cycle approach to outline and evaluate: (1) pathways to disposition
within the constraints of financial and socioeconomic benefit; (2) safety and compatibility
with the disposal environment; and (3) readiness and maturity of necessary technology [4].
Several iterations of the Credible Options framework have identified two high level options
that are feasible: reuse of the bulk inventory as mixed oxide fuels (MOX) or chemical

Ceramics 2023, 6, 1330–1347. https://doi.org/10.3390/ceramics6030082 https://www.mdpi.com/journal/ceramics

https://doi.org/10.3390/ceramics6030082
https://doi.org/10.3390/ceramics6030082
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ceramics
https://www.mdpi.com
https://doi.org/10.3390/ceramics6030082
https://www.mdpi.com/journal/ceramics
https://www.mdpi.com/article/10.3390/ceramics6030082?type=check_update&version=1


Ceramics 2023, 6 1331

immobilisation of the inventory in a suitable matrix. In either case, it is accepted that the
timescales for the implementation of any strategy will be several decades at a minimum,
and consideration must be given to the quality and source of the Pu feedstock. A summary
of UK Pu stocks reported to IAEA under INFCIRC/549 is listed in Table 1. As of 2022, and
outlined in the NDA 2022–2025 Business Plan, all separated Pu has been produced and
consolidation at Sellafield has been completed. At this stage, a campaign of repacking for
long term storage is underway, with all cans not suitable for extended storage undergoing
repackaging. The merits of a MOX fuel-based strategy will not be discussed in this article,
and the reader can be referred to the latest NDA Strategy and Position Paper (2019) [1].
Legacy storage of PuO2 inventories over the past ~60 y has resulted in a fraction of the
inventory becoming contaminated with Cl; whilst it is envisaged that this contaminated
material will still be suitable for reuse, there is a sizeable inventory of MOX scraps and
unirradiated fuel assemblies that will not be suitable for reuse. Any Pu materials designated
for disposal (both of high purity and contaminated status) will necessitate specifically
tailored ceramic or glass–ceramic wasteforms for immobilisation prior to disposition within
a geological disposal facility (GDF).

Table 1. 2021 annual figures for holdings of civil unirradiated plutonium in the United Kingdom
(reported to IAEA under INFCIRC/549 [5]).

Source Amount (teHM)

Unirradiated separated plutonium in product stores at reprocessing plants 137.0

Unirradiated separated plutonium in the course of manufacture or fabrication and
plutonium contained in unirradiated semi-fabricated or unfinished products at fuel or
other fabricating plants elsewhere

0.4

Plutonium contained in unirradiated MOX fuel or other fabricated products at reactor
sites or elsewhere 2.0

Unirradiated separated plutonium held elsewhere 1.2

Unirradiated separated plutonium owned by foreign bodies under UK safeguards 24.1

Total 164.7

2. Criticality Safety and the Role of Neutron Absorbing Additives in Waste Packages

To construct a site specific safety case for the geological disposal of higher activity
radioactive wastes in the UK, Nuclear Waste Services (NWS), a subsidiary of the NDA and
the body responsible for the design, construction, and continued operation of the as yet
un-sited GDF, maintains a generic disposal safety case outlining the claims, arguments, and
evidence that underpin GDF deliverability. A key aspect of the safety case is an assessment
of waste package criticality during transport, GDF operation, and post closure [6]. Generic
Criticality Safety Assessments (CSAs), as described by Hicks (2007), are considered for
waste packages containing one or more of the following four waste components: irradiated
natural and slightly enriched uranium; low enriched uranium; high enriched uranium
and; separated plutonium [7]. In the interest of brevity, this report will focus only on
separated Pu. The reader is referred to Solano et al., (2012) for a comprehensive discussion
of criticality control in intermediate level waste and SNF packages [8].

Criticality control measures guard against an inadvertent self-sustaining chain reaction
within immobilised fissile material. During the construction and operational phase of the
GDF, waste packages will be transported to the facility and placed in a suitable geometrical
arrangement in pre-designated areas. The safety of workers and the general public must
therefore be ensured by two general approaches: (1) producing waste packages that remain
sub-critical by placing an upper limit on the quantity of fissile material contained within
and; (2) by optimising the physical form of the waste package such that a critical chain
reaction is not possible, either through an arrangement in specific dimensions and geometry
that are capable of mitigating the accumulation and critical mass of fissile material, or
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through the addition of a neutron absorbing additive. The condition of criticality is met
when radionuclides capable of undergoing fission are arranged such that a self-sustaining
chain reaction may occur. This is described by the notation Keff = 1, i.e., the rate of neutrons
produced by per fission and the rate of neutrons lost by absorption, or leakage, is equal to
unity. Under this condition, a self-sustaining reaction will occur.

Following the closure of the GDF, criticality assurance may be provided through
a series of engineered barriers, providing a layered defence known as the multi-barrier
concept [9]; however, it is accepted that on the timescale of >103 years, water will slowly
ingress, resulting in the deterioration of the physical containment of waste packages. The
release of radioactive material into the near field is considered to be inevitable, with the
possibility of new configurations that could result in criticality. An arrangement of material
that is critical would likely produce an increase in temperature and result in the generation
of fission products. A suitable additive for mitigating criticality has a high thermal neutron
cross-section and may easily be integrated into a wasteform package to reduce the overall
neutron flux, thus reducing Keff < 1 and mitigating the possibility of criticality. Inhibiting the
neutron flux by the inclusion of additives may also afford the opportunity to increase the
upper wasteloading limit, improving the volume footprint of the repository environment
and reducing the number of waste packages, in turn reducing the number of handling
operations and associated dose uptake to workers. There are a number of candidates
that have been proposed as suitable additives for Pu-containing ceramics. For example,
Nadykto and Timofeeva (2001) [10] estimated that in the case of thermal neutrons, the
additive:Pu nuclei ratio to avoid a nuclear chain reaction for B, Gd, Cd, Sm, and Eu was 1.6,
0.023, 0.45, 0.2, and 0.25, respectively. The incorporation of the additive in the wasteform
could be accomplished in a number of ways.

There is not currently a consensus regarding the most effective means or efficacy of
adding the neutron absorbing additive to a wasteform on an industrial scale; however, the
addition would likely have to be constrained within the batch formulation and powder
preparation stage. The engineering unit operations for a HIP-based strategy are illustrated
in Figure 1. Within this process, there are two options that may be suitable, as they do
not require additional handling or unit operations associated with them and make use of
existing pre-treatment parameters that are already essential to the HIP program. These are
as follows:
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Figure 1. Simplified overview of primary unit operations that may be associated with HIP immobili-
sation strategy for Pu.

(1) Wasteform tailoring—In this option, the ceramic composition is tailored such that
a pre-determined quantity of additive can be incorporated within the structure without
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disrupting the phase assemblage or resulting in the formation of deleterious secondary
phases. The addition of trivalent species, e.g., Gd3+, would necessitate tailoring of the
nominal composition to account for excess/deficiency in charge units across the structure.
An appropriate amount of additive is incorporated in the oxide form directly to the milling
stage as a function of the total wt. % of the waste package (e.g., direct addition of 2 wt. %
Gd2O3). The inactive component of the ceramic precursor would require a pre-treatment
stage consisting of homogenisation and calcination prior to the addition of the PuO2. This
would be followed by a secondary milling stage to ensure complete oxide dispersion and
size reduction to assist the sintering process. In this case, the additive source may be
introduced alongside the PuO2 at the secondary milling stage. Compositions developed
for this route are discussed in detail in the following section.

