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Abstract

Atom probe tomography (APT) has been utilized to investigate the microstructure of two model borosilicate glasses designed to understand the
solubility limits of phosphorous pentoxide (P,Og). This component is found in certain high-level radioactive defence wastes destined for
vitrification, where phase separation can potentially lead to a number of issues relating to the processing of the glass and its long-term
chemical and structural stability. The development of suitable focused ion beam (FIB)-preparation routes and APT analysis conditions were
initially determined for the model glasses, before examining their detailed microstructures. In a 3.0 mol% P,0Os-doped glass, both visual
inspection and sensitive statistical analysis of the APT data show homogeneous microstructures, while raising the content to 4.0 mol%
initiates the formation of phosphorus-enriched nanoscale precipitates. This study confirms the expected inhomogeneities and phase

separation of these glasses and offers routes to characterizing these at near-atomic scale resolution using APT.

Key words: atom, borosilicate glass, probe, tomography, vitrified waste

Introduction

Phosphorus pentoxide (P,O5s) has been identified as a poten-
tially problematic component of certain radioactive defence
wastes arising as a result of pre-processing, such as those proc-
essed at the Hanford Site in Washington State, USA (Goel
et al., 2019). In an effort to safely dispose of the waste, vitrifi-
cation implementing a borosilicate glass composition is used;
however, P,Os is poorly soluble in borosilicate glass systems,
with low concentrations potentially leading to phase separ-
ation, where this can affect key properties such as the melt vis-
cosity and chemical durability (Schuller et al., 2008).
Understanding the detailed nature of such processes, and
the solubility limits, requires high-resolution microstructural
characterization methods. Atom probe tomography (APT)
is a uniquely powerful technique to explore the detailed
near-atomic scale microstructures of materials in 3D. While
it continues to be an invaluable tool for exploring phase separ-
ation and related features in a wide range of metallic alloys,
the fragile, poorly conducting nature of nonmetallic glasses
makes them more challenging materials to both prepare speci-
mens by focussed ion beam (FIB) methods and to successfully
characterize them by APT. Nevertheless, the use of APT for the
microstructural characterization of glasses was proposed and
first demonstrated in principle over 40 years ago (Kellogg,
1982). More recently, instrumental advances have enabled re-
searchers to make considerable progress, demonstrating

feasibility for Li-doped silicate and borate glasses (Greiwe
et al.,, 2014), transparent gahnite glass-ceramics (Mitchell
etal.,2021), phosphorus and boron-doped nanocrystals with-
in borosilicate glass (Nomoto et al., 2016), and even irradi-
ated, hydrated borosilicate glasses (Gin et al., 2013, 2017).
In this study, our goal is to build on these earlier works, and
specifically to understand how APT can be utilized to character-
ize two model glass materials with different P,Os-doping levels,
based on the more chemically complex Hanford radioactive
glasses (Dixon et al., 2019). With these, we aim to assess the
overall suitability of APT to examine such glasses and its poten-
tial to complement existing techniques on the same samples
(Skerratt-Love et al., 2023), along with exploring the early
stages of phase separation to inform mechanistic understanding.

Experimental Methods

Two glass samples, labeled NBSP3.0 and NBSP4.0 with differing
amounts of P,O5 were examined. The nominal compositions of
these samples (in mol%) were: 54.14 SiO,-15.79 B,03-3.0
P,05-27.07 Na,O (NBSP3.0) and 53.58 SiO,~15.63 B,O3—
4.00 P,Os-26.79 Na,O (NBSP4.0) (Skerratt-Love et al.,
2023). The compositions of these samples were verified (using
XRF and ICP-OES) by Skerratt-Love et al. (2023).

Samples for APT were prepared using a Ga* ion SEM-FIB
(Zeiss Crossbeam 550) following the standard lift-out proto-
col (Miller et al., 2005). The borosilicate glass material proved
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Fig. 1. (a) FIB preparation on mounted lift-out wedges of borosilicate glass on Si coupon, showing regions of porosity present. (b) Early attempts at final
specimen sharpening showed the bending of tip apexes (2 nA e-beam current). (¢) Revised sharpening protocol (0.5 nA) demonstrating viable specimen

production.

