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Abstract

Single- or multi-phase ceramics and glass—ceramic composite materials are widely recognised as candidate wasteforms
for the immobilisation of intermediate- and high-level radioactive wastes (ILW and HLWs). The long-term performance
of these materials is governed by their microstructural features which may include grain size, crystallographic orientation,
and phase distribution. These attributes influence dissolution rates, material response to radiation damage, and mechanical
integrity, making them essential parameters in predictive models of wasteform durability over extended timescales. However,
quantitative determination of grain-size and phase composition in ceramic and glass—ceramic wasteforms remains scarcely
reported due to the inherent limitations of conventional methods. Here we present a novel methodology to produce reliable
Electron Backscatter Diffraction (EBSD) maps of complex multi-phase systems to address this challenge. The approach
enables precise grain-size measurement, phase quantification, texture analysis, and interphase boundary characterisation,
in single- and multi-phase ceramics and glass—ceramic materials, significantly advancing microstructural assessment in

nuclear wasteform research.

Introduction

Radioactive waste is generated from a broad range of activi-
ties, including civilian programmes such as nuclear power,
used nuclear fuel reprocessing and nuclear medicine genera-
tion, as well as military applications such as legacy nuclear
weapons production and submarine propulsion. The safe
management of this waste is essential to protect both the
environment and future generations, and it is a prerequisite
for sustaining the continued growth of nuclear technologies.
Several candidate wasteforms have been proposed for the
long-term immobilisation of intermediate- and high-level
radioactive wastes (ILW and HLWs), ranging from glass
[1] to glass—ceramic composites [2, 3] and single- and
multi-phase ceramic systems [4], each at different stages of
research and development and deployment. Ultimately, all
wasteforms for ILW and HLW are intended for disposal in
nuclear waste repositories. However, before such disposal
can be implemented, it is critical to understand how these
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materials will interact with their surrounding environment
over timescales of up to hundreds of thousands of years [5].
The majority of studies reported in the literature focus on the
performance of these wasteforms in aqueous environments
[6-10], typically employing short-term standardised disso-
lution tests. This focus reflects the expectation that during
their disposal in the waste repository, the wasteform will
eventually come into contact with groundwater.

Grain boundaries are known to influence the dissolution
rate of ceramic materials in aqueous environments through
preferential dissolution [11, 12]. This implies that ceramic
wasteforms with finer grains, and therefore a higher fraction
of grain boundaries, may exhibit higher dissolution rates.
Conversely, wasteform materials typically target smaller
grain sizes to minimise radiation damage impacts, as grain
boundaries act as barriers to the propagation of radiation
damage [13, 14]. The mechanical properties of ceramic
wasteforms also depend on grain size [15]. Therefore,
achieving an optimal grain-size distribution is essential to
maximise the performance of ceramic and glass—ceramic
wasteforms.

In multi-phase systems, each phase may have its own
corrosion rate [16, 17]. Consequently, an accurate assess-
ment of aqueous durability requires quantitative determi-
nation of phase abundances in the multi-phase ceramic or
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glass—ceramic. Aqueous durability may also be influenced
by crystallographic orientation, and in multi-phase systems
different types of interphase boundaries may behave dif-
ferently, although studies exploring this hypothesis remain
scarce in the literature. Despite their importance, grain-size
measurements in nuclear wasteform research also remain
limited. Traditional methods such as chemical [18] or ther-
mal [18] etching followed by grain-size analysis often fail in
multi-phase ceramic samples, where individual phases can-
not be reliably distinguished [19]. Moreover, during thermal
etching, elevated temperature and sufficient time can cause
smaller grains to be absorbed by larger ones, leading to grain
growth and a resulting change in the microstructure [18].
However, accurately determining and collectively assessing
the wasteform microstructural features provide important
information when evaluating the long-term performance of
ceramic and glass—ceramic wasteforms, and their integra-
tion, therefore, into durability models helps ensure reliable
long-term predictions.