(2) Additive encapsulation—Alternatively, the additive may be incorporated into the
waste microstructure as discrete particles via encapsulation. This may be more applicable
for additives such as boron which, due to its small ionic radius, may not be effectively ac-
commodated in a solid solution with the host ceramic phase. In this instance, a compound
such as B4C may be encapsulated at intergranular spaces and triple points, forming discrete
particulates within the microstructure. An additive such as B4C has an extremely high Vick-
ers hardness; therefore, to attain homogeneous distribution throughout the microstructure,
the feed would have to be comprised of a fine powder that can easily be dispersed, or the
process would need to take advantage of an aggressive milling stage.

3. Review of Zirconolite Chemistry and Evaluation of Potential Solid Solution
Regimes for Pu Immobilisation

Technical efforts in the UK to identify a suitable wasteform for separated Pu have con-
sidered single and multiphase ceramics based on derivatives of the titanate pyrochlore-rich
wasteform developed for the US DoE Plutonium Immobilisation Project (PIP) and vitrified
wasteforms based on variations of borosilicate glass (e.g., lanthanide borosilicate (LaBS),
alkali tin silicates (ATS)). Encapsulation and dilution of PuO2 in cementitious wasteforms
is still also considered a technically feasible option on the basis of GDF compliance and
simplicity [11,12]. Following several years of inactive trials and deselection, occurring
primarily in collaboration between the National Nuclear Laboratory (NNL) and the Immo-
bilisation Science Laboratory (ISL), wasteforms favouring zirconolite as the host Pu phase
have been selected as the preferred candidate and, as such, a program of systematic active
and inactive trials aiming to maximise Pu wasteloading through tailoring a selection of
baseline compositions and further probe the underlying crystallography of the zirconolite
structure is underway [13–16].

Zirconolite (nominally CaZrTi2O7) is a rare accessory mineral that is present in a wide
variety of terrestrial localities, demonstrating an affinity for an extensive solid solution
with, but not limited to, Mg2+, Al3+, Fe2+/3+, Nb5+, Ta5+, Pb2+, U4+, Th4+, Ce3+/4+, Pr3+,
Gd3+, Sm3+, and Nd3+ [17]. The ability of zirconolite to incorporate such a wide variety of
species, with five distinct cation receptor sites (CaVIII, ZrVII, Ti(I)VI, Ti(II)V, and Ti(III)VI),
makes it an ideal candidate for co-immobilisation of separated Pu, lower valence charge
compensator cations such as Mg2+ and Al3+, and an appropriate amount of a suitable
neutron absorbing additive (e.g., Gd3+) to suppress criticality. Zirconolite (the archetype
of which is the 2M structure) has been recognised by NDA as a candidate ceramic phase
for Pu and, as such, has commissioned a body of work aiming to systematically validate
potential solid solutions using a combination of surrogates (Ce/U/Th). It should also be
noted that glass–ceramic wasteforms based on the CaZrTi2O7—Na2Al2Si6O16 system have
also been proposed for Cl-contaminated Pu residues [18–22].

The idealised zirconolite parent structure crystallises in monoclinic symmetry (space
group C2/c) and comprises two distinct cation layers, where Ca2+ and Zr4+ polyhedra are
8 and 7-fold coordinated to oxygen (i.e., CaO8 and ZrO7), respectively, and are interspaced
by layers of Ti-O polyhedra arranged in a topology closely related to that of hexagonal
tungsten bronze (HTB) (Figure 2). In this theoretical description, Ti occupies three distinct
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sites within the HTB layer, two of which are 6-fold coordinated to oxygen forming six-
membered rings. The remaining Ti is statistically distributed in the centre of these rings,
in a 50% occupied 5-fold coordinated trigonal bi-pyramidal site. In the zirconolite unit
cell, planes of Ca/Zr polyhedra and HTB layers are stacked 1:1 along parallel to [001],
with HTB positioned at z = 0.25 and z = 0.75 related by a 180◦ rotation, offset along
[130]; subsequent modules at z = 0.75 and z = 1.25 are offset in the [1–30] direction [23].
This structure is referred to as zirconolite-2M, with reference to the two-layer repeating
lamellar structure comprising the monoclinic unit cell. A more comprehensive description
is provided by Gatehouse et al. in which the zirconolite-2M structure remains stable over
the solid solution CaZrxTi3−xO7 constrained by 0.80 < x < 1.35 [24], with mixed occupancy
of Zr-Ti-O polyhedra also determined to be a function of temperature, between 1350 and
1500 ◦C [25].
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Figure 2. Crystal structures of zirconolite-2M, 4M, and 3T polytypes (images reproduced from the
Vesta software using Crystallography Information Files (CIF) from Whittle et al. [26], Coelho et al. [25],
and Grey et al. [27]).

Zirconolite structured materials are typically produced via high temperature sintering
from a mixture of oxide precursors, and although sintering regimes are typically >1300 ◦C
and >10 h, there does not seem to be any clear correlation between processing conditions
and lattice dimensions. A selection of reported lattice parameters of CaZrTi2O7 and corre-
sponding processing conditions are listed in Table 2. Due to the flexibility of the zirconolite
structure, a variety of potential solid solution regimes for Pu immobilisation have been
identified, both from a survey of available literature and hypothesised based on feasible
(charge balanced) substitutions (Table 3). Depending on the substitution mechanism and
prevailing oxygen fugacity during the sintering process, zirconolite may crystallise in
several distinct polytypes, characterised in principle by variation in the stacking sequence
of Ca/Zr and HTB layers. For example, the incorporation of >0.15 f.u. of M4+ (Ce/U/Pu)
promotes the formation of the zirconolite-4M polytype, described by Coelho et al. as
a four layer intergrowth of zirconolite-2M and pyrochlore-type modules, resulting in a
doubling of the zirconolite unit cell along the c* axis [23]. Zirconolite-4M may also form as a
result of near equimolar accommodation of trivalent species within the Ca2+ and Zr4+ sites,
i.e., zirconolite-4M is essentially an intermediate phase between CaZrTi2O7 (zirconolite)
and REE3+

2Ti2O7 (pyrochlore) end-members [28]. Heavily disordered substitution regimes,
such as targeting accommodation of M3+ and M4+ species between Ca2+ and Ti4+ sites,
may also result in the formation of other polytypes, such as zirconolite-3T (trigonal unit
cell, space group: Pbnm) or zirconolite-3O (orthorhombic unit cell, space group: Acam).
For a comprehensive discussion of zirconolite polytypism, the reader is referred to White
(1984) [29]. Generally, substitution schemes for the accommodation of Pu4+ within the Ca2+
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site are facilitated by a charge-coupled substitution, whereby a lower valence cation such
as M = Fe3+/Al3+ is accommodated within the Ti4+ site [30]. As stated, a simple isovalent
substitution for Zr4+ has also been demonstrated and may allow greater wasteloading;
however, this results in a phase assemblage dominated by zirconolite-4M, using both Ce/U
surrogates and Pu [16,31,32].