relatively straightforward to work with in the FIB, aside from
encountering occasional regions of low density/pores in
the lift-out volumes (Fig. 1a). However, an issue was noted in
the final stage of specimen sharpening, where for apex radii
less than 200 nm, SEM imaging appeared to induce a bending
deflection in the tips. This is shown in three examples in
Figure 1b. In some cases, these could be straightened by further
polishing (at 2 kV: 200 pA), but often such deflections resulted
in nonviable final specimens. A very similar issue was encoun-
tered in a recent study of Sr-doped bioglass for bone scaffolding
applications (Ren et al., 2021), which was attributed to exces-
sive electron beam heating. Lowering the SEM beam current
from 2 to 0.5 nA prevented this issue from recurring, as demon-
strated in Figure 1c, underlining the general advice to minimize
electron beam currents (and doses).

Viable samples were all subsequently analyzed in a Cameca
LEAP 5000 XR (Oxford University). Following a short study
of the influence of the analysis conditions on the data quality,
all specimens examined in depth were run using a stage tem-
perature of 45 K, laser pulse energy of 200 p]J, pulsing fre-
quency of 200 kHz, and a target evaporation rate of 0.2%.
In total, 16 datasets were obtained across the study, from
which 10 were deemed suitable for quantitative interpretation
(sufficient number of ions (>3 M), low background noise
(<80 ppm/ns), well-resolved mass spectra peaks). All datasets
were reconstructed and analyzed using IVAS 3.8.16, with later
preparation of correlation histograms carried out using the in-
built algorithms within AP Suite 6.3.

Results

Reconstruction Optimization

In general, all viable-looking specimens from the FIB prepar-
ation ran satisfactorily in the LEAP, with datasets larger
than 20 M ions routinely obtained. Neither changes to the
stage temperature (35-55 K), nor the laser pulse energy (low-
ering to 150 pJ) had any measurable positive impact on the
data, with reductions in the latter causing the signal-to-noise
ratio to deteriorate. The level of multiple hits was within a rea-
sonable range for nonmetallic materials, typically 25-35%.
However, the voltage evolution fluctuated throughout each ex-
periment, indicative perhaps of the influence of the very low

electrical conductivity of borosilicate glass (107''=107'% S/m)
on the evaporation of the specimen (Boccaccini et al., 2007).
This ruled out reconstructing the apex shape using a conven-
tional voltage-evolution approach, further complicating the
data reconstruction on top of having a multi-component system
with unknown evaporation field(s). To make progress and
standardize the reconstructions so that they could be directly
compared with each other, a density-based approach was
used at the initial reconstruction stage, making use of the nom-
inal borosilicate glass density of 2.2 g/cm® (which for LEAP
5000 XR systems with detection efficiency of 52% is equivalent
to 0.085 atoms/nm?). Reconstructions were also based around

a fixed-shank profile.

Bulk Composition

Figure 2 shows a typical mass spectrum, in this case from the
NBSP4.0 material. A complex pattern of peaks is apparent,
with elemental and molecular oxygen-containing ions detected
across the full spectrum. The mass resolution is sufficiently high
to enable clear identification of most peaks, and while there is
some evidence of delayed evaporation post-laser pulse (higher
background level following some peaks, **Na* in particular),
the extent of this does not preclude identification of the follow-
ing minor peaks. Due to the number of complex ions evapo-
rated and fragmenting en route to the detector, some peak
overlaps are present. By inspection of the spatial location of
ions in other similar peaks, e.g., PO, and PO, along with careful
use of IVAS’s peak decomposition algorithm, it was however
possible to assign the majority of peaks with a reasonable de-
gree of confidence. There was negligible sign of any unexpected
contaminant elements in all samples examined.

Table 1 shows the determined compositions of both glasses,
shown as (mean) values averaged across all equivalent datasets,
along with nominal values. Note the nominal values shown
here (in at%) are equivalent to those given (in mol%) intro-
duced above, which are retained for easy comparison with the
existing companion study on these glasses (Skerratt-Love
etal., 2023). Acceptably close agreement is apparent for nearly
all elements. The Na is somewhat lower than expected while the
P content is higher, although in the latter the APT data does
track the trend in this rising from NBSP3.0 to NBSP4.0.
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Fig. 2. Example mass spectrum (split into low and high mass-to-charge ratios) from NBSP4.0. Recorded on LEAP 5000XR at 45 K, 200 pJ pulse energy,

and 200 kHz pulsing frequency.