Electron Backscatter Diffraction (EBSD) is a well-estab-
lished and effective technique for grain analysis and has been
used extensively for metals [20]. However, applying EBSD
to ceramics present challenges such as charging, drift, and
the optimisation of coating thickness [21], and most sig-
nificantly, difficulties in obtaining accurate crystallographic
information files (CIF). Without correct CIF files, EBSD
maps are of poor quality regardless of the quality of the
electron backscatter patterns, as the software fails to index
the phases properly. This issue becomes increasingly com-
plex when wasteform samples are doped with actinides or
surrogate elements.

Here, we present a methodological approach to address
this issue for a multi-phase Synroc-type ceramic target-
ing zirconolite, hollandite and rutile ceramic phases. We
describe a detailed method for generating CIF files for each
phase in a multi-phase system based on X-ray diffraction
(XRD) data, and we demonstrate how these CIF files can
be used to produce high-quality EBSD maps. Using this
approach, we determine grain-size distributions, crystallo-
graphic texture, quantitative phase abundances, qualitative
phase distributions, and interphase boundary characteristics.

Materials and methods
Sample preparation

A zirconolite-rich multi-phase ceramic was syn-
thesised using hot isostatic pressing (HIP-
ing) targeting ~80 wt.% zirconolite (nominally
Cag 595Ce027Gdg 135Smy 135HE) 27210 595T1 73Al0 2707)
and ~ 10 wt.% each of Ba-hollandite (nominally
BaAl,TigO,4) and rutile (nominally TiO,). The composition
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was based on a zirconolite-rich multi-phase ceramic
designed during the United States Plutonium Immobilisation
Project (US PIP programme) and using Ce as an analogue
for Pu [4, 22-24]. The sample was prepared (50 g) using
an alkoxide-nitrate route, in which Ce was introduced as a
nitrate solution prior to calcination at 700 °C in argon for
1 h. The calcined powder was then ball milled, dried, and
loaded into a stainless-steel HIP canister. The HIP canister
was evacuated and sealed and HIPed using an IPS Eagle HIP
at 1280 °C for 3 h under a pressure of 150 MPa.

Energy-dispersive X-ray spectroscopy (EDS)

The HIPed canister was sectioned, and a sample was extracted
from its centre. The sample was then mounted in epoxy resin
and polished to a 1 um diamond finish, followed by a final pol-
ishing step using an MD-Chem cloth. This final step was per-
formed to obtain a sample surface with minimal deformation,
suitable for EBSD mapping, since diffracted electrons are gen-
erated from a surface layer on the order of a few tens of nano-
metres thick. The sample was coated with~2 nm of carbon to
avoid charging effects. The wasteform material was examined
using a Zeiss Ultra Plus scanning electron microscope (SEM)
(Carl Zeiss NTS GmbH, Oberkochen, Germany) operating at
15 kV accelerating voltage and equipped with an Ultim® Max
170 mm? SDD energy-dispersive X-ray spectroscopy (EDS)
system (Oxford Instruments, Abingdon, Oxfordshire, UK).
Measurements were conducted using an aperture of 60 um and
a working distance of 10 mm.

Energy-dispersive X-ray spectra were acquired in Auto
Acquisition Mode, in which data were collected until sufficient
counts were obtained for the software to perform quantification.
EDS measurements were taken at a minimum of five locations
per phase.

X-ray diffraction (XRD) analysis

XRD measurements were performed using a Bruker D8
Advance diffractometer equipped with a Cu Ko radiation source
(A=1.5418 10%) and a Ni filter (0.02), fitted with a Lynxeye XE
detector. Data were collected over the range 5° <20 <90° with
a step size of 0.02°, spinning speed of 15 rpm and a counting
time of 2 s per step.