Table 2. Reported unit cell parameters for zirconolite polytypes.

Structure Symmetry a (Å) b (Å) c (Å) β (◦) Space Group Origin Ref.

2M Monoclinic 12.4435 7.2735 11.3748 10.563 C2/c Synthetic [14]
4M Monoclinic 12.553 7.248 23.081 84.799 C2/c Synthetic [23]
3T Trigonal 7.228 - 16.805 - P3121 Synthetic [27]
3O Orthorhombic 10.31 14.48 7.41 - Acam Natural [33]

Several of these solid solution regimes would necessitate Pu to be present as Pu3+.
This may not prove feasible, as it may involve the conversion of the PuO2 into Pu2O3
prior to ceramic processing, incurring additional feed preparation steps in the process
outlined in Figure 1. The conversion of Pu3+ within the wasteform, e.g., through the use
of strongly reducing conditions during sintering, will also likely drive the formation of
deleterious accessory phases such as CaTiO3. Furthermore, CaTiO3 has demonstrated an
affinity for trivalent M3+ incorporation and has demonstrated markedly lower chemical
durability than the zirconolite phase, and thus may significantly reduce overall wasteform
performance through uptake and subsequent release of Pu3+ from CaTiO3 [34–36].

Table 3. List of feasible solid solution regimes for Pu in zirconolite and summary of expected
polytype fields.

Solid Solution Regime Comments References

CaZr1−xPu4+
xTi2O7

This system exhibits a polymorphic transition to 4M in the interval 0.10 ≤ x ≤ 0.20. This
has been demonstrated in several key investigations using Ce/U/Pu. A mixture of
zirconolite-2M and zirconolite-4M could be expected in the compositional interval 0.20
≤ x ≤ 0.40. Zirconolite-4M is rarely stabilised as a single phase and exists over a narrow
compositional range of 0.40 ≤ x ≤ 0.50, accompanied by pyrochlore. Transformation to
the pyrochlore structure is common around x = 0.60, with solid solution limits of CeO2
defined at x ~ 0.80 (this could also be expected for UO2 and PuO2).

[13,16,31,32,
37,38]

Ca1−xPu4+
xZrTi2−2xM3+

2xO7

This solid solution appears to be the most common method of substitution, by which
Ce/U/Pu are substituted within the Ca2+ site, and charge balance provided by a small
lower valence cation exchanged for Ti4+ (typically Al3+, Fe3+, Cr3+, or Mg2+. Note: in the
case of Mg2+, the nominal composition becomes Ca1−xPuxZrTi2−xMgxO7). Zirconolite-2M is
typically formed near single phase in the compositional range of 0.00 ≤ x ≤ 0.20, with
secondary perovskite commonly observed for Ce surrogate compositions due to partial
Ce3+ speciation. At elevated wasteloading (i.e., x = 0.35), free oxides may be observed.
Furthermore, the dominant zirconolite polytype at enhanced wasteloading appears to be
controlled by choice of M3+ species. For example, Ca0.65Ce0.35ZrTi1.30Cr0.70O7 was
reported as zirconolite-2M by Blackburn et al., yet the corresponding
Ca0.65Pu0.35ZrTi1.30Fe0.70O7 composition was reported as zirconolite-3T by Gilbert et al.
This may be attributed to the different redox and/or site occupancy behaviour between
Ce/Pu and/or ionic radii of Cr/Fe.

[14,31,39–44]

Ca1−xPu3+
xZrTi2−xM3+

xO7

Systematic studies in the Ca1−xLnxZrTi2−x(Al,Fe)xO7 system have been reported for Ln
= La, Nd, Gd, Ho, and Yb, which may act as Pu3+ surrogates. The phase evolution of
these ceramics is seemingly dictated by ionic radii, with increased solubility for smaller
cations such as Gd3+. Polytype transformation to zirconolite-3O could be expected at
elevated substitution (x = 0.60) for some Ln3+ surrogates (e.g., Nd) but 2M phase stable
up to x = 0.80 for others, e.g., Gd3+.

[45–48]

Ca1−xZr1−xPu3+
2xTi2O7

Equimolar substitution of Pu3+ between Ca2+ and Zr4+ could be expected to produce a
phase transformation to the pyrochlore structure with elevated Pu content x ≥ 0.60 via
formation of intermediate zirconolite-4M phase. This has been demonstrated for the
corresponding Nd3+, Y3+, Sm3+, and Gd3+ solid solutions.

[49–52]

Ca1−xPu4+
2xZr1−xPu4+

xTi2−4xM3+
4xO7

This solid solution mechanism would see Pu4+ cations co-partitioned between Ca2+ and
Zr4+ sites. Such targeted solid solutions have been observed to predominantly yield
zirconolite-3T.

[53]
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4. Solid Solution Limits of Potential Neutron Absorbing Additives in Zirconolite
4.1. Candidate Neutron Absorbing Additives

Initial screening identified a selection of suitable neutron absorbing additives species
(Table 4). Gd, Hf, Sm, Cd, In, and B were identified as suitable candidates on the basis of
accessible oxidation states, commercial availability, cost per gram of component oxides,
and thermal neutron absorption cross section. The cost index, as outlined in Table 4, is
taken from the current Merck reagent catalogue (accurate as of November 2022) and is,
therefore, not expected to be representative of the price for large quantities of constituent
reagent materials. Nevertheless, these listings provide an order of magnitude comparison.
Although the wasteform design philosophy stipulates that the down-selection of neutron
absorbing additives should not be dictated entirely by cost, it is clear from Table 4 that the
unit price of specific oxides can vary by three orders of magnitude. Although the elements
listed are not an exhaustive list of all potential additives, an initial filter was applied such
that any species with a cost index approximately 100 times greater than Gd were excluded.

Table 4. Data for evaluating candidate neutron absorbing additives.

Element Cost of Component
Oxide (£/g) Merck Product Code Purity Thermal Neutron Cross

Section (σa/barns)

Gd 2.76 278513 99.9% trace metals basis 4.90 × 104

Hf 151.00 203394 ≥99.95% 104
Sm 4.20 228672 99.9% trace metals basis 5.92 × 103

Cd 7.00 202894 ≥99.99% trace metals
basis 2.45 × 104

In 7.50 289418 99.99% trace metals
basis 194

B * 1.76 378119 98% 767

* All elements are listed as oxides except for B, which is anticipated to be B4C; prices are accurate as of November 2022.

4.2. Gadolinium Doped Zirconolite

Gadolinium incorporation within zirconolite has been extensively studied since Gd3+

possesses physical characteristics also applicable to that of an effective minor actinide
simulant. Nevertheless, Gd3+ may be accommodated in zirconolite to act as a neutron
absorbing additive. Gadolinium has been included in a series of polycrystalline phase
assemblages, such as the SYNROC wasteform, for criticality control. However, these studies
did not intend to incorporate Gd3+ within specific lattice sites within the zirconolite parent
structure; hence, a meaningful discussion of the solid solution limits is not always possible.
For example, a zirconolite-rich SYNROC composition was synthesised by HIP at 1280 ◦C
in the work of Li et al., with 8.96 wt. % Gd2O3 added for criticality control; however, the
partitioning of Gd3+ between the obtained zirconolite, hollandite, pyrochlore, and rutile
phases was not discussed [54]. The partitioning of Ln3+ species within a series of SYNROC
compositions was investigated by Lumpkin et al., with the conclusion that the partitioning
of these elements within the various crystalline phases was largely controlled by ionic
radii [55]. Consequently, it was inferred that Ln3+ cations such as Gd3+ demonstrated an
affinity for substitution within the large Ca2+ site in the zirconolite structure.

