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Vitrification of wastes: from unwanted to controlled
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Abstract. In this review, we provide a perspective on the science and technology of vitrification of
waste. First, we provide a background on the general classes of wastes for which vitrification is cur-
rently used for immobilization or is proposed, including nuclear and industrial hazardous wastes.
Next, we summarize the issues surrounding solubility of waste ions and resulting uncontrolled crys-
tallization or phase separation. Some newer waste form designs propose a controlled crystallization,
resulting in a glass-ceramic. A summary of glass systems and glass-ceramic systems is given, with the
focus on immobilizing waste components at high waste loading. Throughout, design and processing
considerations are given, and the difference between uncontrolled undesirable and controlled desir-

able crystallization is offered.
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1. Introduction

Vitrification is a powerful technology to immobilize
nuclear [Caurant et al., 2007a, Donald, 2010, Pegg,
2015, Singh et al., 2021, Vernaz and Brueziére, 2014,
Vernaz et al.,, 2016] and industrial [Caurant, 2017,
Donald, 2007, 2010, 2016] solid and liquid wastes.
Glasses and glass-ceramics (GC) have been devel-
oped worldwide since the 1970s to integrate high,
intermediate, and low-activity wastes (LAW) com-
ing from reprocessing of nuclear spent fuel, nu-
clear decommissioning activities, legacy radioactive
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waste from non-fuel cycle activities, and even in-
dustrial non-radioactive wastes. The compositions
chosen have been the result of a compromise be-
tween waste loading, technological feasibility, and
the physical and chemical properties of the melt
and final solidified product. Alumino-borosilicate
or phosphate glasses and GC are currently being
developed in different laboratories, while some are
already used at the industrial scale in nuclear fa-
cilities [such as La Hague (France), Hanford (USA),
Savannah River (USA), West Valley (USA), Sellafield
(UK), Tokai (Japan), Rokkasho-Mura (Japan), Tara-
pur (India), Trombay (India), Karlsruhe (Germany),
and Mayak (Russian Federation)], and industrial
waste treatment plants (such as the Morcenx plant,
France).

https://comptes-rendus.academie-sciences.fr/geoscience/
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In this review, we give an overview of the major
research carried out to develop glass and GC waste
forms able to safely immobilize the nuclear and
industrial (i.e., hazardous, non-radioactive) wastes.
Emphasis is made on the nature of the waste stream,
the selection of the technology, and the resulting
phases in the waste form. Since many waste ele-
ments of importance have low solubility in typical
oxide glasses, sequestering them into crystalline
phases in GCs is an increasingly used strategy for
immobilization.

2. Background
2.1. Industrial wastes

Alarge number of hazardous wastes, coming from in-
dustry, can be immobilized by vitrification for stor-
age or for reuse in some other technology. These
wastes are formed by different processes, such as in-
cineration of household waste, lagoon sludges, coal-
fired power plants (coal fly ash), ferronickel smelting
(slag and dust), or infrastructure dismantling [Cau-
rant, 2017]. The particularity of this type of waste is
normally its high quantity of glass formers and modi-
fiers (e.g., SiO2, Ca0). This characteristic gives the ad-
vantage that glass or GC can be formed at high tem-
perature with little to no addition of additional glass-
forming precursors (Table 1). Research on glass fibers
[Ma et al., 2018, Scarinci et al., 2000] and GCs [Kara-
manov et al.,, 2017, Ljatifi et al., 2015, Rawlings et al.,
2006] by vitrification of waste are underway to find
the viability, through lower cost and good physical-
chemical properties, which will enable commercial
applications. Asbestos vitrification, for instance, is
now a powerful process to destroy the asbestos fiber
structure, transforming it into an asbestos-free and
vitrified end product [Spasiano and Pirozzi, 2017]. In
general, reported science in the area of vitrification
is still in its infancy compared to nuclear waste pro-
cessing, which will constitute the bulk of this review.