The diffraction data were indexed using Bruker EVA soft-
ware with reference to the PDF-2 4 database and CIF files
obtained from the ICSD database. Only unit cell parameters
were refined using the Rietveld method implemented in TOPAS
v5 software. A new CIF file containing the refined cell param-
eters was generated for each phase and subsequently used for
EBSD analysis. A more detailed refinement, incorporating
additional parameters, could further improve the CIF file and
potentially the resulting EBSD quality.



Electron backscatter diffraction characterisation of a zirconolite-rich multi-phase ceramic...

Electron backscatter diffraction (EBSD)

The grain structure and phase composition were character-
ised using a Zeiss Ultra Plus SEM (Carl Zeiss NTS GmbH,
Oberkochen, Germany) operating at 20 kV accelerating voltage
and equipped with a Symmetry electron backscatter diffraction
(EBSD) detector (Oxford Instruments, Abingdon, Oxfordshire,
UK). Measurements were conducted using a 120 um aperture,
a working distance of 15 mm, and a tilt angle of 70°. The step
size used to acquire the EBSD map was 20 nm.

EBSD pattern indexing was performed using a refined-accu-
racy solver with detection of ten Kikuchi bands per pattern and
a Hough transform resolution of 40. Solution refinement was
enabled to improve pattern matching accuracy. Phase discrimi-
nation was assisted by simultaneous energy-dispersive X-ray
spectroscopy (EDS), using an energy range up to 20 keV with
2048 channels and pulse pile-up correction enabled.

Low-quality or poorly indexed points were excluded based
on pattern quality and confidence metrics provided by the
acquisition software. Post-acquisition processing was carried
out using the MTEX MATLAB toolbox. Isolated mis-indexed
pixels were removed using a neighbour consensus smoothing
algorithm considering up to third-order neighbouring points,
and additional orientation noise was reduced using a half-
quadratic variational smoothing filter. Grain reconstruction was
performed using misorientation thresholds of 1° for low-angle
boundaries and 5° for high-angle boundaries. Grains smaller
than 50 pixels and highly elongated artefacts were removed
prior to quantitative analysis, and remaining non-indexed pix-
els were filled and extrapolated based on neighbouring grain
orientations.

Results and discussion

SEM micrographs revealed a completely dense sample and uni-
form microstructure with zirconolite as the predominant phase.
No bright regions indicative of unreacted CeO, were observed
in the SEM micrographs, confirming complete incorporation
of cerium, a surrogate for actinides, within the host zirconolite
phase. The SEM-EDS-measured chemical compositions of the

three phases, along with their comparison to the corresponding
designed compositions, are presented in Table 1. The measured
zirconolite composition (assuming a total of four cations on the
Ca-, Zr-, and Ti sites) closely matched the target formulation,
although slightly lower amounts of Ce and Zr were observed
in the measured composition. This deficit appeared to be com-
pensated by increased incorporation of Al. The presence of Ca,
Ce, Sm, Gd, Zr and Hf in hollandite grain analyses was indica-
tive of elemental contributions from nearby zirconolite grains.
The average zirconolite composition was therefore scaled and
removed from the average measured composition of hollandite
grains such that Zr was eliminated to provide a "deduced" hol-
landite composition. The deduced elemental composition of
hollandite is presented in Tabel 1 assuming a total of 8 cations
on the Al- and Ti-sites. The data showed slightly increased Al
incorporation relative to the target formulation and correspond-
ingly reduced Ti content. Analysis of rutile grains indicated the
incorporation of minor amounts Zr, Hf, Al and Ca, though con-
tributions from adjacent zirconolite grains cannot be discounted.

The XRD pattern from material extracted from the HIP can-
ister confirmed the targeted zirconolite, hollandite, and rutile
phase formation (Fig. 1) and results from data refinement are
summarised in Table 2. The unit cell parameters associated
with the CIF files obtained from the ICSD database for the
zirconolite 3T (ICSD #97419), hollandite (ICSD #60863),
and rutile (ICSD #33838) phases are summarised in the sec-
ond column of Table 2 as the original CIF values. These unit
cell parameters were then refined using the Rietveld method to
match the XRD data collected for the Ce-doped, zirconolite-
rich wasteform material, and the refined values are reported in
the third column of Table 2. Using these refined parameters,
a new EBSD-software-compatible CIF file was generated for
each phase and subsequently used for EBSD mapping.