Two zirconolite-rich SYNROC wasteforms were HIPed by Zhang et al. using both
U/Th surrogates (targeting 90% zirconolite and 10% hollandite) and Pu (targeting 80%
zirconolite, 10% hollandite, and 10% rutile), with Gd and Gd + Hf added to each sample for
criticality control, respectively [56]. In both instances, the zirconolite phase was observed to
overwhelmingly accommodate both neutron absorbing additives alongside U/Th and Pu.
Leaching trials in deionised water at 90 ◦C demonstrated near congruent release of Gd/Hf
with Pu from the wasteform, with normalised release rates < 10−5 g·m−2·d−1 after 35 d
for Hf and Pu. It was concluded that the release of Pu from the wasteform would likely be
accompanied by the release of Hf/Gd, mitigating any potential localised criticality.
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The solid solution limits of Gd are more easily discussed when a series of specific solid
solutions are targeted. Zhang et al. fabricated the Ca1−xZr1−xGd2xTi2O7 (0.00 ≤ x ≤ 1.00)
solid solution by conventional sintering at 1400 ◦C for 48 h using oxide precursors [52].
Zirconolite-2M was produced as the dominant phase in the range of 0.00 ≤ x ≤ 0.20, with
a mixture of zirconolite-2M and zirconolite-4M obtained for 0.20 ≤ x ≤ 0.50. A cubic
pyrochlore phase was detected via powder XRD for x ≥ 0.40, gradually progressing
towards a single phase at x = 0.60. A 7-day ASTM PCT leaching test [57] was performed for
compositions corresponding to x = 0.20 (mixture of zirconolite-2M and 4M) and x = 0.40
(mixture of zirconolite-2M, 4M, and pyrochlore) using deionised H2O as the leachate. The
normalised leach rate of Gd from each sample was exceptionally low, measured to be
4.96 × 10−7 g·m−2·d−1 and 1.78 × 10−7 g·m−2·d−1, respectively.

A systematic investigation was performed by Ma et al. characterising the incorpora-
tion of a variety of Ln3+ species in the zirconolite system Ca1−xLnxZrTi2−xAlxO7 (Ln = La,
Nd, Gd, Ho, and Yb, 0.10 ≤ x ≤ 1.00) by sintering oxide precursors at 1400 ◦C for 100 h [48].
The prevailing phase assemblage and dominant zirconolite polytype were controlled by
the choice of Ln3+ species, with La3+ failing to form a complete solid solution past the
limit of x = 0.20. When targeting the Ca1−xGdxZrTi2−xAlxO7 system, zirconolite-2M was
maintained extensively over the range of 0.00 ≤ x ≤ 0.80, after which minor ZrO2 became
prominent as a secondary phase. Interestingly, the replication of this series with Nd3+

produced the zirconolite-3O phase at x ≥ 0.70, implying that Gd3+ does not distort the
zirconolite structure as much as closely related Ln3+ species, likely due to size constraints.
Interestingly, the Ca1−xGdxZrTi2−xAlxO7 (0.00 ≤ x ≤ 1.00) solid solution synthesised at
1400 ◦C (5 h) by Stefanovsky et al. produced different phase fields than those reported
by Ma et al. [46]. Whilst the microstructure was comprised of a single phase zirconolite
over the range of 0.00 ≤ x ≤ 0.90, at which point minor Gd-rich ZrO2 was observed by
SEM, electron diffraction data were consistent with the zirconolite phase transforming to
3T or 6T symmetry in the range of 0.50 ≤ x ≤ 0.90. When targeting x = 1.00, i.e., nominal
composition GdZrTiAlO7, electron diffraction analysis was consistent with zirconolite-3O.
The solid solution limits of Gd within the following formulations were probed by Vance
et al.: Ca1−xGdxZrTi2−xAlxO7, Ca1−xZr1−xGd2xTi2O7, and CaZr1−xGdxTi2−xNbxO7 via by
conventional sintering at 1450 ◦C for 20 h [58]. When targeting Ca1−xGdxZrTi2−xAlxO7,
the phase evolution was largely similar to related solid solutions, e.g., Ma et al. [48],
with the formation of zirconolite-3O observed at x = 0.70. A transformation to the py-
rochlore structure was identified at x = 0.50 for Ca1−xZr1−xGd2xTi2O7, similar to the phase
fields observed by Zhang et al. for Gd [52]. Identical phase fields were also formed for
CaZr1−xGdxTi2−xNbxO7, by which the pyrochlore phase was produced above x = 0.50.

The Ca1−xLnxZrTi2−xFexO7 (Ln = La, Nd, Gd, Ho, and Yb, 0.10 ≤ x ≤ 1.00) solid
solution fabricated by Ji et al. [47] complements the data reported by Ma et al. [48], al-
lowing a reasonable comparison to be made between Ca1−xGdxZrTi2−x(Al,Fe)xO7. The
solid solution limits for the zirconolite-2M phase were largely similar for compositions
charge balanced with Al, with the 2M phase stabilised over the range 0.10 ≤ x ≤ 0.80
for Fe-substituted compositions. Ji et al. concluded that zirconolte-3O was the dominant
polytype over the compositional range 0.90 ≤ x ≤ 1.00, implying that the end member
GdZrTiFeO7 may be a near single phase zirconolite-3O; however, no electron diffraction
data were provided.

Phase relations in the pseudo-binary system (1 − x)CaZrTi2O7 − (x)GdAlO3 (x = 0.25,
0.50 and 0.75) were investigated by Mikhailenko et al. via a cold press and sinter method
at 1400 ◦C and 1500 ◦C [59]. Zirconolite was present as the major crystalline phase when
targeting x = 0.25, with ~70 wt. % of the phase assemblage composed of zirconolite with
calculated stoichiometry Ca0.36Gd0.60Zr1.12Ti1.40Al0.47O7; however, Gd was still concen-
trated in the secondary perovskite phase. Increasing the (x) parameter to 0.75 produced
a phase assemblage comprised of 45 wt. % zirconolite, 45 wt. % perovskite, and 10%
hibonite (CaAl12O19). Interestingly, this pseudo-binary system produced a greater relative
fraction of zirconolite than the corresponding Sm system, also fabricated by Mikhailenko
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et al. when targeting x = 0.75 [60]. Leaching of these ceramics was performed according
to the Australian Powder No. 1 (P1) test, with distilled water used as the leachate (0.2 g
of material; 20 mL distilled water; static test at 95 ◦C for 6 h before solution replenished;
continued for 10 d). The normalised leach rate of Gd was ~10−4 g·m−2·d−1 over the 10 d
period when the nominal (x) parameter was 0.25; the release rate of Gd increased by an
order of magnitude of x = 0.75, attributed to excess perovskite content.

