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ABSTRACT

Multiple models and feature sets have been generated, which attempt to predict the crystallization of nepheline (NaAlSiO,) in
high-level radioactive waste (HLW) glasses under canister centerline cooling (CCC) conditions. Earlier models were found to be
overly conservative, while newer models had a not insignificant rate of false positives and negatives, with a drop off in predictive
accuracy along the nepheline prediction boundary. Only partial or limited explanations for this drop in accuracy have hitherto been
put forward, for example, experimental inaccuracies or insufficient data points. This research presents evidence consistent with a
primary cause being differences in surface area to volume ratio (SA/V) between small experimental glass samples and large-scale
canister glasses. Furthermore, a new simplified, simulated (non-radioactive) HLW glass composition (KE1) has been designed as
a starting point for experiments that focus on the low accuracy region of nepheline predictor models, lying between compositions
that are prone to precipitate nepheline and compositions that are not. This glass has been characterized using multiple techniques,
and several experiments have been designed and implemented to highlight the marked effects of SA/V on the outcome of the
product consistency test (PCT-B, ASTM C1285-21) used to validate the chemical durability (as measured by PCT tests) of nuclear
waste glasses destined for geological disposal.

1 | Introduction underground tanks [6]; the Department of Energy (DOE) plans

to separate high-level waste (HLW), which represents ~5% of the

Borosilicate glass is the chief candidate among nuclear nations
for use as the host matrix to immobilize high-level radioactive
waste [1]. Borosilicate glass has benefits in both its processing
parameters (good processability, manufacturability, can incorpo-
rate a wide range of components into its matrix, and relatively
high waste loading is possible). Furthermore, the end product
has many desirable qualities (acceptable chemical durability,
resistance to radiation damage, and thermal stability) [2-5].

The Hanford Site in Washington State, USA, is home to over
200 million liters of nuclear waste, historically stored in 177

waste volume but accounts for ~70% of the radioactivity [7], from
the low activity waste (LAW). These will subsequently be mixed
with glass-forming chemicals (GFC), forming the melter feeds
which will then be fed directly into the melters at the vitrification
plant in a direct-feed approach [8-10]. Many of the solids in
the tanks are high in alumina; therefore, incoming direct-feed
HLW (DFHLW) waste streams are expected to be high in Al
[11]. The HLW can be further subdivided into six categories,
delineated by statistical cluster analysis [12], separated by the
glass formulation limiting oxide, the most plentiful of which is
high-alumina (Al,O;) wastes [6].
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Alumina and sodium oxide are two of the most plentiful oxides
in Hanford waste due to the dissolved aluminum cladding (often
dissolved using NaOH) and aluminum nitride used in the REDOX
process [6]. The alumina-rich HLW and variants of it constitute
approximately 50% of the Hanford HLW [6, 13], if not more, in
the instance where DFHLW is employed. Furthermore, since
Al and Na are often present simultaneously in waste streams,
maximizing Al,O; and Na,O waste loading (as two of the most
plentiful oxides) is desirable in order to limit: (i) the volume of
glass processed as well as the accompanying energy requirements,
(ii) the amount of raw GFCs needed, (iii) the volume of geological
repository that will need to be excavated to accommodate the
vitrified waste canisters, and (iv) the duration of the cleanup
mission.

The limiting factor when it comes to the waste loading of
high-alumina waste is its propensity to precipitate crystalline
nepheline (NaAlSiO,) in the slowest-cooled portion of the canis-
ter, where the kinetics and thermodynamics favor devitrification
[14]. Nepheline is a crystal which itself is highly chemically
durable [15], however, it tends to remove three moles of network
former (SiO, and Al,O;) for each mole of network modifier
(Na,0) from the surrounding glass [16, 17], resulting in a chem-
ically less durable glass adjacent to the nepheline, however it
should be noted that Nepheline which precipitates from HLW
melts can incorporate many other elements [18].

The matter is further complicated, however, as certain glass com-
positions that do precipitate measurable fractions of nepheline
pass the DWPF EA comparative assessment [19]; while other
glass compositions that do not precipitate nepheline either fail
the DWPF EA comparative test or result in considerably lower
chemical durability [20].

Furthermore, the glass and the crystal are likely to have different
coefficients of thermal expansion, resulting in cracking and thus
increased surface area exposed to potential aqueous leaching in
a geological repository [21-27]. These two effects could, in com-
bination, result in the waste package (whole canister) durability,
as measured by a PCT test, performing orders of magnitude more
poorly [13, 28]. These combined effects are difficult to model via
lab-scale product consistency tests (PCT) [29], a dissolution test
by which any glass composition earmarked for disposal must
outperform the Defense Waste Processing Facility Environmental
Assessment (DWPF EA) glass [30], the benchmark standard
for minimal acceptable durability as set out in the acceptance
criterion of the WAPS [31]. Alongside PCT, other tests such as
the Materials Characterization Centre Protocol 1 (MCC-1) (ASTM
C1220-21) [32], Vapor Hydration Test (VHT) (ASTM C1663-24)
[33] and Toxicity Characteristic Leaching Procedure (TCLP) (EPA
1311) [34] are also often used to look at alteration layer, dissolution
and chemical durability in nuanced ways, certain studies conduct
more than one of these tests side by side [35, 36] on both quenched
and heat-treated samples. This study, however, focuses on PCT-B.

Wastes are to be processed by being mixed with raw GFCs, usually
in either oxide or carbonate form, before being melted inside
a Monofrax-K3-lined Joule-heated ceramic melter (JHCM) [37].
The molten glass is then poured and allowed to cool and vitrify
inside a 304L stainless steel canister.

The Hanford canisters have a diameter of 0.61m and a length of
~4.5m with a fill volume of 1.315m> [38-40], designed to be tall
and narrow for more rapid heat loss, and the inside of the pour
caves will be actively cooled with HVAC systems [41] to aid with
cooling. Nevertheless, in highly waste-loaded glass compositions
rich in AlL,O; and Na,O, nepheline can precipitate, especially
along the canister centerline, where cooling is slowest (furthest
from the more rapidly cooled surface of the canister).

1.1 | Canister Centerline Cooled Nepheline
Prediction Database and Models

In an effort to tackle the problems caused by the crystallization of
nepheline, a database of slow-cooled laboratory-produced glasses
and the resultant crystal fraction of nepheline and chemical dura-
bility (as measured by 7-day PCT tests using both A and B variants
of the test) has been compiled over the past few decades. The
cooling regime used is dubbed CCC and is deemed the scenario
resulting in the greatest levels of nepheline devitrification, as
measured along the canister centerline in experimental canister
pours [42]. The CCC cooling regime is summarized in Table 1.

The nepheline database has since been used to generate models or
“nepheline predictors” which based on compositional inputs, will
attempt to determine whether or not a given glass composition
will precipitate nepheline under CCC conditions. Four of these
models, with increasing complexity, are briefly summarized
below:

1.1.1 | Nepheline Discriminator (ND) Model

The first and simplest model, the nepheline discriminator (ND)
model [16], attempts to ensure that sufficient SiO, is present
in a glass to keep the composition away from the Nepheline
phase field in the SiO2-Al,05-Na,O ternary phase diagram. This
is represented by a straight line at 0.62 weight fraction (wt. fr.) of
Si0,. This is shown in Figure 1.

The ND model states that nepheline is unlikely to precipitate
when:

_ 8sio,
8sio, T 8aL,0;, T 8Nay0

> 0.62 )

N

Equation (1)—Nepheline discriminator.

Where Ng; is the normalized silica wt. . gsio,, ga1,0,, a0d gnay0
are simply the wt. fr. of the respective oxide. While this model
was deemed successful at limiting nepheline crystallization, it
was found to be too conservative [45] as it limited Al,O; loading
to 18 wt% whereas compositions with 30 wt% loading had already
been achieved [13, 46].

1.1.2 | ND and OB Quadrant (OB) Model

McCloy et al. [47] improved upon this model by combining the
ND model with the calculated theoretical optical basicity (Agjass)
of each glass, as results showed that adding acidic components
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TABLE 1 | Canister centerline cooling (CCC) program used in this study, reproduced from [42], including 30 min hold at 1150°C, which is used to

ensure no crystals or potential nucleation sites are present at the start of the CCC cooling procedure.

Segment start  Segment end Segment Segment Segment
Segment temp (°C) temp (°C) Rate (°C/h) Rate (°C/min) time (h) time (min)  description
1 RT 1150 300 5 3.767 226.000 Ramp
2 1150 1150 0 0 0.500 30.000 Hold
3 1150 1050 ~4200 ~70 0.033 2.000 Freefall
4 1050 980 —93.36 —1.556 0.750 44.987 Slow cool
5 980 930 —48.36 —0.806 1.034 62.035 Slow cool
6 930 875 —35.46 —0.591 1.551 93.063 Slow cool
7 875 825 —23.28 —0.388 2.148 128.866 Slow cool
8 825 775 -15.18 —0.253 3.294 197.628 Slow cool
9 775 725 —16.68 —0.278 2.998 179.856 Slow cool
10 725 400 —18.24 —0.304 17.818 1069.079 Slow cool
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FIGURE 1 | Sodium oxide, silica, alumina ternary phase diagram,

with nepheline (referred to as nephelite) phase field highlighted and
nepheline discriminator (ND = 0.62) overlain. Adapted from Phase
Diagrams for Ceramists (1956) [43] with permission of The American
Ceramic Society. Original Source: Schairer and Bowen [44]. The normal-
ized position of the KE1 composition within the Na,0-Al,05-SiO, space
is marked with a green “X”.

(Si0,, B,0s, P,0s, etc.) and removing alkaline components (K,O,
Na,O, etc.) correlated with the propensity of a given glass to
precipitate nepheline. As a result of this work, a quadrant model
was devised, shown in Figure 2.

The theoretical value of Ay, is given by Equation (2):

Zixiini

glass —
Z,-xi%

Equation (2)—Theoretical optical basicity value [47].

A )

Where x; is the i-th oxide mole fraction, g; is the number of oxygen
atoms in the i-th component oxide, and A, is the i-th oxide molar

Nepheline discriminator (N; )

FIGURE 2 | Quadrant system which combines Ng; and Aglass 10
separate nepheline precipitating compositions. The location of the KE1
composition in this reduced feature space is marked with a green “X”.
Adapted with permission from McCloy et al. [47], John Wiley & Sons.

basicity. The molar basicity of common glass-forming oxides can
be found in the following reference [48].

Glasses for which Ng; < 0.62 and Ay, > 0.55/0.57(upper right
quadrant in Figure 2) were found to more accurately segre-
gate compositions that precipitated nepheline, thus enabling an
increase in the compositional space which could potentially be
considered for vitrification. However, as can also be seen by the
quadrant plot, many glasses that did not precipitate nepheline
were also present in the top right quadrant and thus excluded by
the model.

