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Abstract

Multi-phase material systems make up a significant proportion of the currently proposed and researched wasteforms for
sequestration of heterogeneous nuclear material feeds. Quantification of the components for such multi-phase assemblages is
typically performed using diffraction-based Rietveld methods, many of which necessitate long measurement times of several
hours. Furthermore, careful additions of an internal standard are typically required, to facilitate inclusion of amorphous
phases in the quantification. The application of an image analysis method has been investigated, using the z-contrast greyscale
of back-scattered electron micrographs to determine the relative quantities of component phases in a suite of monolithic
phosphate glass ceramic wasteforms. This work demonstrates an alternate methodology for accelerated quantification which
could be applied to other heterogeneous wasteforms and multi-phase materials.

Introduction

Quantitative phase analysis is key to the development of
glass ceramic nuclear wasteforms. In addition to presenting
us with relative phase ratios, it can allow us to infer proper-
ties of the material as a sum of its constituent crystalline
and glassy phases. Some of the most regularly implemented
phase quantification techniques have centred around X-ray
diffraction-based Rietveld and pattern refinement methods.
While these can provide useful additional information on
material structure and phase assemblage, there are some
inherent limitations such as the necessity to use an internal
standard to quantify amorphous phases. Moreover, many
refinement techniques require a starting model and struc-
tural understanding of the material [1, 2]. Micrographic
image analysis is not an uncommon technique to research
areas such as cementitious materials, as it can be particularly
well utilised to measure pore sizes efficiently and determine
aggregate size distribution [3]. Quantitative phase analysis
by electron micrograph thresholding across contrast regions
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has been observed in the literature, though in this exam-
ple, the technique was facilitated by proprietary-hard-coded
microscope software with limited flexibility and user para-
metrisation [4]. This work aims to provide an open-source,
fast and lightweight image analysis tool to complement com-
mon characterisation techniques for glass ceramics.

Materials and methods

The prototypical glass ceramic wasteform material used in
this study was from a suite of sodium-iron-phosphate com-
positions, with additions of alumina and silica to melts and
loading of cerium oxide as a fluorite surrogate for spent fuel.
The composition used for initial tests consisted of compo-
nent oxides and ammonium dihydrogen phosphate, loaded
with 40 wt% CeO, and melted at 1250 °C before casting
and annealing for 4 h at 550 °C, henceforth, identified as
IPSAS 40 wt% CeO,, 1250 °C. Glass ceramic monolithic
samples were sectioned, cold resin mounted and polished
to a 1 um mirror finish and carbon coated to reduce surface
charge. BSEs (Back scattered electron micrographs) were
collected using a Hitachi TM3030 instrument, with a tung-
sten filament and an accelerating voltage of 15 kV. Concur-
rent analysis by pXRD (powder X-ray Diffraction) and EDX
(Energy Dispersive X-ray) allowed for confirmation of phase
assemblage [5]. Image acquisition parameters were set to
medium brightness and high contrast, with fine adjustments
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Fig. 1 Broad-overview BSE of IPSAS 40 wt% CeO,, 1250 °C, with
coordinate grid overlay

made, per sample, to maximise the contrast in grey values
between the individual phases. The phase proportions can
be delineated, as delimited by regions with different grey
values, or BSE contrast, a factor influenced by the atomic
number of the species in each phase. The free, open-source
image processing software ImagelJ, was used as a base plat-
form in the Fiji package [6]. The package utilises JavaS-
cript-based functions and macros to assist with automation
of various post-processing tasks. This work concerns a script
of approximately ~ 350 lines of code which will facilitate a
quantitative-phase analysis methodology. An initial routine
uses sample surface BSEs collected at a range of magnifica-
tions, measuring particle size to pixel count ratios and small-
est-feature statistics. The routine is followed by selection
of an optimum magnification, such that small crystallites
(>5 um) are properly resolved. A low-magnification broad
micrograph of the material surface was collected, allow-
ing overlay of a coordinate grid, a pseudo-random number
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generator was then used to select cells of the grid to collect
sample micrographs at the desired magnification, Fig. 1.