In summary, the evidence that Gd3+ readily substitutes within the Ca2+ and Zr4+ sites
in the zirconolite structure is extensive, with a number of corroborating studies reporting
high wasteloading within the Ca2+ site. The possibility of equimolar substitution of Gd3+

between Ca2+ and Zr4+ sites is also demonstrated, although this was reported to produce
the zirconolite-4M phase at moderate levels of substitution. Considering the relatively
low ratio of additive:Pu atoms necessary to reduce Keff < 1 (refer to back to Table 4), the
incorporation of Gd within zirconolite should not be expected to destabilise the zirconolite
phase, or indeed to produce a polytypical transformation, given that roughly 1 atom of Gd
is necessary to offset 100 Pu atoms. Considering the dilution level of Gd needed to satisfy
these neutronic requirements, the most effective means of Gd incorporation would likely
be achieved by co-incorporation of Gd3+ across Ca2+ and Zr4+ sites, negating the need to
alter the preferred formulation to accommodate for charge imbalance. Moreover, the cost
index of Gd is attractive relative to Hf and In.

4.3. Hafnium Doped Zirconolite

From a solid solution perspective, Hf may be the most suitable additive, as Hf4+

readily forms a complete solid solution with Zr4+ in the zirconolite structure on the basis
of near-identical ionic radii (0.78 Å vs. 0.76 Å for Zr4+ and Hf4+ in 7-fold coordination,
respectively) [61]. Furthermore, the interchange of these species results in a negligible im-
pact on the overall structural properties. Three compositions corresponding to CaZrTi2O7,
CaHf0.5Zr0.5Ti2O7, and CaHfTi2O7 were fabricated by Vance et al. with a sintering tem-
perature of 1450 ◦C maintained for 20 h [58]. There was negligible variation in the unit
cell parameters of the zirconolite phase (Table 5), suggesting that in any optimised ceramic
formulation for Pu, Zr4+ may be interchangeable with a requisite mol. % of Hf4+ to satisfy
criticality requirements.

Table 5. Unit cell parameters for Hf-doped zirconolite (reproduced from Vance et al. [58]).

Unit Cell Parameters

Composition a (Å) b (Å) c (Å) β (◦)

CaZrTi2O7 12.447 7.272 11.384 100.54
CaHf0.5Zr0.5Ti2O7 12.434 7.265 11.350 100.58

CaHfTi2O7 12.420 7.262 11.343 100.57

Complete replacement of Zr with Hf in the zirconolite structure was demonstrated
by Putnam et al., with single phase CaHfTi2O7 synthesised from component oxides at
1300 ◦C, with intermittent regrinding to ensure phase homogeneity [62]. Furthermore,
CaHfTi2O7 was determined to be more thermodynamically stable than stoichiometric
CaZrTi2O7; hence, partial replacement of Zr with Hf may be favourable from a wasteform
perspective whilst satisfying criticality requirements. Hyatt et al. formulated a series of
zirconolites with nominal stoichiometry (Ca1−x/2Gdx/2)(Zr1−5x/2CexHfxGdx/2)Ti2O7, with
Ce acting as a structural simulant for Pu and Hf4+ included as a neutron absorber [63]. The
following solid solution limits were systematically defined: zirconolite-2M (0.00 ≤ x ≤ 0.15);
mixture of zirconolite-2M and zirconolite-4M (0.15 ≤ x ≤ 0.25); mixture of zirconolite-4M
and pyrochlore (0.25 ≤ x ≤ 0.30). It is assumed that the equimolar substitution of Gd3+

across Ca2+ and Zr4+ was responsible for the formation of zirconolite-4M and pyrochlore,
as very similar phase fields were observed for Ca1−xZr1−xGd2xTi2O7. This implies that
the partial occupation of Hf4+ within the Zr4+ site does not disrupt the zirconolite-2M to
zirconolite-4M phase transformation to any meaningful extent.
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The CaZr1−xHfxTi2O7 (0.00 ≤ x ≤ 1.00) solid solution was fabricated by Zhang
et al. using combustion synthesis combined with hot pressing for densification [64]. It
was determined that the zirconolite-2M polytype was maintained over the phase evolu-
tion, with complete digestion of HfO2 within a highly densified microstructure at each
compositional interval. The chemical durability of CaZr0.4Hf0.6Ti2O7 was investigated
by the ASTM MCC-1 standard leaching test [65] over a 42 d period. The normalised
leach rate after the 42 d period was significantly lower for Hf than Ca, corresponding
to 1.11 × 10−8 g·m−2·d−1 and 0.25 × 10−2 g·m−2·d−1, respectively. As there was no Pu
surrogate included in the targeted phase composition, no comment can be made as to
whether there may be a congruent release of Pu/Hf from the wasteform. Complementary
data were published by Zhang et al. utilising the same combustion synthesis route to
produce the Ca1−xHf1−xGd2xTi2O7 solid solution, with Gd3+ included as a surrogate for
minor actinide species such as Pu3+ (although, as discussed in the previous segment, Gd
may also be included as an effective neutron absorbing additive) [66]. A phase transition
from CaHfTi2O7 (zirconolite-2M) to Gd2Ti2O7 (cubic pyrochlore), with a solid solution
limit of Gd2O3 defined at x = 0.80, was observed. Interestingly, the authors did not re-
port the formation of an intermediate zirconolite-4M phase, as was observed in closely
related solid solution regimes (e.g., Ca1−xZr1−xGd2xTi2O7 synthesised by Zhang et al. [52]
or Ca1−xZr1−xNd2xTi2O7 synthesised by Coelho et al. [23]). After a 42 d leaching period
(under MCC-1 conditions), the release of Gd and Hf was measured from the sample cor-
responding to nominal composition x = 0.60 (i.e., Ca0.4Hf0.4Gd1.2Ti2O7). The release rates
of Gd and Hf were measured to be 4.72 × 10−7 g·m−2·d−1 and 1.59 × 10−8 g·m−2·d−1,
respectively, demonstrating that a similar cumulative dissolution trend may be preserved.
However, an inspection of the powder XRD data revealed that whilst exceptionally low
leach rates were observed, the composition x = 0.6 was consistent with the sample adopting
the pyrochlore structure; hence, any meaningful discussion of the durability of a zirconolite-
structured material with a corresponding Gd/Hf concentration is not possible (since both
materials were not single phase).

The incorporation of Hf4+ in Nd3+-zirconolite was investigated by Caurant et al., tar-
geting the solid solution Ca1−xNdxHfTi2−xAlxO7, with Nd3+ acting as a structural simulant
for Pu3+ [67]. Compositions targeting x = 0.01 and x = 0.20 were fabricated by solid-state
reaction at 1460 ◦C between component oxides. It was confirmed that zirconolite remained
in the 2M polytype for each targeted composition, alongside minor CaTiO3 and Hf-Ti-O
rich phases, accounting for a negligible portion of the phase assemblage. Mixed occupancy
of Hf4+ and Ti4+ ions were confirmed, consistent with data reported for CaZrxTi3−xO7, with
Nd3+ exclusively entering the Ca2+ site, in accordance with the target composition. Loiseau
et al. prepared the corresponding Zr solid solution (Ca1−xNdxZrTi2−xAlxO7, x ≤ 0.8), al-
lowing useful comparison between the Zr/Hf series [68]. In agreement with Caurant et al.,
the zirconolite-2M structure was stable in the corresponding compositional range (x ≤ 0.20).
Furthermore, zirconolite occupied the 2M structure until x = 0.7. When targeting a nominal
Nd concentration of x = 0.8, the zirconolite-3O polytype was formed with orthorhombic
symmetry (space group Acam). Based on these observations, it would be expected that the
Hf equivalent composition would also occupy 3O symmetry at elevated Nd3+ content. The
solid solution limit for which zirconolite formed the 3O polytype was also consistent with
the work of Ma et al. [48] discussed previously.