While the spectra return accurate compositions, it is also ap-
parent from Figure 2 that there is a relatively high level of noise
present, particularly following the major peaks. This is indica-
tive of delayed evaporation of ions appearing later than those
within the main peaks, and examining correlations between
such ions can provide deeper insights into the field evaporation
behavior. In practice, this is made possible by the use of correl-
ation histograms (Saxey, 2011), which plot correlations be-
tween pairs of ions evaporating as multi-ion events. The
frequency of such ion-pair coincidences (P;) for ion types i
and j can be compared with that expected from a completely
random distribution to determine any statistically significant
correlations for every ion pair. Figure 3 shows an example
of these, generated from a NBSP4.0 dataset. This plots mul-
tiple ion events detected up to 50 Da on both axes. To interpret
these, note the sets of vertical, horizontal, and diagonal lines,
originating from a point corresponding to the detection of an
ion at a specific mass-to-charge-state ratio. The first two sets of
lines correspond to field evaporation of ion type i (or equiva-
lently j) on the applied laser pulse, followed some short time
after the pulse by evaporation of the paired ion j. The diagonal
lines running toward the top-right corner, therefore, show co-
evaporation of ions i and j both at some time delay after the
pulse. The intensity of these diagonal tracks originating from
any point are reflective of the magnitude of the tail apparent
in the conventional mass spectrum, and it is apparent that
the most dominant tracks all run along the y = x line, which
marks evaporation of ions of the same type (i.e., ion type
i=7). In terms of the field evaporation behavior of the borosili-
cate glass, this plot reveals a number of details. Firstly, the
strength and extent of the diagonal lines, tracking away
from their origins across a large extent of the plot, signifies
many ions evaporating at times after the initial pulse. The
strongest intensity of track originates at 23 Da, ranged as
Na*, which correlates to the significant tail in this peak ob-
served in the mass spectrum of Figure 2 extending all the
way up to the next major peak at 32 Da (O,*). The length

of all such tracks is indicative of the evaporation behavior of
a material with (as known) low thermal conductivity.

Away from the major diagonal, there are a considerable
number of tracks again with lengthy tails, signifying (delayed)
evaporation of dissimilar ions. Some of these are marked by
dotted circles in Figure 3. (For brevity, only selected (i, j) pairs
below the main y = x diagonal are discussed below, but note
the equivalent (j, i) ions are also circled in Figure 3 with the
same color). The green circle (16, 23 Da) corresponds to
(O*, Na*), likely indicative of the post-fragmentation of the
Na,O glass component. The gray circle (43, 32 Da) shows
(Si0*, O,%), and finally, the pink circle (63, 43 Da) reveals
paired evaporation for (PO,*, BO,*). Such events point to
fragmentation of the constituent glass components. This sug-
gests that a higher standing field (i.e., lower laser pulse power)
during specimen analysis might be desirable to break up such
large ions, however, on the current set of samples attempts to
do this resulted in premature specimen fracture, underlining
the compromises which must be made for challenging materi-
als. Collectively, these plots underline the complex nature of
ions evaporating from the borosilicate, with many pairs of
ions evaporating off-pulse. This is also reflected by the rela-
tively high level of multiple hits noted in these experiments,
and indeed the high background noise level within the mass
spectra; efforts to reduce this to around 100 ppm/ns improved
the signal-to-noise, but this is still high compared with metals
for example, where ~10 ppm/ns is more common. We stress
however that despite the complex evaporation behavior, the
peak overlap decomposition (identification) tools are able to
return accurate compositions.

Microstructural Details

In many specimens from both sample materials, fluctuating
levels of Na were apparent. It is well known that in certain ma-
terials that recorded positions of Na atoms may be influenced
by surface diffusion prior to field evaporation, impairing
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Table 1. APT Compositional Data From NBSP3.0 and NBSP4.0, Averaged Over Multiple Runs (Errors Report Standard Deviation Across Set of

Experiments), Compared With Nominal.