1.1.3 | Submixture Model (SM)

Vienna et al. [49] further worked to improve on the success of
the ND model by adding more compositions to the database and
attempting to incorporate the known effects of B,0;, P,0s, Li,0,
K,0, Ca0, MgO, and Fe,0; (although it was found that P,Os,
MgO, and Fe,0; had little effect according to the SM model). A
pseudo-ternary phase diagram was devised with corners repre-
sented by A = Na,O + 0.31Ca0 + 1.03Li,O + 0.39K,0, B = AL, O,
and C = SiO, + 1.74B,0; (for the optimized model), this is shown
in Figure 3.
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FIGURE 3 | (a)and(b)Conservative (left) and optimized (right) submixture models, which fit a polynomial through pseudo-ternary phase diagrams
in an attempt to separate compositions that precipitate nepheline and those that do not. The optimized model tries to be as accurate as possible to increase

waste loading, while the conservative model attempts to focus on reducing false positives. The location of the KE1 composition for both models is marked
with a green “X”. Adapted with permission from McCloy et al. [49], John Wiley & Sons.

A polynomial function was then fitted between the compositions
of glasses that did and did not precipitate nepheline, as shown in
Equation (3) below:

_ bC+2bB—1/3C  c(2B+C)’

2(A+B+0) _4(A+B+C)2_a ®

Equation (3)—Submixture model [49].

Where P is the polynomial represented by the black lines
on the ternary plots in Figure 3a,b, which best separates the
nepheline precipitating/non-precipitating space. Values of P =
0 find themselves on the black line, values of P < 0 (below the
polynomial) fall in the regime where nepheline is predicted to
crystallize, and values of P > 0 (above the polynomial) fall in
the regime where no nepheline crystalization is predicted. A, B,
and C are the corners of the pseudo ternary, which vary for the
conservative and optimized model, and a, b, and c are fit constants
that can be found in the original literature [49], these vary for
the optimized and conservative fits. The SM model was found to
increase maximum waste loading by up to 47% relative to ND and
up to 12% relative to ND+OB, depending on waste stream, with
33% being the average improvement between ND and SM [49].

1.1.4 | Difference Based on Correlation (DC) Model

A more recent model dubbed “difference based on correlation”
(DC) [50] is based on a linear summation of oxide contributions.
This model has accuracy greater than or similar to previous
models discussed, with a nepheline prediction accuracy of 92%,
but importantly, has a more balanced rate of false negatives
and false positives, allowing for higher waste loading. It was
found that the model’s accuracy was not consistent throughout
the compositional space, and principal component (PC) analysis

0.4

O NP=0 NP=1
False negative < False positive

FIGURE 4 | Compositions from the nepheline database plotted in
principal component space, showing lower accuracy zones 2 & 3 where
most false positives and false negatives can be found [50]. The location
of the KE1 composition is overlaid onto the plot, showing it is at the
center of the low accuracy zone, and marked by a green “X”. Adapted with
permission from Sargin et al. [50], John Wiley & Sons.

allowed for the identification of zones of lower accuracy close to
the hypersurface boundary (or knife edge) between compositions
that did and did not precipitate nepheline, the PC space can be
seen in Figure 4. The DC model is shown in Equation (4):

DC = (gA1203 + &c,0, + 8p,05 T 8k,0 T 8Nay,0 T 8Li,o + gTiZO)

- (g3203 + 8ce,0; 1 8La,0, T 8Nd,0; T 8ceo, T 850,

*+ 8Moo; T 8cdo T 8rdo T 8nio T+ 8sro T ngoz) 4)
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Equation (4)—Difference based on correlation model [50].

Where DC is the criterion for determining nepheline presence in
samples made under CCC conditions, when DC > 0.26, nepheline
is predicted, while g,;q4. is the mass fraction of the respective
oxide.

It is of interest that when designing the model, the authors
found that incorporating SiO, resulted in a decrease in accuracy,
suggesting that the large effects and quantities of SiO, present in
most glasses were masking the more subtle effects of the other
oxides. The analysis performed showed that in the higher accu-
racy regions of PC space, ND and DC were the most important
features, followed by Na,0, Ay, and then CaO, while in the low
accuracy regions, Na,O was the most important feature, followed
by DC, then ND, Ay, and CaO in the stated order.

The low accuracy zone was found to exist where glasses with
relatively similar compositions displayed different crystallization
behaviors, and as a result, false negative and false positive
results were located in close proximity to true positives and
negatives. The authors of the DC model suggested reasons
for the decrease in accuracy were either physics-based: glass
compositions being sensitive to small changes in cooling rate,
homogenization, composition, and other processing factors; or
alternatively, data-based: not enough glass compositional data is
available for a specific compositional space. The effects of these
should not be downplayed, considering the effect of time (and
thus rate) on nepheline crystallization [51, 52]. The impacts of
the slightly different CCC rates used in these studies are not fully
understood and may be especially important in the low accuracy
region [50].

In subsequent research [53], multivariate analysis was performed
by generating over 20 feature sets important in nepheline
formation. This showed that one component varied at a time
(OCAT) compositional studies, while useful, were essentially
limiting the predictive power of the models, while bivariate effects
were of increasing importance for the prediction of nepheline
crystallization in HLW glasses. Feature sets were used in an
attempt to discriminate between glasses with compositions that
formed nepheline and those that did not. The feature sets were
both structural (such as single bond strength or cation to anion
radius ratio) and compositional (for example, the ratio or sum of
certain oxides). The five strongest feature set interactions were
found to be between: —2% X510, X505

and and

s
XB,03 +XNa, 0 Xsio, +XAl,03  XB,03 +XNay0

XB,0
ND, —2=— and ND, Xy..0 + X;i.0 + X + X0 + X -
PP NayO Li,O K,0 Cs,0 Rb,0
Xsi . X
% and finally —22—

Xsi0, +XAl, 05 XB,03 +XAl,03
with Xy,,o fraction (where Xi is the molar fraction of oxide i).

XaL,0, — Xp,0, and interacting

Regardless of the 20+ new feature sets, no combinations thereof
could be used to completely separate glasses with compositions
that did form nepheline and those which did not; and while
they do give additional insight, they cannot make up for gaps or
oversights in the data or methodology.

As moves are made to a more data-centric approach, it must be
considered that not all data points were created equally. Certain
data should carry more weight, while others may introduce

unnecessary noise to the models (e.g., the DC model ignores SiO,
as noted previously). This research simply shows an area where
discrepancies may have been introduced into the data.

Ultimately, all models need to be linked to waste form chemical
durability to be useful; and while models currently focus on
nepheline prediction, the correlation between nepheline forma-
tion and residual glass composition, and resultant long term
dissolution rates are even more likely to encounter complex
nonlinear interactions [17, 46]. Thus, it is critical that research
into the scientific mechanisms behind crystal formation and
growth and the underlying mechanisms of dissolution continue,
so that the outputs can feed back into the models.

A comprehensive list of potential sources of discrepancy is
summarized below:

* Choice of PCT vessel—stainless steel and PFA TFE-
fluorocarbon vessels are often used interchangeably, or the
choice is not reported in the literature. When appropriately
used, stainless steel vessels should be considered a “closed
system” through which material transport is impossible.
PFA TFE-fluorocarbon vessels should be considered “open
systems” through which materials transport is possible, for
example, O, or CO, [29]. Often these are chosen based
on availability, and PCT results using different vessels are
sometimes directly compared.

* Compositional data voids—Models, especially Machine
learning (ML)/neural network (NN) models, require large
amounts of data, and can benefit from datapoints being
equally distributed throughout the compositional space, or
more heavily present in lower accuracy portions of the
compositional space, in regions where non-linearities take
effect.

* Insufficient data—sufficient data does not exist to explain
the complex non-linear relationships between oxides, groups
of oxides, or substitution effects of pairs of oxides. Alterna-
tively, major oxide components may be obscuring the more
subtle effects of minor oxides.

* Compositional correlation—The presence of a compound
or element in a waste stream often correlates with the pres-
ence of another. For example, the use of sodium hydroxide to
dissolve aluminum cladding produced wastes enriched in Na
and Al. Similarly, in the Bismuth Phosphate Process, where
plutonium was co-precipitated with BiPO, while Na,Cr,0,
was used as an oxidizer, this produced waste streams rich in Bi
and P and containing Cr [6]. This results in single-component
effects being harder to study, as they may not always be found
isolated from certain counterparts in the waste.

* Human error—raw materials can be contaminated, and
mismeasurements or recording errors can occur. Variance
between multiple operators, practices, and instrumentation
can exacerbate this. One key example of this is homoge-
nization; often, if melts are not homogenized and re-melted,
heavier elements may be disproportionated toward the bottom
due to density-driven effects and hence may never make it out
of the crucible into the sample that is measured. Conversely,
melts kept at high temperatures for excessive times may result
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in volatilization of lighter or more volatile elements. This
effect is compounded if nominal compositions are reported.

Raw materials chemistry and purity—not all laboratories
use the same raw materials, and the quality/purity of raw
materials or their method of storage may also vary between
teams. It is well known that Al and Fe sources, for example,
can have marked effects on a variety of nuclear waste glass
parameters such as melt behavior, redox conditions, batch
to melt conversion, and volatile oxide retention [54-57].
Furthermore, the redox ratio of multivalent species can affect
the structure and properties of the underlying glass [58-60],
and it has been shown that the amount of Fe and its redox
state can affect the propensity of crystals to grow via either
surface or bulk mechanisms [61]. It is also possible that other
multivalent species may have similar effects. Additionally
to control the behavior of certain aspects of the melt, such
as the cold cap parameters [62], reducing agents are often
used, which can in turn affect the oxidation state of the melt
and potentially its propensity for nepheline formation, these
effects have somewhat been studied [63], however, laboratory
melts are often made without use of the same raw materials as
full-scale melts. Moreover, the WTP melts will be conducted
with minerals from a bulk commercial source, not lab-grade
high-purity chemicals.

Use of nominal versus measured compositions—and
also the variance in the accuracy of the multiple methods
and equipment used for measuring composition which is of
particular importance for more volatile elements such as Cl
or F, or for elements with a lower atomic number such as Li
or B which may be difficult to detect accurately using certain
techniques such as X-ray fluorescence spectrometry (XRF) or
energy-dispersive X-ray analysis (EDX).

Different thermal histories of the glass—it is possible that
homogeneity was not fully achieved or that not all precursors
to crystallization were fully removed due to slightly different
thermal treatments before a CCC procedure was started.
Known varied heat treatment schedules [48, 60] have been
shown to affect crystallization [64]. Varied furnace accuracies
and calibration methods may also have effects. For example,
a 30 min hold time is often assumed to be sufficient to erase
thermal history and reverse any crystallization that may have
occurred during heating; this may require techniques such as
high-temperature XRD (HTXRD) to confirm.

Different methods of crystal fraction determination—
The majority of the more recent publications that quantify
crystal fraction do so by performing XRD on samples spiked
with a known amount of an internal standard to calculate
quantitative crystalline fraction (e.g., [20, 61, 65]), which
has itself been carried out using multiple methods. When
it comes to Rietveld refinement, both the standard and
the amount added often vary between publications, as does
the software used to perform the Rietveld analysis (e.g.,
GSAS/TOPAS/High Score Plus), with certain publications
opting for a Rietveld-Reference intensity ratio (RIR) hybrid
approach. However, apart from Rietveld refinement, simpler,
semi-quantitative RIR approaches are also used, and semi-
quantitative or visual/image processing methods are also
sometimes applied. There are even differences in diffrac-
tometers, anode material, and even detectors, which may

introduce some variation. Some studies have omitted the
internal standard and simply analyzed peak intensities to
extract semi-quantitative results [28, 48]. Scanning electron
microscopy (SEM)/ EDX and Electron Probe Micro-Analysis
(EPMA) [18] or even optical microscopy have also been used
in conjunction with post-processing of image analysis data to
estimate area and volume fractions [66, 67]. While all these
methods may be considered viable options, their accuracies
and resolutions are inconsistent.