Tetravalent Hf4+ was utilised in place of Zr4+ in the work of Begg et al., with the aim to
investigate the substitution of Pu for Ca2+ without the addition of a charge compensation
cation, targeting Ca0.9Pu0.1HfTi2O7. A slight excess of Pu was reported such that the actual
concentration was <0.1 f.u. [44]. Sintering in the air at 1400 ◦C produced a near-single phase
zirconolite alongside ~5 wt. % pyrochlore with the composition Ca0.92Pu0.56Hf0.75Ti1.74O7,
and minor TiO2/HfTiO4. Annealing the sample in 3.5% H2/N2 was sufficient to reduce
80% Pu3+; however, no disruption to the phase assemblage was observed, demonstrating
the ability of the zirconolite phase to accommodate for changes in Pu valence, most likely
compensated by Hf/Ti vacancies.
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In summary, there appears to be an inherent advantage in incorporating Hf in zir-
conolite insofar as the ionic radius of Hf is nearly identical to that of Zr (HfVII = 0.76 Å;
ZrVII = 0.78 Å). In practice, the replacement of Zr4+ with Hf4+ should not impact zir-
conolite phase formation; moreover, the composition should not need tailoring to ac-
count for excess charge unit considerations. The primary drawback to the use of HfO2 is
the high cost relative to Gd/Sm/B; hence, the complete replacement of Zr with Hf, i.e.,
(Ca0.80Pu0.20)(Hf0.90Pu0.10)Ti1.60Al0.40O7, would likely incur a significant cost to head-end
operations. Nevertheless, the partial replacement of Zr by Hf, with the view to only satisfy
the additive:Pu ratio, remains an attractive prospect, and it is reasonable to assume such
substitution would not influence Pu partitioning or zirconolite phase formation.

4.4. Samarium Doped Zirconolite

Several formal studies have utilised Sm3+ as a surrogate for either minor actinide
species or as a neutron absorbing additive. It was demonstrated in early studies, such as
that of Kesson et al., that zirconolite may incorporate Sm3+ with concentrations as high
as 0.67 f.u. [30]. A zirconolite-structured material with the composition (Ca0.55Sm0.45)
(Sm0.22Zr0.71Mg0.06)Ti1.99O7 was synthesised by hot pressing a 1:1 molar mixture of
CaZrTi2O7—Sm2Ti2O7 at 1400 ◦C and 1459 ◦C, producing a two-phase mixture consist-
ing of zirconolite (with the above composition) and pyrochlore. This study provided
many initial insights into Ln3+ accommodation within the zirconolite structure, demon-
strating that larger Ln3+ species were preferentially partitioned within the Ca2+ site on
account of size constraints, whilst smaller Ln3+ may be accommodated in the Zr4+ site.
For the formation of an Mg2+/Nb5+ substituted zirconolite sample, with composition
(Ca0.57Sm0.32Zr0.06)Zr1.00(Ti1.14Mg0.40Nb0.40Zr0.06)O7, Kesson et al. demonstrated that Sm3+

might be incorporated into the zirconolite structure with considerable charge balance
species retained on the Ti4+ site.

Mikhailenko et al. fabricated zirconolite ceramics in the pseudo-binary system
(1 − x)CaZrTi2O7 − (x)SmAlO3, for x = 0.25, 0.50, and 0.75, using a conventional cold press
and sinter method between 1400 and 1500 ◦C [60]. When targeting x = 0.25, a two-phase
mixture of zirconolite and perovskite was obtained, accounting for 80% and 20% of the over-
all phase fraction, respectively, with Sm3+ concentrated in the zirconolite phase. Increasing
the (x) parameter served to greatly reduce the quantity of the zirconolite phase, with a
mixture of zirconolite (25%), perovskite (60%), and free oxide (15%, Sm-stabilised ZrO2)
produced when targeting x = 0.75. Coincidently, Sm3+ was overwhelmingly concentrated
in the perovskite phase, demonstrating the tendency of ABO3 phases to accommodate Ln3+

species. At each interval of (x), powder diffraction data were consistent with zirconolite-3T
of trigonal symmetry.

Jafar et al. synthesised a series of zirconolites targeting the Ca1−xZr1−xSm2xTi2O7
solid solution, with 0.00 ≤ x ≤ 1.00, by mixed oxide synthesis at 1300 ◦C [50]. Three
distinct phase fields were identified, comprising zirconolite-2M, zirconolite-4M, and cubic
pyrochlore. Specifically, a single phase zirconolite was produced when targeting x = 0.00,
with a mixture of zirconolite-2M and a secondary perovskite phase obtained in the interval
0.05 ≤ x ≤ 0.10. Zirconolite-2M and zirconolite-4M were observed to coexist (alongside the
perovskite phase) in the range of 0.15 ≤ x ≤ 0.25). Zirconolite-4M was the only polytype
present for 0.30 ≤ x ≤ 0.35, with the appearance of a pyrochlore structured phase at x = 0.40,
while Sm-rich pyrochlore was produced as a single phase for x ≥ 0.60. The presence of the
CaTiO3 secondary phase was attributed to the preferential occupation of Sm3+ within the
8-fold coordinated Ca2+ site, presumably due to ionic size compatibility (VIIISm3+ = 1.07 Å).
The behaviour of Sm3+ in zirconolite in the Ca1−xZr1−xSm2xTi2O7 system is similar to that
of analogous solid solutions containing Nd3+, Gd3+, Y3+, etc.; therefore, it may be expected
that alternative substitution regimes would not significantly deviate from the expected
phase evolution.

Zhang et al. targeted two Sm3+ incorporation schemes: Ca1−xSmxZrTi2−xAl2xO7
(0.00 ≤ x ≤ 0.50) and Ca1−xZr1−xSm2xTi2O7 (0.00 ≤ x ≤ 1.00), using a combustion synthesis
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method, as previously described [69]. The substitution scheme targeting Sm3+ incorporation
within Ca2+ and Zr4+ was identical to that of Jafar et al. [50]; however, the phase fields
were inconsistent, insomuch as zirconolite-4M was not identified as an intermediate phase
in transition between CaZrTi2O7 and Sm2Ti2O7. It is unclear why, in this instance, a Sm-
rich zirconolite-4M phase was not produced, but it is possibly a result of the discrepancy
between fabrication parameters (Jafar et al. utilised a conventional solid state sintering
method from component oxides, whereas Zhang et al. used the combustion synthesis
method, with CuO as the oxidant). Synthesis of Ca1−xSmxZrTi2−xAl2xO7 produced a
heterogeneous phase assemblage in which undigested component oxides were present in
the microstructure at all levels of the targeted Sm concentration. Furthermore, as the phase
assemblage evolved towards x = 0.50, powder XRD data were consistent with zirconolite
occupying the 3T polytype. These data were not consistent with those produced by Ma
et al. in the Ca1−xLnxZrTi2−xAlxO7 system for Ln = La, Nd, Gd, Ho, and Yb, insofar as
zirconolite-3T was not detected [48]. As the ionic radii of Sm3+ (1.07 Å) fall between that
of Nd3+ (1.11 Å) and Ho3+ (1.01 Å) in eight-fold coordination, this may imply that the
zirconolite-3T phase in this system is stabilised over a very narrow compositional range.