(@] Si Na B P
NBSP3.0—at%
Nominal 55.5 18.2 18.0 7.9 0.9
APT 543+0.4 19.5+0.6 15.7+0.8 8.25+0.77 2.31+0.42
NBSP4.0—at%
Nominal 553 17.9 17.9 7.8 1.1
APT 55.5+£0.3 17.6 £0.2 13.2+0.9 9.73+£0.35 3.96 +£0.20

M/n (da)

0 5 10 15 20 25 30 35 40 45 50
M/n (da)

Fig. 3. Correlation histogram for NBSP4.0 borosilicate glass, analyzed in
a LEAP 5000XR at 45 K, 200 pJ pulse energy, and 200 kHz pulse
frequency. Double and triple multiple hits shown across 0-50 Da. For an
explanation of dotted circles and tracks, refer to the main text.

accurate reconstruction (Miller et al., 1996; Li et al., 2014).
The regular bursts of Na noted in the detector hit maps, along
with the extent of the tracks in the correlation histogram are
both consistent with its relatively low theoretical evaporation
field compared with those known for other glass components
(11 V/nm for Na* versus 33 V/nm for Si*) which flags the like-
lihood of any Na-rich phases being most likely related to arti-
facts. Additionally, there are no mentions of such phases
found using other techniques in a complementary study of
these same glasses (Skerratt-Love et al., 2023). Therefore,
while we show the Na spatial distributions in the following da-
tasets for full disclosure, in the current work we assume Na
fluctuations are an artifact, and are consequently not exam-
ined in depth.

Figure 4a is an atom map from sample NBSP3.0 showing all
main elemental components, with a fraction of each ion type
magnified. This visually illustrates a homogeneous volume,
confirmed by the 1D concentration profile in Figure 4b
(same scale), running along the main z-axis of the reconstruc-
tion (minor Na fluctuations aside). To examine in particular
the P-distributions in more detail, a more sensitive statistical
test of any inhomogeneities is given by a nearest neighbor ana-
lysis, which is shown for P(O,) in Figure 4c. The black dotted
line corresponds to the expected nearest neighbor distribution

in a fully homogeneous material, while the magenta line
shows the actual distributions measured. The two lines closely
overlap, indicating the P(O,) distribution is very close to that
of random one, and with no evidence of any secondary pre-
cipitation of a P-rich phase in the 3.0 mol% P,Os sample,
NBSP3.0.

Figures 5a to Sc show the corresponding atom map, 1D con-
centration profile, and nearest neighbor distribution for
NBSP4.0. The atom maps display B/BO, species, along with
an isoconcentration surface (isosurface) set at 8.8 at% P. In
this figure, we also show a 30 at% Na isosurface, to illustrate
the nature of the Na segregation artifact as flattened discs all
arranged perpendicular to the analysis direction (coinciding
with evaporation bursts). Of more interest however, this
map shows that the glass now contains localized regions en-
riched in P throughout. These have an approximately spheric-
al structure in a number of instances, around 20 nm in
diameter. Although these reconstructed volumes are potential-
ly distorted due to the erratic nature of the evaporation, simi-
larly shaped structures have been identified in high-resolution
SEM, thus the APT data is likely showing morphologies of
these as they nucleate and grow. The 1D concentration profile
in Figure 5b also captures the inhomogeneous microstructure,
with Si, O (and Na) levels fluctuating significantly. Finally,
Figure Sc statistically examines the P(O,) distribution, clearly
verifying the nonrandom P-rich segregation behavior, demon-
strating that a small increase in the P,O5 loading has initiated
phase separation in the NBSP4.0 glass.

Figure 6 presents a more detailed examination of the pre-
cipitation, focussing on one section from a NBSP4.0 analysis.
Figures 6a and 6b (400 nm long in depth) show atom two
maps breaking down the ions into O, B (Fig. 6a) and Na, Si
(Fig. 6b) species, in both cases with the same (7.5 at%) P iso-
concentration surface. The distribution of precipitates high-
lighted by the isoconcentration surface is nonuniform,
perhaps indicative of nucleation on defects within the glass
microstructure, with clusters of P-rich phases located within
10 nm of each other. Figure 6¢ displays a proxigram averaged
across all combined common interfaces in the shown atom
maps. These facilitate the examination of both the volume
fraction and composition of the P-rich phases. The volume
fraction was estimated by dividing all (ranged) atoms con-
tained within one set of surfaces by the total number of
(ranged) atoms in the dataset, which returns an average value
of 2.7%. The measured composition (at%) of the precipitates
is 58.1 O-15.0 Na-13.5 P-8.2 Si-5.2 B. This is somewhat dif-
ferent from the expected formation of either Na3PO4 or
Na4P,07, although the nominal oxygen (50 at%) and phos-
phorous (13 at%) contents are quite close to the former,
with a loss of sodium and unexpected Si and B. The lower
Na content may be a result of Na diffusion to co-located Na
regions during the field evaporation process; although not
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Fig. 4. (a) Atom map of sample NBSP3.0 and (b) corresponding 1D concentration profile (same scale), demonstrating uniformity of composition
throughout. 10% of selected species are shown as larger spheres in (a) for visual clarity. (¢) Nearest neighbor statistical analyses for P(O,) species,
comparing experimental data (solid magenta line) with randomized reference (dotted black line). Close fit verifies homogeneous microstructure.
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Fig. 5. (a) Atom map of sample NBSP4.0 with B/BO, species shown (blue dots), along with 8.8 at% P (and 30 at% Na) isoconcentration surfaces
highlighting phase separation. (b) Corresponding 1D concentration profile (same scale), showing composition fluctuations, mostly strikingly for Na, Siand
0. (e) Nearest neighbor statistical analyses for P(O,) species, comparing experimental data (solid magenta line) with fully randomized reference (dotted