Use of binary crystal quantification method—within the
database, certain glasses are categorized, and certain models
work on the premise that 5% crystallization is equivalent
to 99% by simply assigning a binary value to nepheline
crystallization.

Furnace and thermocouple accuracy—A wide variety of
furnace designs, furnace controllers, and thermocouples, of
differing makes and models, with varying accuracies, are
available for purchase. Institutions will calibrate these at
different intervals or sometimes not at all. Furnace chamber
sizes and designs can affect the temperature profile inside the
furnace, and elements and refractory linings age at differing
rates with varying results. These can increase the uncer-
tainty in the temperature profile, affecting reproducibility
and introducing uncertainties into models created using the
experimental data.

Melts extending beyond the bounds relevant to the
project—Modeling has been performed using melts that
extend beyond the capabilities of the JHCM that will be used
[37]. Glass melts at 1450°C, subsequently followed by modified
CCC procedures starting at 1450°C are recorded in literature
[35]. These are performed to fully melt the glasses in question;
however, during cooling, these will allow for crystallization
to occur within areas of the phase field, which will not be
accessible during real canister melts.

Various crucible materials and states of crucible main-
tenance and cleanliness—Irrespective of whether all the
NP database glasses were made using platinum crucibles, not
all platinum is equal, with pure Pt, 95% Pt 5% Au, 90% Pt
10% Rh, and zirconia grain stabilized (ZGS) platinum being
commonly available in a laboratory setting. Furthermore, a
brand-new crucible may perform differently when compared
to a heavily used/worn one [68]. The surface interface, for
example, may be altered; also, PtO, is a known nucleating
agent [69] and if even small amounts of PtO, were to migrate
into the CCC sample this may not always be detected if
nominal compositions are reported, if compositional analysis
is carried out before CCC heat treatment, or if the analysis
method is insufficiently sensitive to detect low levels of such
contaminants.

Additionally, multiple methods of cleaning platinum are
commonly employed; often, a low-durability glass is made
with compositions using oxides such as B,0;, Na,O, Li, 0, or
K,O, which are known to have an effect on the propensity
for nepheline crystallization. The weak flux glasses are often
washed away with HCI or HF baths, but if this is not per-
formed to completion, or if any of the flux material makes its
way into the subsequent sample, this could have a nontrivial
effect on crystallization, especially since CCC samples are
often relatively small.
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* Platinum melt versus Monofrax K3—Another potential
area for discrepancies between lab-scale melts and full can-
ister melts is the use of platinum crucibles versus Monofrax
K3-lined JHCM. Spinels are discussed in terms of being a
key nucleating agent for other crystals [70, 71] to form, and
although limited, Cr,0; dissolves from the melter lining into
the melt [37, 61, 72], something which is not observed with
lab-scale platinum crucible melts.

* Surface Area/Volume (SA/V) ratio effects—This source of
inaccuracy, identified and explored here in this context for (to
the authors’ knowledge) the first time, has received little to no
consideration in literature, yet it could be one of the key factors
as to why the waste loading predicted by almost all models
is lower than can be achieved in real canister environments.
In a real canister environment, the CCC cooling rate occurs
along the canister centerline, by definition, away from the
rapidly cooling steel walls. Therefore, no artificial nucleating
surface can be present in this region of the canister, apart
from any crystals or second phases that are also present
(e.g., spinels, platinoid group metals, or intermetallics). Lab-
oratory (crucible)-scale CCC experiments, however, have a
proportionately large SA/V effect. This is introduced by
preparing a relatively small glass sample, melted in direct
contact with the crucible walls, something that is not present
along the canister centerline. Furthermore, while in some
internal laboratory standards, methods may exist for the
production of CCC samples, in literature examples can be
found showing that different SA/V ratios have been used for
different samples, even, in some cases, in the same study [46].
The mode of nucleation versus surface [51, 61] can indeed
be altered by composition, and hence this warrants further
consideration.

The potential for sources of error introduced by SA/V effects is
the focus of study of this research.

2 | Methods

In an effort to study SA/V effects, a new glass composition was
designed to have the following properties:

* It should be balanced on the boundary of multiple models’
abilities to predict whether it would or would not form the
nepheline phase.

* It should be made up of the fewest oxides possible so that
their interactions could be more readily studied and under-
stood (without the excessive complexity that, for example,
15+ oxides may introduce), while still being relevant to the
composition of the nuclear waste glasses being studied. The
oxides chosen were the most plentiful in the wastes, combined
with relevant GFC within sensible bounding limits.

* For the design of the KE1 composition, all the oxide wt. fr.
values of each glass in the CCC database were averaged, and
the 6 highest were arbitrarily used as a starting point for use
in a simple optimization model, which would balance on the
DC and SM models on the prediction boundary (after being
normalized). The 6 components accounted for ~0.88 wt. fr.
of all the CCC samples and where in order of weight: SiO,,

TABLE 2 | KE1 glass nominal composition in mol%, wt%, and as
measured by XRF.
Nominal Nominal
Oxide mol% wt% XRF wt%
Al 04 16.15 25.00 25.40 + 0.11*
B,0, 19.11 20.20 19.94 + 0.04°
Fe,0; 1.24 3.00 2.76 + 0.15*
Li,0 14.33 6.50 6.50 + 0.00°
Na,O 15.41 14.50 13.73 + 0.32%
Sio, 33.76 30.80 31.40 + 0.25%
Total 100.00 100.00

2Reported value measured using fused bead oxide program, error reported
is statistical error on triplicate measurement of multiple fused beads across
multiple batches.

bB, 0, value reported measured using cellulose pressed pellets oxide program,
reported error is based on triplicate reading of a pressed pellet.

“Nominal Li,O reported.

TABLE 3 | KE1 glass nominal in wt% broken down by element
alongside composition as determined by EDX, based on the average of
20-point scans across 3 sites, error reported is standard error. *Nominal
lithium value reported as it cannot be detected by EDX.

Element Nominal wt% EDX wt%

Al 13.23 12.07 + 0.06
B 6.27 10.70 + 0.22
Fe 2.10 2.13 +0.01

*Li 3.02 3.02 + 0.00
Na 10.76 9.22 + 0.06
Si 14.40 12.55 + 0.06
o 50.22 50.30 £ 0.07
Totals 100.00 100.00

Al,0;, Na,O, B,0;, Fe,0; and Li,O. CaO was present on
similar levels to Li,O; however, it does not feature in the DC
model and was not required to balance on the knife-edge of the
models. This does not mean it doesn’t play a role in nepheline
crystallization.

With the above in mind, the composition dubbed “Knife Edge
1” (KE1) was designed with the following nominal and analyzed
compositions shown in Tables 2 and 3.

The glass composition was generated by attempting to balance
the SM P value at approximately zero while attempting to
balance the DC value to approximately 0.26, which in both cases
is the prediction boundary for nepheline formation. This was
performed while ensuring that the compositional limits were
within the region of high Al,O; and Na,O, consistent with HLW
glasses, which was the case where the accuracy was lowest [50].
The Nepheline predictor values for KE1 glass can be seen in
Table 4.
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TABLE 4 | KEI glass calculated nepheline predictor results, with
red indicating that the model predicts nepheline will precipitate, while
green suggests it will not, with yellow being used for Ay, as the
result is between the 0.55 and 0.57 boundary for more aggressive versus
conservative prediction.

Nepheline Requirement for Predicted
predictor nepheline outcome
ND ND < 0.62 0.4381
OB ND < 0.62 & 0.5659
Aglags > 0.55/.57

P (SM opt.) p<o0 —0.0111
P (SM con.) p<o0 —0.0302
DC DC>0.26 0.2580

Note: For both DC and SM models (as well as Ay,g,), the result is exceedingly
close to the boundary, and as confirmed by the figure, this composition is
therefore in the low accuracy area for prediction.

Multiple glass batches were prepared and used over the course of
this study, ranging from 100 to 400 g of glass each time. The typical
melt parameters were as follows: the glasses were batched with
laboratory-grade (> 99.5% purity) SiO,, Na,CO;, Al(OH;), H;BO;,
Fe, 05, Li,CO;, and mixed for 3.5 min in a Willy A. Bachofen AG
(WAB-GROUP) Type T2 C TURBULA mixer. A portion of the
mixed batches was then gradually loaded into a ZGS Pt crucible,
which was placed in an electric furnace at 1150°C, and batch
decomposition was allowed to occur before loading more batches
over the course of 1 h, until all the batches were added. An
initial pour was conducted onto a cast-iron plate. The resultant
glass was crushed in a WC vibratory mill before being re-melted,
again at 1150°C, to homogenize for another hour. These were
then consolidated into glass bricks by being poured into a cast
iron plate and annealed at 415°C for 1 h and being allowed to
gradually cool to room temperature. The annealing temperature
was selected to be ~20°C below T, identified at 10°C/min. These
bricks were then sectioned using a diamond saw blade and a WC
vibratory mill as required for individual experiments.

2.1 | Characterization of KE1 Glass

Thermal characterization was performed on the glass by placing
and tamping 20 + 0.5 mg of glass powder in an alumina pan. A
variety of heating rates (1°C, 2°C, 5°C, 10°C, 15°C, 20°C, 25°C,
30°C/min) were applied in the range 30°C-1000°C using a TA
Waters SDT650 DSC, and both DSC and TGA data were recorded.

The instruments accompanying software (TA Trios) was used to
extract T, values from the DSC data. At 10°C/min, T,, onset was
found to be Ty, = 431.72°C + 0.06°C' and T, midpoint was found
to be T, = 437.60°C + 0.13°CL.

The DSC data also allowed for the determination of the first
exothermic crystallization peak (although two clear exother-
mic peaks existed between T, and Ty,). When measured at
10°C/min, crystallization onset was determined to be T, =
548.54°C + 0.06°C! while peak crystallization temperature was
determined to be T, = 582.55°C + 0.34°C'. The normalized

enthalpy was determined by measuring the area under the
peak, by first identifying the minima and maxima on the first-
order differential (smoothed) containing the inflection points
underneath the peak; these were provided to the Trios software
as the start and endpoint of the crystallization exotherm. The
entropy was determined to be AH = 102.68 + 0.61 J/g!, the peak
width half height was FWHM = 46.84°C + 0.06°C!, with the peak
height being measured at H, = 0.347 + 0.003 W/g'.

Multiple heating rate data allowed for the use of the empirical
logarithmic heating rate extrapolation method [73], and the
thermal events were estimated at 0.1°C/min heating rates to
approximate near equilibrium conditions. The extrapolated glass
transition temperature was found to be T, = 400.1°C, and the
extrapolated crystallization peak was found to be T, = 430.4°C.

Using the Kissinger method [74], the activation energy (E,) can be
estimated to be 152.5 kJ/mol. Due to the vast compositional range
of HLW sodium borosilicate (NBS) glasses, the E, value deduced
from exothermic crystallization peaks can vary by at least an
order of magnitude, with typical ranges being 50-500 kJ/mol or
greater. However, lower activation energies tend to correlate with
ease of crystallization [61, 75-77], and thus, it is entirely possible
that the E, value for sample KE1 may be on the borderline for
crystallization under CCC conditions.