In summary, whilst there are numerous studies that have successfully incorporated
Sm3+ within zirconolite, this has typically been with the view to simulate trivalent minor
actinide species rather than as a neutron absorber. Nevertheless, despite some discrepancies
as to polytype formation at extensive Sm substitution, the phase fields produced when
incorporating Sm3+ in zirconolite are largely analogous to Gd3+. The similarities between
Sm and Gd (i.e., the cost index and the absorption cross section) signify that whilst both
could be expected to be an effective neutron absorbing absorption additive, there is no
apparent benefit that Sm would confer over Gd.

4.5. Cadmium Doped Zirconolite

The authors are not aware of any studies that have systematically investigated the
direct incorporation of Cd2+ within the zirconolite structure. Nevertheless, the ionic radii
of Ca2+ and Cd2+ are nearly identical (1.12 Å and 1.10 Å in eight-fold coordination, re-
spectively); hence, a continuous solid solution between CaZrTi2O7 and CdZrTi2O7 is
feasible. Similar to Hf4+ zirconolite, this may allow the substitution of a requisite quantity
of Cd2+ within an optimised composition with negligible impact on the obtained structure.
A Cd-zirconolite was reported by Leturcq et al.; zirconolite with nominal composition
Ca0.863Nd0.137ZrTi1.863Al0.137O7 was homogenised before the addition of 1 wt. % CdO and
sintering as a pellet at 1450 ◦C in the air for 4 h [70]. SEM analysis confirmed that whilst
Cd was partially incorporated within the zirconolite phase, Cd was also partitioned within
a minor CaTiO3 phase (presumably accommodated within the Ca2+ site in both instances).
A series of A2+A4+Ti2O7-type charge-coupled pyrochlore materials with A2+ = Cd2+ were
reported by McCauley and Hummel. CdCeTi2O7 was successfully synthesised as a single
phase cubic pyrochlore phase under a heat treatment of 1150 ◦C for 24 h, whereas the
targeted CdThTi2O7 and CdHfTi2O7 phases, prepared at 1250 ◦C for 24 h and 96 h, respec-
tively, produced a majority pyrochlore phase alongside residual impurities. Interestingly,
it was reported that the CdZrTi2O7 phase, which would be expected to yield the zircono-
lite structure, instead formed a single phase cubic pyrochlore with the lattice dimension
a = 10.02 ± 1 Å, indicating that Cd2+ may best be accommodated as a neutron absorbing
additive at relatively low concentrations to avoid a partial phase transformation to py-
rochlore. Nevertheless, confidence that Cd2+ may be accommodated in zirconolite in dilute
proportions without significant disruption to the phase assemblage may be taken from the
fact that several other pertinent Ca/Cd analogues have been reported in the literature, e.g.,
CaTiO3 [71] and CdTiO3 [72], Ca2Nb2O7 [73] and Cd2Nb2O7 [74], and CaMoO4 [75] and
CdMoO4 [76].

In summary, the advantage of Cd2+ within the formulation may be similar to that
of Hf4+ insofar as Cd2+ may be able to effectively replace Ca2+ as the A-site cation in
zirconolite on the basis of ionic radii, though the phase CdZrTi2O7 has not yet been
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reported. Furthermore, Cd is an attractive additive due to its relatively low cost index in
relation to Gd/Hf/In. The lack of literature regarding Cd-doped zirconolite may contribute
significantly towards its down selection. Moreover, the handling of Cd is accompanied by
toxicity concerns, which would be a notable consideration during precursor production
and the downstream handling of powders. For example, in the work of McCauley and
Hummel, it was necessary to produce Cd2+-containing compounds within platinum tubes
to avoid volatilisation. This may prove unattractive for the synthesis of Pu-containing
compounds. The reduction of CdO to Cd metal may also be a concern, particularly for
compositions produced by HIP, for which the Fe-rich environment of the HIP container
produces a reducing environment. On the basis of these stipulations, Cd may not be
selected as a practically useful additive species.

4.6. Indium Doped Zirconolite

Similarly to Cd, there are few studies that have incorporated In3+ in zirconolite. A
suite of zirconolites targeting nominal compositions CaZrTi2−xInxO7−x/2 (x = 0.25, 0.50
and 1.00) was prepared by Begg et al., reacted at 1400 ◦C for 40 h [77]. Here, In3+ was intro-
duced as a surrogate for Ti3+ in order to simulate highly reducing conditions. Zirconolite
was not produced as a single phase at any targeted level of In3+ concentration (with the
exception of x = 0.00). Targeting a nominal concentration of x = 0.25 produced a two phase
mixture of Ca0.85Zr1.16Ti1.67In0.33O7 (zirconolite) and Ca0.98Zr0.01Ti0.99In0.01O3 (perovskite),
comprising 90 wt. % and 10 wt. % of the phase assemblage, respectively. Increasing the
nominal In3+ concentration to x = 0.50 significantly disrupted the phase assemblage, such
that 20 wt. % of the overall yield was composed of a Ca0.17Zr0.35Ti0.33In0.25O1.9 fluorite-
structured phase. Targeting the nominal composition CaZrTiInO6.5 (i.e., x = 1.00) completely
destabilised the zirconolite phase, with the phase assemblage comprised of 40 wt. % per-
ovskite and 60 wt. % fluorite. Nevertheless, considering the estimated ionic radius of In3+

in 7-fold coordination (0.86 Å), In3+ may be more easily accommodated within the Zr4+

site, replacing half of the necessary Al3+ cations necessary in a substitution regime such
as Ca1−xPuxZr1−xInxTi2−xAlxO7. A recent study by Blackburn et al. produced a detailed
characterisation of the Ca1−xZr1−xIn2xTi2O7 solid solution [78]. It was confirmed that a
single phase zirconolite-2M material could be stabilised for x ≤ 0.20; however, contrary to
formulation, it was determined that In3+ was dominant in the Ti4+ site, resulting in struc-
tural rearrangement and significant disruption of the phase assemblage beyond x ≥ 0.30.
Indicating that In3+ has a preference for the Ti4+ site, a series of Ca1−xUxZrTi2−2xIn2xO7
compositions were fabricated targeting dominant U4+ and U5+, with U acting as a structural
surrogate for Pu. It was confirmed that at relatively low concentrations (x = 0.05 and 0.10),
single phase zirconolite-2M when processed under both argon and air. These data suggest
that an additive of In3+ could potentially be included as a charge balancing species in
candidate zirconolite solid solution regimes.

In summary, the deployment of In3+ as a potential neutron absorbing additive in
zirconolite is feasible when targeting substitution for Ti4+. However, deployment at an
industrial scale may be inhibited by the large associated cost that would be necessary to
ensure sufficient neutron absorption. Furthermore, the additive:Pu ratio required for In3+

to provide the necessary criticality control is an order of magnitude greater than other
trivalent species, such Gd3+ or Sm3+. Although there is some literature on this subject, it
may be stated that at the present time, there is not sufficient evidence to provide confidence
in the ability of In3+ to successfully act as a neutron absorber in zirconolite.