During following stages of the code progression, image-
scale calibration was unnecessary, as phase quantities were
determined by ratio of pixel counts. The script analyses a
histogram of grey values represented in the sample BSE,
then calculating the points at which minima of intensity can
be found. The peak intensities between such points were then
used to represent the discrete phases, the areas for which
were determined by thresholding between pairs of minima
and counting the number of pixels remaining, Fig. 2a. Ratios
of these areas were then used to infer relative phase quanti-
ties. Following the processing of a first BSE, the remain-
ing image set from a sample can be quickly processed to
strengthen the measurement statistics. The user is given
option to manually exclude mis-identified phases such as
mounting material or pores Fig. 2b and can also generate a
representative figure to accompany phase quantity statistics
for publication. At the time of writing, the script can deline-
ate 2—6 individual phases.

Results

Following the measurement of an initial sample BSE, the
remaining image set is loaded by the script as a stack, so
results are supplied as an indirect volume percentage, as
the direct measurements made to individual BSEs result
in area percentage values. The test sample, IPSAS 40 wt%
Ce0O,, 1250 °C, was measured to collect statistics over a
range of 10 BSEs, with the script identifying with 99.9%
confidence: 61.9+2.3 vol% glass, 34.9+2.0 vol% CePO,
and 3.2+0.5 vol% CeO, (darkest to lightest contrast,
respectively), Fig. 3a. Another test sample, with a base
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Fig.2 Grey value histogram for IPSAS 40 wt% CeO,, 1250 °C (a), phase labelling and exclusion (b)
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Fig. 3 Representative measurement summaries for 3-phase IPSAS 40 wt% CeO,, 1250 °C (a) and 4-phase IPSAS 50 wt% CeO,, 1450 °C (b)

sodium-iron-phosphate glass composition with 50 wt%
CeO, melted at 1450 °C, was also measured using the same
method over 10 BSEs, with 99.9% confidence: 22.0+ 1.7
vol% glass, 8.7+0.4 vol% crystalline sodium-iron-phos-
phate, 68.5+2.9 vol% CePO,, 0.8 +0.2 vol% CeO, (darkest
to lightest contrast, respectively), Fig. 3b. Each image was
collected in about 30 s, with another 15 for adjustment and
stage movement. Image sets of stack size 10 were measured
by the script in approximately 30 s (as verified by a count-
ing function), on a moderately equipped workstation built
in 2018.

Discussion

The results presented here, demonstrate how the script can
be used to analyse micrographs of samples with varying
phase assemblages and with different phase morphologies.
Some preliminary tests with a SYNROC-F type multi-phase
ceramic [7] and a barium phosphate multi-phase system [8]
have indicated that adjustable sensitivity will be a neces-
sary feature to modify the minima-detecting algorithm, as
some ceramic phases have surfaces with very well-defined
contrast, such that the histogram of grey values presents with

sharp peaks and phases with very similar contrast, such that
overlap can occur. Implementation of sensitivity adjust-
ment is underway to facilitate measurement of such phase
assemblages. The technique does, however, have an inher-
ent limitation with difficulty processing images containing
phases with similar BSE grey contrast, as such, it would
be unable to distinguish between two phases with exactly
the same mean atomic number. A high degree of precision
was achieved with the sodium-iron-phosphate glass ceramic
materials, with error comparable to Rietveld-type analyses
[2]; further improvements have been shown with larger sam-
ples of 20-25 BSEs. The key concluding advantage over
more traditional methods often requiring several hours per
sample is the data collection and processing time of image-
based QPA, represented as 8 min for a 10 BSE set, up to
20 min for a 25 image set. The open nature of this platform
will allow for ease of additional control, modification and
integration with microscopes featuring motorised or com-
puter-controlled stages. Other heterogeneous multi-phase
materials may be measured using this method, such as those
studied by researchers in the fields of cultural heritage and
archaeology. Such a technique may be applied to images
acquired through other micro-analysis techniques such as
optical and Raman spectroscopy; however, due care will be
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required to ensure defined contrast of both amorphous and
crystalline phases, with minimum resolvable feature size
constrained to the diffraction limit with light-based analyses.
Further planned work includes measurement of samples of a
zirconolite glass ceramic composition, use of a rapid X-ray
diffraction-based quantification method to verify the perfor-
mance and accuracy of the image method [9], improvements
to portability of the analysis package—including greater
compatibility through Linux and macOS platforms with their
respective filesystems.
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