An isostatic crystal growth experiment was performed at 488°C
on the KEI glass sample. Approximately 0.5 g was placed in
multiple alumina pans. The calibrated oven was allowed to
stabilize for 5 h, and then the pans were quickly placed in the oven
and individual pans were removed after 1, 5, 15, 30, and 60 min,
and then in increments of 1 h up to 6 h hold times. Additionally,
one pan was kept in for 24 h. Using the Avrami method [78-80],
the Avrami exponent n was determined to be n = 1.51 + 0.25,
suggesting that, for this glass composition, crystal growth is a 1D
or 2D controlled process. However, it should be noted that only
the 24, 6, 5, 4, 3 h samples yielded usable crystal fraction results,
and at 6 h Xyepneline < 4 Wt% and Xperyprite < 2 Wt%, and a more
thorough investigation should be conducted. The determining
factor for the difference between canister performance and lab
scale performance for these compositions in the low accuracy
region, may be the combination of relatively low activation
energy and 2D versus 3D growth [61], especially as crystal growth
of this nature (powdered, in contact with a crucible wall) is
not representative of real world canister melts, however, this
is suggested as future research. The Avrami constant deduced
here is not unlike similar samples in literature. McClane et al.
[51] derived similar values in nepheline-bearing samples, which
showed surface nucleation (values between n = 1.28 and 2.05),
again showing that composition can drive the mode of nucleation.

A ~25 mm long X @ ~5 mm cylindrical rod was prepared and
a Netzsch DIL 402 Expedis dilatometer was used with a heating
rate of 10°C/min to measure the thermal expansion of KE1 glass;
a = 11.74 x 107 /K was determined between 50°C and 300°C,
furthermore the dilatometric softening point, Ty, under these
conditions was determined to be T; = 462°C using the Netzsch
Proteus software.

Approximately 10 g of glass shards were placed into a ~10 cm
rectangular alumina boat, which was subsequently loaded into an
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FIGURE 5 | (a)-(c) Three samples of KEI. (a) KE1_glass, melted at 1150°C and annealed at 415°C, confirmed to be X-ray amorphous by XRD. (b)
KE1_CCC_20 after CCC heat treatment, still in the Pt Au crucible. (¢) KE1_CCC_66 after CCC heat treatment is still in the Pt Au crucible.

Elite gradient tube furnace. The furnace was ramped to ~1200°C
for 30 min to fully melt the sample. The temperature gradient
across the sample was then measured to be ~885°C-640°C using
an R-type thermocouple. Experiments were initially conducted
for 3 days and then 7 days, but no discernible crystals could be
seen by optical microscopy. The experiment was repeated for
14 days, and the last crystal grown was determined by optical
microscopy and fitted against the measured temperature profile.
The liquidus temperature using this method was found to be Ty,
= 800°C = 10°C. In this instance, the error was determined by
previous measurements on glasses with a known liquidus using
a similar approach.

To prepare XRF samples, ~1 g of powdered sample was mixed
with ~10 g of lithium tetraborate flux containing 0.5wt% lithium
iodide (Li,B,O7)g.995(Lil) gos- This mixture was loaded into a 95%
Pt 5% Au crucible using a Claisse Leo Neo Fusion Instrument. The
mixture was heated up to 1065°C, and the molten mixture was
poured into a 95% Pt 5% Au casting mould. This cooled to form
a homogenous “fused bead” glass disc. The fused beads were
analyzed in a Rigaku ZSX Primus IV wavelength dispersive X-ray
fluorescence spectrometer, the results compared to an internally
calibrated oxide standards [81].

Finally, Archimedes’ bulk density measurement in water was
performed on multiple glass shards in triplicate, and the glass was
found to have a density of p = 2.4654 + 0.0031 g/cm?, with the
stated error being the standard error on three measurements.

2.2 | Sample Preparation

A multi-faceted experimental approach was designed to test the
following hypotheses:

* The fraction of crystalline components reported is affected by
SA/V.

* Increasing the SA/V ratio during the application of a CCC
thermal profile increases the measured crystal fraction mea-
sured post treatment in some glasses.

* SA/V of CCC sample affects final PCT-B chemical durability
results.

A Nabertherm P470 furnace with a B400 controller was used for
all CCC heat treatments. To accurately calibrate the furnace, a
calibrated Pt-Rh type R thermocouple was used to compare the
furnace set temperature to that measured by the thermocouple.
Starting at 200°C, the temperature was measured for 5 h in
increments 0of 100°C up to 1200°C, and the average of the last hour
of each hold was used to fit a second-order polynomial to convert
furnace set temperature to the actual temperature being achieved.
The same thermocouple was used during all CCC procedures,
and an average deviation of ~5°C was achieved from the expected
CCC procedure.

For this study, two portions of the KE1 glass sample (determined
to be vitreous by XRD, as shown in Figure 10) were sectioned and
placed in two separate identical 95% Pt 5% Au crucibles with a
diameter of 5 cm and a wall height of 2.5 cm. A Pt lid was placed
over the crucibles, and they were heat-treated according to the
CCC profile. The only difference between the samples was that
one contained 20 g of KE1 and the other 66 g. Thus, they were
named KE1_CCC_20 and KE1_CCC_66, respectively. The 20 g
sample, therefore, had a larger SA/V ratio (Figure 5).

Finally, ~10 g of sample KE1_glass was placed in a Pt crucible
and heated to 579°C (near the first crystallization exotherm) for
96 h. This temperature allowed for both nucleation and crystal
growth to occur and thus would allow for the absolute worst-
case scenario for nepheline growth. This sample was named
KE1_579C_4day (Figure 6).

A subset of the samples was prepared for PCT-B as per ASTM
C1285-21 [29]. They were powdered in a WC mill and sieved to
separate particle sizes of between 75 and 150 pm by using US
Standard mesh sizes —100 to +200. The particles were cleared of
adhering fines by repeatedly washing first in DI water and then
in non-polar solvents of decreasing densities. The mixtures were
gently agitated, and the particles were allowed to settle before the
surface liquid was removed by syringe. This was repeated until
the samples were satisfactorily clear of fines as verified by optical
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TABLE 5 | Summary of all the samples used in this study.

Sample name

Preparation

Crystallinity

KE1_Glass Melted, crushed, and re-melted in a Pt Rh crucible at 1150°C for 1 h, Vitreous (see Figure 10)
poured, and annealed at 415°C
KE1_CCC_20 20 g of KE1_Glass, placed in a Pt Au crucible, with a Pt lid, re-melted Partially crystalline
at 1150°C for 30 min before a CCC cooling profile being applied. (see Figure 11)
KE1_CCC_66 66 g of KE1_Glass, placed in a Pt Au crucible, with a Pt lid, re-melted Partially crystalline
at 1150°C for 30 min before a CCC cooling profile being applied.
KE1_579_4day ~10 g of KE1 glass placed in a Pt crucible, heated to 579°C, and held Visually phase

there for 4 days

DWPF EA

DWPF EA [30] glass provided by PNNL.

separated, crystal
growth confirmed by
SEM (see Figures 6i
and 13a,b)

As received.

FIGURE 6 | Two different KE1 samples encased in epoxy resin,
polished, and ready for SEM. Sample (i) is a small amount of KE1
glass that has been heat-treated inside a platinum crucible for 96 h at
579°C, approximately at the peak crystallisation temperature. Sample (i)
is referred to as KE1_579C_4day in this document. Sample (ii) is a small
shard of KE1_glass broken off from the bar shown in Figure 5a.

microscopy. The powders were then dried at 110°C before being
stored in a vacuum desiccator until all samples were prepared and
ready for PCT.

Alongside the KEI1 variants (KE1_glass, KE1_CCC_20, and
KE1_CCC_66) asample of DWPF EA glass [30] provided by PNNL
was also prepared for PCT analysis;

The samples are summarized in Table 5.

2.3 | Experimental Approach

Optical micrographs of the KE1_CCC_20 sample were taken
to compare the surface in contact with the Pt crucible and
the surface in contact with air before they were sectioned and
powdered for further XRD and PCT-B experiments. Scanning
electron microscopy (SEM) images were also taken of the sample

in contact with the platinum, to determine the size of the
nanocrystals. The surface was leveled, and carbon sputtered, but
no other preparation was undertaken, as grinding and polishing
would have taken away the surface of interest.

SEM and energy dispersive X-ray spectrometry (EDX) were per-
formed on the KE1_579C_4day sample. The sample was prepared
by encasing it in epoxy resin so that its cross-section was exposed,
then grinding and polishing were performed using a Buehler
AutoMet 250 with: SiC 600 grit (water-cooled), SiC 800 grit
(water-cooled), 3 um diamond suspension with a TexMet cloth
pad, and finally a mix of 1 um alumina and silicon suspension
with a MasterTex cloth pad.

All SEM was conducted with a FEI Quanta 650 microscope, and
EDX was performed with an Oxford Instruments X-Max detector.
Scans were conducted using a spot size of 4.5, an acceleration
of 20 kV, and a WD~10 mm. Compositions were determined by
taking 20-point scans for 20 s across 3 or 4 sites and averaging the
counts across similar regions. An Emitech K950X carbon sputter
coater was used to prepare the samples.

A Malvern Panalytical Empyrean powder X-ray diffractometer
with a Cobalt X-ray tube (K, = 1.7902 A) and a PIXCEL-3D area
detector was used to characterize the degree to which any sample
was amorphous or crystalline [82].

Both monolithic samples and powdered samples were run on a
spinner stage for improved counting averages, and all samples
were measured from 10-110° 28, with a step size of 0.013° 2%
and time per step of 223.125 s. The scans were performed with
an automatic divergence slit (ADS), but plots reported here
have undergone ADS to fixed divergence slit (FDS) software
conversion. Either 1° or 2° slits were used, and a 20-mm irra-
diated sample length and mask size were used for powdered
samples, while due to the smaller dimensions after cracking,
a 5-mm irradiated length and a 5-mm mask were used for the
monoliths.

Where Rietveld refinement was performed ~100 mg of powdered
sample was mixed with ~1-2 mg of Silicon standard NIST
640 g [83] in an agate pestle and mortar, and spread onto a
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(a) X-Ray Diffractogram KE1 CCC 66g sample
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FIGURE 7 | (a)and (b) KE1 CCC XRD Rietveld refinement difference plot. (a) Left: KE1_CCC_66 g sample (low SA/V) average of entire sample.
Diffraction pattern dominated by Silicon Standard Peaks. (b) Right: KE1_CCC_20 g sample (high SA/V) average of entire powdered sample. Considerably

more diffraction peaks are present, which correspond to Nepheline.

monocrystalline silicon wafer using isopropanol. The sample was
allowed to dry before being analyzed.

Using the Malvern Panalytical High Score Plus software, initial
Automatic Rietveld refinement was performed using the crystal-
lographic information files (CIF) discussed in Section 3.2 X-ray
diffraction, before proceeding with a manual parameter optimiza-
tion, starting with a Chebishev I 15 parameter background fit
(due to the highly amorphous and low crystallinity nature of the
samples), followed by the profile function parameters, unit cell
parameters and then the atomic coordinates, temperature factors
and finally the occupancy, with these parameters being refined
first for the well-defined silicon (Figure 7).