4.7. Boron Doped Zirconolite

Boron cannot be accommodated in a solid solution with zirconolite on the basis of ionic
radii (BVI = 0.27 Å); therefore, it must be distributed as discrete intergranular particulates
throughout the microstructure, which would most likely concentrate at grain boundaries
and triple points. Furthermore, unlike the other additives considered, boron would be
present as the carbide B4C rather than oxide. Gong et al. introduced B4C powders into
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mixtures of Y-stabilised ZrO2, targeting 0.71, 1.40, and 2.12 wt. %, corresponding to a
Pu content of 9.3, 17.6, and 25.3 wt. %, respectively [79]. B4C was found to be spatially
distributed in the YSZ matrix, with no void space or reaction between the YSZ-B4C observed.
A thorough survey of the literature did not identify any reports detailing the inclusion of
B4C in zirconolite waste packages.

5. Gap Analysis

The objective of this review was to provide an overview of established solid solution
regimes for Pu incorporation in zirconolite and insight into potential pathways towards the
formulation of a zirconolite-rich wasteform capable of accommodating a requisite quantity
of a suitable neutron absorbing additive. Within the available literature, there remain
several high level issues that have not been adequately addressed (at least in a manner that
is systematic enough to provide confidence in the approach) that are required to inform a
decision regarding the most effective route towards disposal in a zirconolite matrix. These
are detailed herein.

(1) Choice of substitution scheme and favourability of dominant polytype: The choice
of solid solution regime appears to be favoured towards a coupled A-site substitution, by
which Pu4+ is accommodated in solid solution with Ca2+ sites, with a smaller lower valence
cation, such as Al3+ distributed across the available Ti4+ sites to provide charge balance.
The choice of substitution scheme and, to a lesser extent, the partial oxygen pressure of the
atmosphere introduced during the sintering process have been shown to control polytype
formation. Whilst it has not been explicitly defined as a criterion for the design of zirconolite
wasteforms, it is generally accepted that maintaining zirconolite in its 2M form (or indeed,
a single phase polytype of the 3O/3T species) may be preferable, rather than a mixture of
polytypes. Despite this, we are not aware of any studies that conclusively determine that
the chemical durability of zirconolite wasteforms is compromised, to any meaningful and
quantifiable extent, by the presence of multiple zirconolite polytypes, and indeed whether
any of the isolated polytypes exhibit any variation in leaching properties.

(2) Processing conditions for additive incorporation: In order to support an immobili-
sation program for Pu, the construction of a pilot scale facility is necessary, ideally allowing
for the physical optimisation of all chemical engineering aspects and processing parameters.
As outlined in Figure 1, there are several head-end powder handling operations that may
need to be (1) optimised for handling α-emitters such as Pu and (2) configured correctly to
ensure efficient and homogeneous feed into downstream operations such as can filling. One
or more of the head-end operations will make use of high intensity homogenisation/size
reduction techniques in order to sufficiently mix the feed material and ensure PuO2 is
completely dispersed in the wasteform. Ball milling and attrition milling are both attractive
options that take advantage of pre-existing ceramic processing technologies. The milling
stage would ideally utilise dry processing, in which the homogenised inactive component of
the feedstock is blended with the PuO2 and mixed with a lubricant to aid the milling process
before discharge into HIP cans. A variety of organic lubricants were utilised by Squire et al.
in the attrition milling of zirconolite (target composition Ca0.75Ce0.25ZrTi1.625Fe0.375O7),
consolidated by HIP [80]. Examination of the product materials post-HIP evidenced poor
densification due to incomplete lubricant burnout, resulting in the incomplete formation of
a single phase product. It was discussed that the use of fumed metal oxides might provide
an inherent advantage insofar as they may act as both a milling aid and form part of the
wasteform itself. Examples include the use of hydrophobic Al2O3 as a fumed powder, or
indeed Ti2O3, which may, in turn, allow the use of Ti3+ as a charge compensation species,
negating the need for Al3+.

(3) Validation of surrogate studies using plutonium: The use of chemical surrogates is
prevalent in most laboratory-scale wasteform trials, as a precursor to active validation trials,
on the basis of cost and expediency. Ce4+ and U4+ are typically employed as surrogates
for Pu4+ in the immobilised form, both in ceramic and vitrified wasteforms. However, it
is widely accepted that surrogates do not produce wasteform characteristics that can be
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directly translated to Pu-substituted compositions. Discrepancies between the surrogate
and ‘real’ compositions are typically a result of redox activity, with the tendency of Ce to
reduce to the Ce3+ form considerably greater than Pu. For example, Blackburn et al. recently
demonstrated that the partial oxygen pressure of the sintering environment applied for
CaZr1−xCexTi2O7 ceramics significantly altered the obtained phase assemblage [16]. Vance
et al. demonstrated that the sintering of CaZr1−xUxTi2O7 ceramics in the air significantly
disrupted the phase assemblage due to the formation of U5+ [31]. As these behaviours
were not replicated in the corresponding CaZr1−xPuxTi2O7 solid solution synthesised by
Begg et al. [32], the use of chemical surrogates must be done so with caution. The physical
characteristics (such as morphology and density) of constituent oxide powders must also
be taken into account.

(4) Relative leach rates of neutron absorbing additive and plutonium/uranium: There
is, at present, an absence of systematic studies aiming to evaluate the relative leach rates of
neutron absorbing elements alongside Pu and U (as 235U is a key decay product from 239Pu).
In order to ensure that the likelihood of post closure criticality remains low, and if low
consequence should it occur, it is necessary to understand whether the neutron absorbing
species and fissile inventory are likely to leach congruently into the near field environment.
In an event whereby the absorbing additive is preferentially leached with respect to Pu, the
wasteform may be exposed to an in-package criticality event, whereas an out of package
event would see Pu leached at higher rates than the chosen additive. Systematic studies aim-
ing to quantify the leach rates of surrogates (U and Ce) and neutron absorbing species (Gd
and Hf) from representative wasteform compositions, e.g., (Ca,U,Gd)(Zr,Hf,Gd)(Ti,Al)2O7
are therefore necessary, as these data could feasibly be used to model criticality scenarios
and, in turn, allow selection of the most appropriate additive.

6. Conclusions

The aim of this review was to provide an overview of the current status of the UK
immobilisation program for Pu inventories, with a specific focus on efforts to optimise the
baseline zirconolite formulation to accommodate a requisite quantity of neutron absorbing
additive. A detailed summary of Pu/additive solubility in a range of established zirconolite
solid solution regimes was also provided, alongside a review of zirconolite crystallography.
A selection of potential neutron absorbing additives was evaluated through an initial
screening, with the aim to down-select any candidates that did not appear attractive on
the basis of cost and neutronics. Accordingly, a literature review of successful candidates,
Gd, Hf, Sm, Cd, In, and B, was performed, aiming to understand their respective solubility
within the candidate Pu-zirconolite phase. Where possible, a review of the solid solution
limits with respect to polytype transformations and oxide solubility was provided. For
each additive, a high-level summary was presented, identifying both Gd and Hf as the
most promising oxide compounds.
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