black line).

examined in depth these features (as shown in Fig. 5) consist-
ently contained more than 50 at% Na.

Discussion

A primary goal in the current work was to determine whether
these simplified, surrogate radioactive waste-form borosilicate
glasses were amenable to APT characterization. The results

herein demonstrate that it is possible to generate reproducible
datasets, and that the returned compositions are closely in-line
with expectations. However, it is also apparent that the mater-
ial is evaporating in a somewhat nonuniform manner, compli-
cating efforts to reconstruct the data. Additional experiments
were carried out to examine the role of laser pulse frequency
on the data quality, examining the background noise level
and voltage profile while the pulse frequency was varied
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Fig. 6. (a, b) Atom maps from NBSP4.0 specimens (400 nm in depth)
with 7.5 at% P isoconcentration surfaces (pink) highlighting phase
separation. (¢) Proxigram taken from across the respective interfaces
shown in (a, b). Core volumes within these proxigrams (right-hand side)
show the formation of possible NazPO4/NasP,05-type phases.

from 25, 50, 100, and then 200 kHz. There did not however to
appear to be any real correlation of these metrics with pulse
frequency, although attempts to analyze specimens at higher
frequency (250 and 500 kHz) resulted in rapid fracture.
Higher frequency also coincided with more Na-rich phases,
while at lower frequencies they disappeared which further
supports the argument the formation of these regions is an
APT artifact. Higher laser pulse frequencies can cause both
off-pulse evaporation and a higher failure probability, which
reinforces the idea that some of the supplied laser thermal en-
ergy is being retained between pulses within the specimen
apex. Thermal energy from the laser is also likely contributing
to the surface diffusion of Na species to localized regions re-
turning unexpectedly high sodium contents; in a similar man-
ner, overly high laser pulse energies have also been seen to
cause surface diffusion of boron atoms in silicon (Tu et al.,
2017). The retention of heat in this material and its effect on
field evaporation behavior in the APT is also highlighted by
the intense and extended post-pulse tracks shown in correl-
ation histogram of Figure 3.

Similar effects of laser irradiation on these types of glasses
have been previously demonstrated in the work of Lu et al.
(2017), who showed that APT mass spectra measured in the
analysis of a model International Simple Glass (ISG) consisting
of six oxides, and that from a more complex French-grade
SONG68 glass, were both prone to the effects of delayed field
evaporation when utilizing a 532 nm laser. The 355 nm
beam on the LEAP 5000 system yielded sharper mass spectra,
although still with a complex number of peaks present and
with locally high background levels.

Nomoto et al. (2016) presented a series of APT mass
spectra from boron or phosphorous-doped silicon nano-
crystals embedded in borosilicate, phosphosilicate, and