PCT-B chemical durability testing was performed in Teflon bot-
tles that were either cleared and checked for fluoride as prescribed
by ASTM C1285-21 or had already been used sufficiently and
cleared the fluoride check threshold as stipulated in the standard.
As well as triplicate blanks, ~1 g of each sample was prepared in
triplicate and put in ~10 mL of type 1 DI water with a calibrated
pipette, and the weight was recorded, so that the following
conditions stipulated by the ASTM standard were met, such that

Vsolution __ 10 + 0.1ﬁ.
Msolid g

The 7 day +2% PCT-B tests were conducted at 90°C + 2°C using
Type 1 DI water with confirmed 18.2 MQ resistance. Once the tests
were complete, an aliquot of each sample was taken, and the pH
was measured and recorded. Then, using a syringe with a 45 um
filter tip, samples were collected for ICP, with multiple dilutions
being prepared for ICP testing.

Mixed element standards were prepared for ICP by diluting from
1000 ppm Perkin Elmer single element standards of Al, B, Ca, Li,
Na, and Si. All samples and standards were prepared in 1% HNO;
solution, and all had a 1 ppm Indium standard diluted from a
1000 ppm Perkin Elmer single element standard, with the In to

be used as an internal calibration standard. 11 standard solutions
were prepared between 0 and 100 ppm in increments of 10 ppm.

ICP-OES was performed using an Agilent 5900 ICP-OES, with
each dilution and each PCT triplicate being measured in replicate
5 times so that an average value and a standard error could be
calculated.

Finally, a TA Waters SDT650 DSC was used to perform DSC
analysis on 4 samples of KEI glass, all weighing 20 + 0.5 mg,
taken from the original block of glass (Figure 5a). These were
loaded into alumina crucibles, with the only difference being
their particle size. One 20 mg cubic monolith was prepared
by sectioning and gently polishing until it was of the desired
weight, one sample was simply powdered in a WC mill, and
finally the remnant powders from the PCT preparation, one with
size fraction less than 75 pm (too small for PCT-B testing) and
one with size fraction greater than 150 um (too large for PCT-B
testing) made up the last two samples. This was carried out to
create compositionally identical samples examined in identical
conditions, with the only variable being the SA/V ratio. The
samples are summarized below:

* DSC sample 1: 20 mg monolith of KE1 glass prepared by
sectioning, grinding, and polishing. This sample had the
lowest surface area to volume ratio of the DSC samples.

* DSC sample 2: 20 mg of KE1 glass powdered and sieved to
only contain particles with a size fraction greater than 150 um.
This sample had the second-lowest surface-to-area volume of
the DSC samples.

* DSC sample 3: 20 mg of KE1 glass powder, not sieved,
therefore containing an amalgamation of powders greater
than 150 um, below 75 pm, and particle size in between. This
sample had the second-highest surface-to-area volume of the
DSC samples.
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FIGURE 8 | Composite image of multiple micrographs of the top surface of the KE1_CCC_20 sample. The right-most area shows where the sample
would have been in contact with the platinum crucible during heat treatment, while the center of the sample will be to the left of this image.

FIGURE 9 | Composite image of multiple micrographs of the bottom surface of the KE1_CCC_20 sample. The top left of the image shows the
circular outline of the sample that would have been in contact with the Pt crucible during CCC heat treatment. Multiple orders of magnitude more

crystals can be seen that are much smaller.

* DSC sample 4: 20 mg of KE1 glass powdered and sieved to
only contain particles with a size fraction less than 75 um (the
fines). This sample had the largest surface area to volume ratio
of the DSC samples.

A heating rate of 10°C/min was run on these samples, and
DSC/TGA data were recorded.

3 | Results
3.1 | Optical Microscopy

Figures 8 and 9 show optical micrographs from both the top (in
contact with air) and bottom (in contact with the Pt crucible);
visual inspection alone shows that highly different crystallization
phenomena have occurred.

Inspecting the top surface of the sample, around the internal cir-
cumference of the platinum crucible where the crucible contacted
the sample, the crystals formed continuously around the sample.
Certain ~1 cm long nepheline crystals grew 2-3 cm toward the
center of the sample; however, the center of the sample was
visually crystal-free.

As the Pt-Au (5 wt% Au) crucible has very thin walls and is
malleable, it was possible to manipulate and remove the samples
after heat treatment, with only minor sample damage (no sample
stuck to the crucible). An optical micrograph of the bottom of
the sample revealed a large number of micro and potentially
sub-micron “X”-shaped projections.

SEM microscopy of the same surface revealed countless
nanocrystals of the same morphology. This suggests that while
nucleation is possible at the glass-air interfacial boundary, it is
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FIGURE 10 | XRD pattern for KEI glass run as a powdered sample
with a 1° slit width and 20 mm mask ADS to FDS correction applied.

many orders of magnitude less likely than at the glass-crucible
boundary. At the glass-air interface, when a crystal nucleates
during the many hours of CCC cooling, it has potentially hours
to grow, meeting no obstructions to its growth, allowing it to
reach dimensions on the centimeter scale. Conversely, at the
platinum interface, when the thermodynamics and kinetics
allow countless crystals to nucleate, their growth is rapidly
limited by the neighboring crystals, and hence they do not reach
comparable sizes to those on the top of the sample. SEM analysis
showed that the crystals at the platinum interface were on the
sub-micron scale.

3.2 | X-Ray Diffraction

Powder X-ray diffraction measurements were performed on
the glass post-annealing. This confirmed the sample was X-ray
amorphous and no detectable crystals were present, as shown in
Figure 10.

The side edges in contact with the Pt of the KE1_CCC_20 sample
(shown in Figure 5b) were sectioned so that the center of the
sample (with ~5 mm? surface area) could be placed into a spinner
sample holder, initially with the air interface in the path of
the X-rays and subsequently inverted with the platinum contact
interface placed in the path of the X-rays. The center of the
monolith at the glass-air interface showed only minor peaks at 10°
29; however, the bulk of the diffraction pattern can be described
as a typical amorphous “hump” or diffuse scattering. This cannot
be said with regard to the bottom side of the sample, which
was demonstrably more crystalline. Both diffraction patterns are
overlaid in Figure 11.

Using the “search and match” function the on the Malvern
Panalytical High Score Plus software, integrated with the ICDD
PDF-5+ database [84], the phases identified on the platinum
contact interface by scanning the surface of the monolith were
ICDD:04-016-1739 Nepheline, syn (Nas; 5osAl; 50554 70s016) hexag-
onal space group number 173 P6; [85] and ICDD:04-016-6555
Trinepheline, syn (Nagq3Al05Si;,04) monoclinic space group
number 4 P2, [86]. The layer containing these phases is seemingly
very thin as once the samples were powdered (in preparation for

x10* X-ray Diffi am of KE1 CCC lith
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FIGURE 11 | Two overlaid XRD patterns derived by scanning the
same monolith of KE1_CCC_20 g, the diffuse scattering showing that the
center of the sample exposed to the air did not crystallize (blue), while
the center of the bottom face in contact with the Pt crucible crystallized
substantially (orange). Scan parameters were identical for both scans.
Scans performed using a 5-mm mask, 2° slit ADS to FDS correction
applied.

PCT) and these were re-scanned and Rietveld analysis was per-
formed (averaging the crystal fraction across the entire monolith)
the sharp Bragg peaks superimposed over the diffuse scattering
(amorphous) background are more readily assigned to ICDD:04-
016-1737 Nepheline, syn Na,Al,(SiO,), hexagonal space group
number 173 P6, [85]. This suggests that a more silicon-rich form
of nepheline nucleated at the glass-platinum interface, with a
stochiometric (Na:Al:Si balanced) variant nucleating further into
the sample, beneath the surface.

Of further note when a compositionally-identical sample of
KE1 underwent isothermal heat treatment at 488°C in an effort
to determine the Avrami constant, and was not cooled from
molten per the CCC procedure, not only was ICDD:04-016-1737
Nepheline, syn Na,Al,(SiO,), hexagonal space group number 173
P6, identified, but alongside it a Lithium Aluminosilicate Phase
was also identified, namely: 04-023-0527 Eucryptite LiAl(SiO,)
Orthorhombic space group number 29 Pca2, [87]. Eucryptite,
much like nepheline, has been found to reduce the chemical dura-
bility of nuclear waste glasses [88]. From studying its chemical
formula, it is possible to speculate as to why, since the formation
of this phase would remove more network formers (Al/Si)
from the glass than modifiers (Li in this instance), similarly to
nepheline. Phases and polymorphs very similar to those listed
above have regularly been found in high alumina high sodium
nuclear waste glasses [20].

The samples were powdered for PCT-B and XRD analyses,
and are described here. These are more representative of what
would occur during a CCC/PCT sample (not just monolith
surface examination). A sample of KE1_glass (amorphous bulk
glass), KE1_CCC_20 (high SA/V CCC sample), KE1_CCC_66 (low
SA/V CCC sample), and the isothermally heat-treated KE1 glass
were powdered for XRD. Rietveld refinement was performed
as necessary to determine the crystalline fraction. With the
exception of the isothermally treated glass, all these powders were
subsequently processed for PCT-B analysis.
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TABLE 6 | Summary of crystal fraction by portion of CCC sample

analyzed.
Sample Subsection wt%
KE1_CCC_20 Edge 7.0+ 0.7
KE1_CCC_20 Centre 24+03
KE1_CCC_20 Monolith average 3.0+0.1
KE1_CCC_66 Monolith average 0.8+0.1

The KE1_CCC_20 sample was sectioned, and Rietveld refinement
was performed in order to determine the crystallinity of the
different sub-sections. The first section contained mostly sample
edge, close to the Pt wall, the next section was from the center of
the monolith, some samples in contact with the bottom surface
will have been included, but no edge. Finally, the entire sample
was also powdered and homogenized, to represent the average of
the entire sample.

The KE1_CCC_20 sample was found to contain a higher crys-
talline fraction closer to the Pt-glass interface (7.0 = 0.7 wt%
crystalline and 93.0 + 0.4 wt% amorphous), while the center
of the sample was found to have (2.4 + 0.3 wt% crystalline
and 97.6 + 0.2 wt% amorphous), the average of the entire
monolith was found to be in between the two sectioned samples
(3.0 + 0.1 wt% crystalline and 97.0 + 0.1 wt% amorphous);
conversely the KE1_CCC_66 sample was found to be almost
entirely amorphous (0.8 + 0.1 wt% crystalline and 99.2 + 0.1 wt%
amorphous), however, it must be recognized that error quan-
tification becomes difficult as there are almost no peaks for the
refinement to latch on to. Results of crystal fraction determination
summarised in Table 6.

However, the refinements yielded an Rwp = 1.309 for the
KE1_CCC_20 sample and Rwp = 1.204 for the KE1_CCC_66
sample (see Figure 7a,b). Where Rwp (Weighted-profile R factor)
measures the “goodness of fit” by comparing the weighted
squared differences between calculated and observed intensities,
divided by the weighted variance of the observed data, Rietveld
refinement attempts to minimize this by varying a multitude
of fit parameters representative of the instrument used and the
crystallographic sample being studied [89].