The microstructural architecture and interfacial character-
istics of the ceramic wasteform were quantified using EBSD
mapping. As shown in Fig. 2a-b, the specimen exhibits a dense,
fine-grained microstructure comprising three distinct phases of
zirconolite (Z), rutile (R), and hollandite (H). Phase-fraction
analysis confirmed zirconolite as the dominant phase (79 area
%), with homogeneously distributed rutile (13 area %) and
hollandite (8 area %) grains. Phase abundance was directly

Table 1 Target compositions and SEM-EDS-measured compositions of the three phases

Phase

Composition'

Zirconolite- Target
Zirconolite- Measured
Rutile- Target

Rutile- Measured
Hollandite- Target
Hollandite- Deduced

Cay 505Ce270Gdy,1355my,135HE) 270210 505 T 730A10.27007
Cay 50Ce,22Gdy, 135my 13HE) 55710 49T 74ALy 4907

TiO,
Tig 74Zt0,06HEg 04Alp 04Cag 050,
BaALTi O,

Ba, 5,Al 55Tis 75016

"Major elements provided. Due to the fine-grained structure of the material, hollandite analyses exhibited contributions from adjacent zirconolite
grains, presenting challenges in isolating pure phase compositions. The number of moles of oxygen is assumed for each individual phase
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Fig. 1 X-ray diffraction pattern from material extracted from the HIP
canister. Miller indices are for the zirconolite 3T phase. Tick marks
show allowed reflections with I>5% I,

converted from an area percentage for the two-dimensional
slice to vol.%, assuming equiaxed grains. This translates to
approximately 80 wt.% zirconolite, 8 wt.% hollandite, and 12
wt.% rutile assuming 4.8, 4.7, and 4.2 g/cm3 for zirconolite,
hollandite, and rutile densities, respectively (noting the large
error expected for the density values due to the range of chem-
istries incorporated in each of the phases). The measured wt.%
composition values closely match the targeted values.

The Z-direction inverse pole figure (IPF) in Fig. 2¢ indi-
cates no clear preferential crystallographic orientation across
the mapped area, consistent with a near-random texture for all
constituent phases. Quantitative grain-morphology analysis
(boxplots in Fig. 2d) reveals a sub-micron microstructure for
each phase. Zirconolite shows the broadest size distribution
with a mean equivalent diameter of 0.63 +0.28 um, whilst the
secondary phases are marginally finer with mean equivalent
diameters of 0.53 £0.20 um and 0.43+0.16 pm for rutile and
hollandite, respectively (noting that edge grains were excluded
from the grain-size measurements, as shown in Fig. 2b).

Crystallographic relationships between grains were assessed
via boundary misorientation analysis (Fig. 2e). Homo-phase
boundaries generally exhibit higher misorientation angles than
hetero-phase interfaces. Notably, hollandite-hollandite (H-H)
boundaries present the highest mean misorientation (88.9°),

Table 2 Refined lattice

Parameter Original CIF value Rietveld-refined value
parameters and cell volumes for
the phases present Zirconolite 3T (ICSD #97419)

Crystal system Trigonal Trigonal
Space group P3121 (152) P3121 (152)
a/b 7.228(1) 7.239(2)
c 16.805(1) 16.649(5)
Alpha/Beta 90.0000 90.0000
Gamma 120.0000 120.0000
Cell volume 760.34 755.6(5)

Hollandite (ICSD #60863)
Crystal system Tetragonal Tetragonal
Space group I4/m (87) 14/m (87)
a/b 9.9750(1) 9.964(4)
c 2.92538(4) 2.925(3)
Alpha/Beta 90.0000 90.0000
Gamma 90.0000 90.0000
Cell volume 291.08 290.4(4)