Microscopy and Microanalysis, 2024, Vol. 00, No. 0

borophosphosilicate glasses, as examined in a LEAP 4000Si
system with a laser pulse energy of 100 pJ. All of these illus-
trated substantial thermal tails throughout the mass spectra,
yet this did not prevent the characterization of distinct Si, B,
and P-rich nanoclusters present in the datasets. Gin et al.
(2013) examined the French-grade SON68 glass, with a
more complex composition containing Al, B, Ca, Li, Na, O,
and Si, along with trace (<1 at%) Fe, Mo, and Zr.
As-received and hydrated forms of this were examined in a
Cameca LEAP 4000XHR. Comparable analysis conditions
were used in this work (aside from lower laser pulse energies),
with the authors similarly reporting no significant differences
in chemical or spatial information when altering them. A slight
loss of oxygen was apparent and attributed to the known issue
of preferential oxygen loss through formation of neutral, un-
detected atoms/molecules, as seen in a wide range of oxygen-
containing materials (Devaraj et al., 2013; Amirifar et al.,
2015; Karahka et al., 2015; Santhanagopalan et al., 2015;
Cappelliet al., 2021). The oxygen content in the current study
does not appear to be significantly affected by such a mechan-
ism. However, differences in composition through the hydra-
tion exposure in this earlier work were accurately reflected in
the comparative analyses, which is also true here for the in-
crease in P,Ojs loading. Spatial reconstructions of the APT
data were carried out with the aid of SEM images of the tip
shape, while in a later study by Gin et al. (2017) on a standard
6-oxide borosilicate glass, fixed-shank angles were used to re-
construct the datasets, which is also apparent in the work on a
corroded SON68 borosilicate glass of Perea et al. (2020). The
use of these reconstruction approaches suggests some uncer-
tainty in the known evaporation behavior of these glasses, al-
though this does not prevent high-quality compositional data
being obtained. Perea et al. (2020) explore the use of cryogenic
conditions to prepare their specimens in FIB, and this ap-
proach does appear to smooth the evolution of the voltage
curve through a glass-gel interface in particular. This indicates
advanced sample preparation strategies, also including the
possible use of conductive coatings (Adineh et al., 2017),
may further improve the data quality in such glasses.

A second goal was to examine the potential for phase separ-
ation in this glass on raising the P,Oj5 content introduced dur-
ing processing. The APT data shows clearly in visual and
statistical analyses that the 3 mol% P,O;5 sample has a homo-
geneous microstructure, while increasing the P,O; loading to
4 mol% results in the formation of a new phase (excluding the
Na-rich artifact) in the parent glass. This is present as finely
distributed, nanoscale precipitates, collectively comprising a
few percent volume fraction of the glass. The exact shape of
these is uncertain due to reconstruction artifacts; however,
its composition is comparable to most likely the Na3;PO,4 or
NayP,0; expected phases. Importantly, the findings from
this work are also in excellent agreement with those obtained
from a companion study on the same materials, with phase
separation occurring in samples with >4 mol% P,0s, as
seen using SEM and XRD (Skerratt-Love et al., 2023).
Although a range of analysis conditions were explored to fur-
ther improve the reconstructions, it is clear that this and re-
lated glasses do retain challenges in terms of their response
to the laser pulsing conditions. These challenges include the
uneven evaporation behavior, on top of the separate issue of
high Na mobility and the influence of laser pulse energy on
its spatial distribution and quantification. This may be further
improved on newer LEAP 6000 systems, utilizing even shorter
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laser wavelengths, as these have been seen in prior instrument
evolutions to greatly improve sample viability. Despite requir-
ing further work to improve overall data quality, it is clear that
APT can offer considerable insights into the microstructure of
borosilicate glasses, informing design and processing steps to
produce optimal materials for safer and predictable nuclear
waste vitrification.

Conclusions

This study has shown that in two borosilicate glasses, respect-
ively doped with differing levels of P,Os, unique characteriza-
tion insights in the resulting microstructures can be provided
by APT. Specifically, we have shown that:

* Both forms of borosilicate glass can be routinely and reli-
ably characterized using LEAP 5000 instruments.
Quantitative compositional information can be extracted,
and physically accurate reconstructions based on known
material density can be obtained.

® Na-rich regions when detected are most likely an APT
artifact due to surface migration caused by a significantly
lower relative evaporation field of Na. The presence of
such regions can be diminished by using lower laser pulse
frequencies.

¢ The 3 mol% P,0s-containing glass demonstrates a uni-
form, homogeneous microstructure.

* The 4 mol% P,0Os-containing glass, in contrast, shows
clear nucleation of a probable (sodium-depleted)
Na3POy4 or NayP,07 phase.

e The phase separation trends are consistent with known
limits for the vitrified retention of P,Os-containing nu-
clear wastes, informing material selection by near-atomic
scale characterization of such glasses.

Availability of Data and Materials
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