The above Rietveld refinement shows that sample preparation,
methodology, and sectioning, yields result which in this case,
varied by more than 2x in terms of crystal fraction, the PCT-
B results will show that this will have a considerable effect on
chemical durability.

3.3 | Product Consistency Tests

Product consistency test B (PCT-B) [29] using ICP-OES to
measure elemental release was then performed. To confirm
that the results could be relied upon, a standard glass was
measured alongside the samples of interest. DWPF EA glass is
the standard glass for PCT-B analyses, and accepted waste forms
must outperform EA glass in terms of Si, Na, and B release during
a concurrent 7-day PCT-B test. EA glass is comprised of over

TABLE 7 | DWPF EA target glass composition [30].

Oxide Target glass composition wt%
ALO, 3.67 +0.18
B,0;, 11.12 + 0.56
CaO 113 + 0.06
Fe,0, 8.08
FeO 0.89
K,0 0.04 + 0.00
La, 0, 0.41+ 0.04
Li,O 4.28 +0.21
MgO 1.66 + 0.08
MnO 1.34 + 0.07
Na,O 16.71 + 0.84
NiO 0.61 + 0.06
Sio, 48.95 + 0.90
TiO, 0.71 + 0.07
710, 0.41 + 0.04
Total 100.01

10 common nuclear waste glass component oxides (as listed in
Table 7), whose properties have been well documented, especially
with regard to its chemical durability.

The PCT-B test results for DWPF EA glass supplied by PNNL
obtained in this study are broadly comparable to major multi-
operator, multiple repeat test characterizations performed in the
past [30]. A comparative summary can be seen in Table 8.

The pH value obtained by the characterization study prepared at
the Savannah River Site for the US Department of Energy [30]
study was 11.85 with a standard deviation of 0.1, while the pH
upon unloading measured in this study was 12.07 with a standard
deviation of 0.02 and a standard error of +0.01.

The full PCT-B results for all elements analyzed in this study are
shown in Tables 9 and 10.

As expected, the KE1_glass sample outperformed the CCC sam-
ples in terms of normalized concentration (normalized by the
weight fraction of the element present in the entire waste form
or NCi) for Al, B, Li, and Na. The inverse is true with regard
to Si release; this is most likely due to silica being incorporated
into highly durable nepheline crystals. Regardless, the Si release
was considerably lower than that released by DWPF EA glass for
all samples. No normalized release for calcium was measured
for any of the KE1 samples, as no measurable levels of Ca were
present in the sample. For all other elements, Al, B, Li, and Na,
the best performing sample was the KE1_glass, followed by the
KE1_CCC_66, the low SA/V sample, while the worst performing
was the high SA/V sample KE1_CCC_20.

Table 11 shows the relative increases and decreases in normalized
concentration release (NCi) for each leached element compared
to KE1_glass. While modest increases of between 1.32 and 1.44
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TABLE 8 | DWPF EA measured elemental release in ppm and normalized concentration NCi for B, Li, Na, and Si obtained by SRS [30] and in this

study, for direct comparison.

Leachate Mean (ppm) Mean (ppm) Mean (g/L) Mean (g/L)
concentration (Jantzen) [30] (this study) (Jantzen) [30] (this study)
B 587 (43) 626 (8.6) 16.695 (1.222) 18.122 (0.269)
Li 190 (14.5) 195 (3.2) 9.565 (0.735) 9.798 (0.200)
Na 1662 (112) 1350 (9.1) 13.346 (0.902) 10.894 (0.090)
Si 893 (86) 957 (16.3) 3.922 (0.376) 4.185 (0.087)

Note: Values in brackets represent the standard deviation.

TABLE 9 | Elemental release was measured for Al, B, Ca, Li, Na, and Si for all samples in this study, with standard error reported.
ppm KE1CCC skinny KE1 KE1 CCC V3 bulk DWPF EA
Al 92.95 + 4.227 63.739 +1.228 64.162 + 0.206 3.237 £ 1.167
B 914.025 + 17.924 286.407 + 6.971 411.029 + 12.739 625.862 + 4.373
Ca 0.28 + 0.219 0.01 + 0.003 0.007+0 0.33 + 0.067
Li 345.908 + 6.128 104.155 + 2.909 148.651 + 4.982 194.832 +1.871
Na 686.074 + 1.835 237.695 + 6.763 313.655 + 11.287 1350.461 + 5.268
Si 21.828 +1.474 60.812 + 0.86 44.034 + 0.324 957.491 + 9.392

TABLE 10 | Normalized concentration released NCi values for Al, B, Ca, Li, Na, and Si for all samples in this study, with standard error reported.
NCi (g/L) KE1_glass KE1_CCC_20 KE1_CCC_66 DWPF EA
Al 0.482 + 0.011 0.702 + 0.0390 0.485 + 0.002 0.167 + 0.074
B 4.565 + 0.136 14.569 + 0.350 6.552 + 0.249 18.122 + 0.155
Ca 0.000 + 0.000 0.000 + 0.000 0.000 + 0.000 0.041 + 0.010
Li 3.449 + 0.118 11.455 + 0.249 4.923 + 0.202 9.798 + 0.115
Na 2.210 + 0.077 6.378 + 0.021 2.916 + 0.129 10.894 + 0.052
Si 0.422 + 0.007 0.152 + 0.013 0.306 + 0.003 4.185 + 0.050

TABLE 11 | Normalized concentration released NCi (g/L) values of
a given element for different samples, normalized and compared against
KE1_glass as a baseline to show relative increase or decrease.

NCi (g/L) vs. KE1 CCC KE1 CCC

KE1_glass (20g) (66 g) DWPF EA
Al 1.46x 1.01x 0.35x

B 3.19x 1.44x 3.97x
Ca NA NA NA

Li 3.32x 1.43x 2.84x
Na 2.89x 1.32x 4.93x

Si 0.36x 0.73x 9.92x

Note: Values greater than 1 indicate higher leaching compared to KE1_glass by
the factor stated, while values less than 1 indicate a leaching rate lower than
KE1_glass.

times occur for B, Li, and Na for the KE1_CCC_66 sample
when compared to KE1_glass, the performance for KE1_CCC_20
for the same elements ranges between 2.89 and 3.32 times the
normalized concentration released. With the exception of Si,
all the elements in the samples (Al, B, Ca, Li, and Na) were
more readily leached from the high SA/V sample, while being
more readily retained in the low SA/V sample. Of note, the
low SA/V sample (KE1_CCC_66) does not fail any comparison
with respect to DWPF EA glass, while the high SA/V sample
(KE1_CCC_20) fails with regard to Li release and comes relatively
close with regard to B release. This can be very clearly seen
in Figure 12b,d. Table 12 shows the same relative increase and
decrease in normalised concentration release in the KE1 samples
compared to DWPF EA glass.

This glass would fail the required test for full vitrification based
on comparison with DWPF EA glass as outlined in the WAPS
[31] if made and tested with a high SA/V of sample to crucible
contact area, yet it would pass if the same composition was made
with a low SA/V; something which is not accounted for by the
requirements of the test. This suggests that methodology is a key
determining factor in the go/no-go decision for a nuclear waste
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FIGURE 12 | (a)-(f) PCT ICP, normalized elemental release rates NCi for KE1_glass, KE1_CCC_20, and KE1_CCC compared to DWPF EA glass.

TABLE 12 | Normalized concentration released NCi (g/L) values of a
given element normalized compared against DWPF EA NCi as a baseline

to show relative increase or decrease.

NCi (g/L) vs. KE1 CCC KE1 CCC
DWPF EA KE1 glass (20g) (66 g)
Al 2.89x 4.20x 2.90x

B 0.25x 0.80x 0.36x
Ca NA NA NA

Li 0.35x 1.17x 0.50x
Na 0.20x 0.59x 0.27x
Si 0.10x 0.04x 0.07x

Note: Values greater than 1 indicate higher leaching compared to DWPF EA
by the factor stated, while values less than 1 indicate the leaching rate is lower
than DWPF EA.

glass based on its chemical durability, something that to date
(with the exception of varied cooling regimes) none of the primary
models discussed here and in the literature (ND, ND/OB, SM &
DC) take this into account.

3.4 | Scanning Electron Microscopy

Two small monoliths of base KE1_glass and KE1_579C_4day
were analyzed by both SEM and EDX. At 100x magnification
(Figure 13a), a clear boundary can be seen between the crystal
and glass layer. The epoxy bubbles on the right of the same

image show where the sample was in contact with the platinum
crucibles. Crystals grow 1-2 mm into the sample before the correct
conditions for continued crystal growth are no longer present.
Figure 13b shows a 2000x magnification image of the boundary
area between the crystal and the glass; individual dendrites can
be seen more clearly.

EDX analysis was conducted to determine the compositional
differences between the base glass and different regions of
the heat-treated sample. The regions of interest were the glass
adjacent to nepheline crystals as well as the compositional
differences between the nepheline crystals and the residual glass
surrounding them.

The results of the EDX are summarized in Table 13.

The measured boron concentrations obtained by SEM-EDX are
noticeably higher than the nominal values. However, these boron
readings are subject to significant uncertainty due to the inher-
ently weak boron signal, arising from its low atomic number, as
well as spectral interference caused by contamination and carbon
coatings, attributed to the overlap of the boron Ka (~183 eV) and
the carbon Ka (~277 eV) [90].

In the above table, each row represents the following:

KE1 glass—a monolithic glass sample of KE1 simply poured and
annealed without any further heat treatment, shown in Figure 6ii.
All the subsequent sample subsections are from the
KE1_579C_4day sample shown in Figure 6i:
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FIGURE 13 | (a)and (b)—Back scattered electron (BSE) images of Nepheline-glass interface ~1-2 mm from the platinum/sample boundary in a
4-day heat-treated sample of KE1 glass ceramic. 100x magnification (left) 2000x magnification (right). These are SEM image of the sample shown in
Figure 6i.

TABLE 13 | Normalized EDX data (lithium not detected) averaged over either 60 or 80 points scans across 3 or 4 sites, with standard errors calculated

for each.
Sample Site description B (0} Na Al Si Fe Total
KE1 nominal wt% w/o Li 6.47 50.22 10.76 13.23 14.40 2.10 100.00
KE1 glass KE1 glass (Figure 11.04 + 0.22 51.86 +0.07 9.51+ 0.06 12.45+ 0.06 12.94+ 0.06 2.20+ 0.01 100.00
6ii)
KE1579C Heat treated glass  10.66 + 0.19 52.68 +0.08 7.88+ 0.06 12.71+ 0.06 13.73+ 0.08 234+ 0.02 100.00
4day (Figures 6i and 13a
site A)

KE1579C Glass adjacentto 1132+ 0.23 5322 +0.11 732+ 0.05 12.33+ 0.07 13.57+ 0.08 2.25+ 0.02 100.00
4day crystal boundary

(Figures 6i and 13a,b
site B)
KE1579C White crystal 0.00 + 0.00 4828+ 0.1 13.88+ 0.05 17.27+ 0.06 19.30+ 0.06 1.27+ 0.03 100.00
4day adjacent to
interface
(Figures 6i and 13b
site C)
KE1579C Residual glass 1551+ 0.64 59.77+ 037 691+ 011 6.74+ 018 7.40+ 0.15 3.66+ 0.13 100.00
4day adjacent to
interface
(Figures 6i and 13b
site D)
KE1 579C White crystal in 0.00 + 0.00 48.11+ 0.06 13.97+ 0.04 17.34 + 0.04 19.23+ 0.05 135+ 0.06 100.00
4day bulk
(Figures 6i and
14a,b site E)
KE1579C Residual glassin  17.42+ 0.37 5891+ 0.23 726+ 0.08 6.47+ 0.15 717+ 014 277+ 0.11 100.00
4day bulk (Figures 6i and
14a,b site F)
KE1579C White fibers 1271 + 1.64 5283 + 682 750+ 097 6.63+ 0.86 691+ 0.89 13.42+ 1.73 100.00
4day (Figures 6i and
14a,b site G)

Note: The error reported is the standard error.
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FIGURE 14 | (a)and (b)2000x and 5000x BSE image focused on the crystalline area (white) and residual glass around it (black), away in the core
of the crystal growth. Furthermore, long, narrow white formations can be seen. These are SEM image of the sample shown in Figure 6i.