Rutile (JICSD #33838)
Crystal system Tetragonal Tetragonal
Space group P42/mnm (136) P42/mnm (136)
a/b 4.6001(3) 4.5985(9)
c 2.9654(4) 2.9709(11)
Alpha/Beta 90.0000 90.0000
Gamma 90.0000 90.0000
Cell volume 62.75 62.82(3)
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Fig.2 a EBSD orientation map presented as an Inverse Pole Figure
(IPF), Z direction, showing the crystallographic orientation of indi-
vidual grains. b Phase distribution map identifying zirconolite (Z,
blue, 79 area %), rutile (R, green, 13 area %), and hollandite (H,
orange, 8 area %) grains, overlaid with reconstructed grain bounda-
ries; edge grains were excluded from the grain-size and grain-bound-
ary analyses. ¢ IPF in Z direction summarising the mean grain ori-

significantly exceeding that of Z-Z (68.2°) and R-R (67.4°)
boundaries. The hetero-phase interfaces (Z-R, Z-H, and R-H)
cluster within a lower mean misorientation range of 60° to 62°.

The connectivity of the phases was further evaluated through
grain boundary density calculations (Fig. 2f). The microstruc-
ture is dominated by Z-Z boundaries (108.4 um/um?), consistent
with the high area fraction (79 area %) and continuity of the
zirconolite matrix. Significant densities for Z-R (52.4 um/um?)
and Z-H (41.5 um/um?) interfaces indicate extensive wetting
of the secondary phases by the zirconolite matrix. Conversely,
the negligible densities recorded for R-R (2.9 um/um?), R-H
(3.2 um/um?), and H-H (0.8 um/um?) boundaries confirm that
the dispersed rutile and hollandite grains remain largely isolated
from one another.

Conclusions
The combined SEM-EDS, XRD, and SEM-EBSD analy-

ses demonstrated that the Ce-doped, zirconolite-rich HIPed
multi-phase ceramic successfully achieved the intended phase

ZZ RR HH 2Z-R ZH R-H

ZZ RR H-H Z-R Z-H R-H

entations for each identified constituent phase. d Boxplot statistics
of grain-size distributions expressed as equivalent diameters for
all three identified phases. e Misorientation-angle distributions for
homo-phase (Z-Z, R-R, H-H) and hetero-phase (Z-R, Z-H, R-H)
boundaries. f Bar chart quantifying grain-boundary density (um/um?)
for the same interface types

assemblage and phase elemental compositions. Crystallo-
graphic parameters were refined through integration of ICSD
reference structures with experimentally measured XRD data,
facilitating the generation of phase-accurate CIF files suitable
for advanced EBSD structural analysis.

EBSD mapping revealed a dense, fine-grained, predomi-
nantly zirconolite matrix containing well-distributed rutile
and hollandite secondary phases. All phases exhibited near-
random crystallographic textures and sub-micron grain sizes,
with zirconolite exhibiting the broadest size distribution.
Grain boundary misorientation analysis indicated that hol-
landite—hollandite (H-H) boundaries display higher mean
misorientation angles than other homo-phase and hetero-
phase interfaces, reflecting distinct crystallographic variabil-
ity within this phase. Grain-boundary density metrics further
highlighted the predominant interconnectivity of the zirco-
nolite matrix, which extensively wets the adjacent secondary
phases. Conversely, rutile and hollandite grains exhibit mini-
mal mutual interaction, remaining largely isolated due to their
low mutual boundary densities.
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This study established a robust EBSD-based methodology
for quantitative microstructural characterisation of multi-phase
ceramic wasteforms, overcoming the limitations of conven-
tional techniques. The approach enables quantitative deter-
mination of grain-scale features including phase distribution,
homo- and hetero-phase interfaces, boundary connectivity, and
crystallographic variability. These attributes can be included
into refined predictive models of long-term multi-phase ceramic
wasteform performance.
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