Heat-treated glass—the still optically transparent glass at the
center of the heat-treated sample, as far away as possible from the
crystal interface. This portion of glass was approximately 1-2 mm
away from the glass/crystal interface seen in the SEM images
(Figure 13), as far as possible from the Pt/sample air/sample
boundary as possible.

Glass adjacent to the crystal boundary—Glass directly adja-
cent to the crystal interface, as seen in Figure 13b at a distance of
~10-50 pm from the crystal interface.

White crystal adjacent to interface—White areas (such as
those on Figure 13b) of dendritic crystals directly adjacent
(~10-50 pm) to the glass crystal interface.

Residual glass adjacent to interface—Black areas (such as
those on Figure 13b) surrounding dendritic crystals directly
adjacent (~10-50 um) to the glass crystal interface.

White crystals in bulk—White areas on dendritic crystals are
centrally found within the crystal growth, ~0.5-1.5 mm away from
both the glass crystal interface or the Pt/sample interface (such as
those shown in Figure 14a,b).

Residual glass in bulk—Black areas adjacent to white dendritic
crystals are centrally found within the crystal growth, ~0.5-
1.5 mm away from both the glass crystal interface or the Pt/sample
interface (such as those shown in Figure 14a,b).

White fibers—Slender needle-like crystals were found within
the crystal structure but not the glass. These ranged 5-50 nm
in length and were also analyzed by SEM. These can be seen in
Figure 14a,b.

All samples were ground, polished, and carbon-coated in prepa-
ration for SEM analysis.

The EDX analysis shows that the glasses at the center of each
monolith (KE1_glass and heat-treated glass) are fairly similar,
with the largest relative difference being seen in the measured
sodium levels. This suggests that the glass behaves in a compa-
rably away from the Pt/sample interface, even after CCC heat

treatment. Notably, the levels of the nepheline components (Na,
Al, Si) did not shift by a comparable magnitude or in the same
direction as each other.

When comparing KEI glass to the heat-treated glass and the
glass adjacent to the glass/crystal boundary, the main difference
is the sodium being low in comparison to the original glass.
The levels of boron measured increase as the boundary is
approached.

The dendritic crystals adjacent to the boundary have a very
similar composition to those far away from the boundary, sug-
gesting that if nepheline forms, then it completely forms; the
stoichiometry seems consistent throughout.

However, the residual glass contains more boron further away
from the glass/crystal interface compared to the spot analyses
closer to the interface, which is consistent with the current
understanding of the issues surrounding nepheline formation.
As the crystal forms, a residual borate-rich glass forms around
the crystals with approximately half of the SiO, and AL O,
(by weight) as the parent glass and around 2.5 times less
SiO, and AlLO; (by weight) when compared to the nepheline
crystals.

The white fibers were rich in iron with the remaining composition
being somewhat comparable to the surrounding residual glass;
however, this is likely due to their thin nature (~1 pm) and
the EDX taking a reading from the bulk around them due to
the comparatively large excitation volume caused by the use of
back scattered electrons. The iron fibers depicted in Figure 14a,b
were determined to be ICDD: 01-089-5894 Iron Oxide, Maghemite
(7-Fey96604.063), tetragonal space group number 96 P4;2,2 [91].
This was determined by XRD performed on the underside of
the sample in contact with the Pt interface. The diffraction
pattern showed well-defined crystalline peaks. Semi-quantitative
analysis using the search and match feature on High Score Plus
suggests the Pt contact interface is ~97wt% Nepheline and ~3wt%
Maghemite. This phase does not readily precipitate in KE1 glass
undergoing CCC heat treatment, but precipitates when held close
to its crystallization exotherm (579°C) for multiple days (4 days in
this instance); the phase only develops among the nepheline and
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FIGURE 15 | DSC traces of four compositionally identical samples under identical experimental conditions (10°C/min in alumina pans), with

almost identical glass transition behavior, but markedly different crystallization behavior due to the SA/V ratios of the samples.

adjacent borosilicate glass. This phase was not visually seen via
SEM within the glass away from the Pt contact interface.

3.5 | Differential Scanning Calorimetry

DSC measurements were undertaken on 4 compositionally iden-
tical (from the same sample) KEI glass samples. The identical
(within uncertainties) T, onset/midpoint temperature highlights
that they are the same glass. The key difference in these samples
is the decreasing SA/V ratio from top to bottom, which results
in markedly different crystallization behavior, with the largest
SA/V sample (powder filtered to less than 75 um) showing a large
exotherm, while the monolith, which has the lowest SA/V ratio
of all the samples, shows no discernible exotherm (Figure 15).

4 | Evaluation

As with all CCC studies, those discussed here focus on the cooling
melt along the canister centerline, thus heterogeneous nucleation
due to contact with canister walls should be assumed not to
be a factor. This is due to the heating rate being studied (CCC
[42]) not occurring in contact with the canister wall [64]. The
main instances in which the kinetics of heterogeneous nucleation
become of importance are when impurities such as spinels,
unmelted noble metals, or intermetallic are present.

The phase balance between spinel and nepheline has been
modeled in certain compositional regions at equilibria such
as along the Acmite—Nepheline join [71]. In this system, a
considerable portion of the possible phase fields beneath the
liquidus is comprised of phases that host both nepheline and
spinels. These phases occur at temperatures starting above the
typical 1150°C and are shown to exist down to temperatures
at least as low as 500°C in the cited studies, a temperature
range which along the canister centerline exists for multiple
hours and thus likely to be somewhat representative of a system
approaching equilibrium. Furthermore, in these systems, it has

long been suggested that spinels have the potential to act as a
nucleating surface for nepheline [59, 63, 92, 93].

This complication may be amplified by spinels growing and
shrinking as they cycle between hotter and colder zones within
the melter [94], making it exceedingly difficult to model second-
order effects within the static laboratory crucible environment.
As spinels of a certain size build up near the pour spout, it is
further possible that during pouring a certain percentage makes
it into the canister, at which point the melt is above Tg and below
Tjiq for an extended period of time, at which point kinetics and
thermodynamics of the phases in play will determine the extent
of nepheline precipitation due to heterogeneous effects.

Crystal growth from unmelted platinoids, however, can still be
considered in terms of surface heterogeneous nucleation [69,
95] even if it is occurring at the bulk of the glass. This is
because it is still very much limited by the amount of surface
present, the energy landscape in contact with said surface, and
the contact angle present with that surface; the shape and size of
nucleating particle thus also matters, although incredibly hard to
model.

In commercial glasses, nucleation agents may be deliberately
added to increase devitrification to augment the properties of
certain commercial glass ceramics. The interfaces, surfaces,
or impurities often play a catalytic role, providing favorable
conditions for the nucleation process and reducing the energy
requirements for nucleation in a localized region.

Conditions for heterogeneous nucleation are similar to those for
homogeneous nucleation; however, different surface tensions
need to be considered. For instance, at the triple phase boundary
(between melt, crucible wall, and atmosphere) surface tension
interactions may need to be taken into account in the following
way:

* The interaction between the nucleating crystal and the
crucible wall.
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* The surface tension between the germinating nucleus
attempting to push against the melt.

* The surface tension between the germinating nucleus and the
crucible wall.

» The surface tension between the germinating nucleus and the
atmosphere.

* Furthermore, surface interactions among the crucible, melt,
and atmosphere at the triple-phase boundary may need to be
considered.

* Any angles formed between the tension forces in question.

Even in the simplest case where assumptions about nuclei being
spherical are held, this will result in a considerably more complex
set of parameters; nevertheless, nucleation rate can be expressed
by a similar equation to that for the homogeneous case:

l:et 0
(D) =n-f -exp (—WTT()) exp (—%) ©®

Equation (5)—For the nucleation rate, with two key terms
representing the two barriers to nucleation that need to be
overcome.

Where the atoms per unit volume () and the frequency of atomic
vibrations (f) are multiplied by two Boltzmann probability
factors, each representing a barrier to nucleation which needs to
be overcome, the first dominated by the thermodynamic barrier
W*, and the second is the kinetic barrier AE},.

In the heterogeneous case, W} (0) can be simplified to be a
function of a contact angle theta and depend upon multiple

surface tensions between different boundaries [95, 96].

In the case where a partial sphere is being considered to nucleate
within the melt against a crucible wall, it can be shown that the
heterogeneous nucleation can be simplified to the homogeneous
nucleation rate multiplied by a geometric term. In this most
simple of heterogeneous cases, the critical radius r* is the
same as in the homogeneous case r* = 2 where G, is the
reduction in Gibbs Free Energy as a result of forming a nucleus
(crystallization) and y is equivalent to the net change in Gibbs
Free Energy per unit area.

l67y® |1 2
iletz - 1=(1—=cosb) - 2+C0$9] 6
o [4( ¥ ( ) ©)
= Whomo [%(1 —cos0)” - (2 + cos 9)] (6)

Equation (6)—For the heterogeneous thermodynamic bar-
rier W* as a function of contact angle 6.

Alternatively, when 6 = zrrad then Whe = Whomo which is the
case when the wall is offering no aid to nucleation whatsoever.
Thus, depending on the size of the thermodynamic (W*) and
kinetic barriers (AEp), a surface can make a considerable differ-
ence to the nucleation rate; however, this is something that is very
hard to quantify, but may be experimentally tested.

While classical nucleation theory assumes the contact angle is
constant, if any nucleating agents are present, while the poured
canister is fluid enough, these will be under the effect of gravity,
as these are often denser than the melt. Furthermore, during the
pour, the viscous glass fluid cannot be static by definition.

The kinetic barrier (AEp) is the activation energy (energy
required for the chemical reaction to occur) needed to begin
the formation of a crystal nucleus. This is the energy necessary
to overcome the crystal-liquid interface and the breaking and
realignment of bonds into the more ordered structure of the crys-
talline nucleus. This component of the nucleation Equation (5)
will be somewhat static and predictable.

Conversely, the thermodynamic barrier (W*) on the other hand
is the energy required to form a stable nucleus with a critical
radius that minimizes the system’s Gibbs Free Energy, so that
it is lower than the alternative of re-dissolving into the liquid
state. This becomes a function of a tendentially varying contact
angle. At the very least, due to the non-uniform shape and
size of spinels and un melted platinoids, it can be said that
this component would not be comparable to the interface of a
platinum crucible surface, even if just for the amount of surface
area present. At this juncture, it simply becomes about how
prominent this component of the equation becomes to decide
whether the experimental setup is measurably different from the
expected value of a real-world canister melt.

It is very much possible to find instances where photographic
records have been kept of CCC samples in which clear evidence
of contact surface nucleation with the crucible can be seen,
with examples by Russel et al. [97-99] and Lonergan et al. [100]
being among the most readily discernible, thanks to the excellent
recordkeeping in their reports. These examples are using both
platinum and fused silica crucibles. It might be expected that
fused silica crucibles would have a low level of glass/liquid
interaction, as at the relatively low melt and heat treatment
temperatures of HLW, fused silica should be a very viscous fluid,
neither leaching into the melt nor providing it with a solid
surface, but this is apparently not always the case.

The subsequently reported crystal fractions of these samples,
much like those in the present study, will be an average of the
entire volume of glass ceramic made. This will be comprised
of a high crystal fraction, low volume area around the contact
interface, and a higher volume glass with essentially a crystal
fraction of either zero or close to zero, which is representative
of what would occur on the canister centerline (the core of the
sample). In models where the presence of nepheline under CCC
conditions is recorded as a Boolean (1s or 0s), it is not hard to envi-
sion how this is a considerable problem. Further complications
will be introduced based on how these samples are sectioned.
If the whole sample is powdered for various techniques such as
XRD, compositional analysis, and PCT, the results, especially the
PCT and XRD, may be different than if these are first sectioned
and then sent off and powdered individually. Alternatively, some
researchers may choose to simply use the particle size fractions
not used for PCT for XRD and compositional analysis.

Muller et al. [101] noted a relatively similar phenomenon to that
showcased by the KE1_579C_4day sample in this research. The
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referenced report discusses a sample LAWB53FCC, a relatively
complex sodium boro-aluminosilicate glass containing over 10
oxide components as well as Cl and F, which was melted at
1150°C for 4hours after a slow ramp. Following this, it was not
stirred, and the canister was cooled (in accordance with the
LAW schedule, which will differ from the CCC thermal profile
discussed throughout this document). The sample was divided
into three parts: top, middle, and bottom, and it is noted that only
the bottom portion contained pyroxene crystals. SEM imagery
shows the crystals nucleating at the platinum contact interface
in almost identical fashion to the nepheline seen in this study.

The KE1 glass composition was designed as an entry point to
the study of the low accuracy nepheline crystallization prediction
space. It was designed to broadly represent the nuclear waste glass
situated on the fault line between compositions that do and do
not precipitate nepheline, while being simple enough to study
without excessively complex interactions between a double-digit
number of oxides.

Multiple experiments were designed around the KE1 glass to test
the extent to which SA/V effects could be used in an effort to alter
the results of crystalline quantification and industry standard
durability tests, and thus explain why the nepheline predictor
models to date might be overly conservative.

Shaharyar et al. [61] showed that relatively minor compositional
changes can alter the mode of nucleation from surface (2D) to
bulk (3D) or vice versa as determined by the Avrami exponent
[78-80], the idea of a well-defined boundary between compo-
sitions that do and do not precipitate nepheline under a fixed
thermal profile (CCC) is plausible but inevitably complex. Due
to the severely complicated nature of the 15-40 or more oxide
compositions in nuclear waste glass, this would likely be a highly
non-linear boundary to predict, as is seen with the modeling of
many other glass properties (crystallization as seen by the models
discussed herein [47, 49, 50], durability [102], glass transition
[103], liquidus [104], viscosity [105] to name just a few).

McClane et al. [51] even suggest controlling the mode of nucle-
ation by limiting it to 2D growth only as a potential strategy for
combatting problematic nepheline devitrification. Furthermore,
the nucleation and growth of stable spinels can also be promoted
or suppressed by compositional changes [70] and therefore, if a
cooling melt simply requires a nucleating phase to grow from, this
could add further complexity to the determination of a nepheline
boundary.

Since these incredibly complex relationships exist, there is merit
in attempting to use advanced mathematical techniques [50, 53,
106] to deconvolute the task, and these have shown an ever-
increasing degree of merit; however, they will also be limited by
any inherent data-based flaws that are fed into the models, such
as those identified in this study.

The optical micrographs, SEM images, X-ray diffraction patterns,
as well as the DSC traces clearly show a not insignificant
effect of SA/V on crystallization and consequent result on
dissolution tests, strongly suggesting that these compositions’
primary crystallization mechanism is heterogeneous surface

nucleation as experimentally verified by the Avrami constant of
n =151+ 0.25.

Reactions between glass and platinum are known to occur [68],
yet due to being one of the most inert materials, they are often
assumed to be negligible and ignored. It is not uncommon for
images in literature to clearly show crystallization at the platinum
contact interface [97-100] or the phenomenon of surface-specific
crystal growth to be discussed [51]. When subsequently these
are powdered and prepared for PCT, the average of the whole
sample, the surface (that in contact with the platinum), and the
bulk (which would actually be more representative of the canister
CCC area), which has often not crystallized now represent the
durability datapoint for this composition within the nepheline
database, which may not be a true representation.

The growth of Maghemite crystals on the KE1_579_C sample
among the nepheline crystals and the residual glass (but not
within the glass core of the sample away from the platinum
contact interface) over the course of 4 days implies that a
sample which has gone undergone CCC has not reached phase
equilibrium even though it has been gradually cooled over
the course of many hours and is thus just a snapshot of the
path toward said equilibrium. The models currently being used
suggest that composition plays the sole role in the transformation
toward equilibrium, which is ultimately frozen in by a CCC
temperature profile. This research suggests that while the role of
composition is important and critical to understand, SA/V effects
are influencing the rate toward the ultimate equilibrium at the
contact interface, thus potentially making these tests not wholly
representative of real-world canister melts.

In this case, this translates to the experimental setup being a
key determining factor as to whether the glass fails or passes a
durability comparison with DWPF EA glass; a critical go/no go
decision for the manufacture of nuclear waste glass [29, 31]. All
the models to date only take the composition of the glass into
account, and no other experimental variables, such as the SA/V
ratio.

This is exceedingly important when we consider that along
the canister centerline, where the slow cooling kinetics favor
nepheline crystallization, there is no large nucleating surface
to aid in the precipitation of nepheline (barring any un-melted
platinoids or precipitated spinels), something which, conversely,
is present in every single experimental sample within the NP
database (the Pt crucible wall). Nepheline prediction models
are often described as being overly conservative [6, 45-47, 49,
50]. This study postulates that every model to date is overly
conservative because every single datapoint relied upon has a
substantial aid to nucleation that is not present in real-world
canister centerline conditions. False positives and false negatives
found in the low accuracy regions could potentially be due to
variation in nucleation mechanism and SA/V of the sample to the
platinum wall; however, further research is required to verify this.

The variation in phases precipitated by isothermal heat treatment
and CCC heat treatment in this study, while all are suspected of
being detrimental to chemical durability [88], provides further
evidence of the delicate balance of chemical forces within the

International Journal of Applied Glass Science, 2026

21 of 26

35UBD17 SUOLULIOD BAIRBID 3|ea ! dde a1y Aq pauRA0B @18 SB[ 1L WO 198N JO'SBINI J0} ARRIG 1T BUIIUO A3|IV UO (SUORIPUOD-PUB-SWLBH W00 A3 1A ATRIGIUI|UO//SHIL) SUORIPUOD PUE SULR L 8L 885 *[9202/20/90] U0 AReiqI8UIIUO A3 (1M ‘AISIBAIN We|[H PRIBUS Ad ¥E00, Be(ITTTT 0T/10p/L0Y" A8 IM Aiq 1 jou!UO'SOIUR.R0/:SdIY WO} Papeo|umod '€ ‘9202 ‘Y6ZTTHOZ



glass during devitrification, with varied treatments directing the
system along distinct crystallization pathways.

A collaborative 2011 study [107] showed that non-trivial differ-
ences can be obtained when implementing the same experi-
mental methods (liquidus temperature measurements on nuclear
waste glasses) by different researchers at different labs, even when
samples are tightly controlled (all made at one institution and sent
out). Further complexity would be added if individual research
institutions were independently preparing the samples, poten-
tially using different raw materials and compounding differences
further. This will no doubt exacerbate the size of the errors in the
values listed in the database.

Lastly, as SA/V parameters for all samples may be inconsistent
throughout the nepheline CCC database and often not recorded
in literature (although certain instances where this is done to
some extent can be found [65]), with factors such the extent
of homogeneous versus heterogenous crystal growth (Avrami
exponent) for each composition being highly non-linear further
training on the database may still be limited even if more
compositions are added to it. McClane et al. [51] derived similar
Avrami constant values in nepheline-bearing samples, which also
showed contact interface growth, similar to those in this study
(n = 1.51 in this study compared to n = 1.28-2.05). 1D-2D crystal
growth can be explained as the dendritic habit of nepheline [27,
108, 109] manifests in needle-like crystal growth (1D), which
fan out, eventually impinge on one another, and intersect as
they grow, forming two-dimensional dendritic crystals (2D). This
highlights the need to focus more on property-based models [17]
that link the measurable physical or chemical properties to the
predicted outcomes.

Future research needs to focus on quantifying the extent of the
heterogeneous nucleation, forecasting and modeling it to account
for the lack of a nucleating surface within the cannister, and
attempting to determine whether the false negatives and false
positives along the prediction boundary are caused by a change in
mode of nucleation from heterogeneous to homogeneous or vice
versa. This can be done by more accurately calculating the glass
SA/V ratio and the resultant effects of glass crucible interactions
by studying more than just the two data points collected in this
study. Better understanding of the mode of nucleation (Avrami
exponent), phase kinetics, coordination, and redox state of the
various compositions may all be critical to the path forward with
this research.

Furthermore, going forward, the stipulation of a minimum SA/V
ratio for CCC samples prepared for PCT and the core drilling
of samples to avoid glass within a predefined distance of the
surface to omit any irrelevant effects from surface interactions
would be beneficial. What the SA/V and the edge distance
requirements should be needs to be determined from further
investigation.

5 | Conclusion
Surface area effects have either plagued or benefited scientists for

centuries; Wolfgang Pauli is famous for stating, “God made the
bulk; surfaces were invented by the devil” [110]. In this instance, this

holds true as bulk predictions necessary for this work are being
stifled by the hard-to-quantify interactions caused by the lab-scale
interactions with surfaces.

Nepheline prediction models are often described as being overly
conservative, as the models limit waste loading below what would
be possible in real-world canister melts. While this has often been
discussed as either a data limitation (more glass compositions
are needed for study) or a model complexity issue (non-linear
dependencies limit the predictive abilities of the models), this
study suggests that experimental limitations are at least partly to
blame.

Every sample within the Nepheline CCC prediction database has
been made on a laboratory scale, a relatively large nucleating
surface is always present in these experiments (the crucible
wall), something which by definition cannot be present along the
canister centerline. Thus, compositions in the Nepheline CCC
database will crystallize more readily than real-world canister
pours. In this study, the effects of SA/V variability have been
demonstrated using a variety of techniques on both crystallization
and durability.
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IWhere errors have been stated, they are the standard errors based on
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