2.2. Nuclear wastes and technologies

Nuclear wastes management is a major worldwide
challenge. Its implementation depends on the strat-
egy, economy, and policy of individual countries;
however, in most of them, glass and GC matrices
are used to immobilize the nuclear wastes coming

from the reprocessing of spent fuel, legacy waste
such as from weapons manufacturing, or disman-
tling and decommissioning of nuclear facilities. Ra-
dioactive waste classification and hence waste man-
agement does differ from country to country, how-
ever the general strategy adopted internationally for
High-activity Level Waste (HLW) is high temperature
vitrification, or the formation of glass from the waste
plus additives [Lee et al., 2013].

The type of nuclear wastes coming from repro-
cessing of spent fuel [Glatz, 2020] burned in differ-
ent power reactor technologies [Hayward, 1988b]—
e.g., PWR - Pressurized Water Reactor, BWR — Boil-
ing Water Reactor, PHWR - Pressurized Heavy Wa-
ter Reactor (CANDU - Canada Deuterium Uranium),
GCR - Gas-Cooled Reactor (NUGG - Natural Ura-
nium Graphite Gas reactor, Magnox, AGR - Advanced
Gas-cooled Reactor), AHWR — Advanced Heavy Water
Reactor, RBMK - Reaktor Bolshoy Moshchnosti Kanal-
nyy = advanced graphite-moderated nuclear power
reactor—is given in Table 2. It is likely that new re-
actor types (e.g., molten salt reactors, high tempera-
ture gas reactors) will require new and different waste
forms, which may or may not be vitrified.

Several aspects influence the waste stream. For in-
stance, the cladding materials vary considerably and
can have an important effect in waste chemistry (e.g.,
Mg alloy in Magnox, steel in UK Advanced Gas Reac-
tor, Zr alloy in most others, Al at Hanford non-power
reactor). Additionally, the form of the U fuel, enrich-
ment, and burnup will influence the amount and na-
ture of the fission products. Finally, the chemical sep-
arations used for any reprocessing, as well as sec-
ondary chemical reactions occurring during storage
(e.g., corrosion of storage tanks, aging of fuel in cool-
ing ponds) will add further to the waste coming to the
beginning of the vitrification process. In some cases,
where used fuel is relatively constant in character, a
single glass composition can be characterized and
used repeatedly, such as the R7T7 borosilicate glass
developed by CEA (Commissariat 4 LEnergie Atom-
ique et aux Energies Alternatives) and the French
commercial waste processing company Orano (for-
merly Areva).

These wastes are processed using the five main
vitrification technologies (Table 3)—Joule-Heated
Ceramic Melter (JHCM), Cold Crucible Induc-
tion Melter (CCIM), Hot Crucible Induction Melter
(HCIM), indirect heating using a metallic susceptor,
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Table 2. Some properties of reactors and the fuel configuration influencing the nuclear waste, after

Hayward [1988b]

Magnox NUGG AGR Candu PWR BWR RBMK Hanford
Country of origin UK France UK Canada us US USSR (Russia) us
Fuel U metal U-Mo Oxide Oxide  Oxide Oxide Oxide U metal
rod metal pellets pellets  pellets pellets pellets rod
25U content  NaturalU Natural U 2-3% NaturalU 2-4%  2-4% 2% Natural U
(0.7%) (0.7%) (0.7%) (0.7%)
Fuel cladding Mgalloy Mg-Zralloy Stainlesssteel Zralloy Zralloy Zralloy Zr-Nballoy Alalloy
Moderator Graphite  Graphite Graphite D,0O H,0 H,0 Graphite Graphite
Coolant CO» COs CO D,O H,0 H,0 H,O H,O

and In-Can Melter—adopted by the United States
(US), France, Japan, India, Russia, and the United
Kingdom (UK) to immobilize nuclear wastes. The
specificities of these technologies are given in vari-
ous publications [Goel et al., 2019, Harrison, 2014,
Kaushik, 2014, Pegg, 2015, Raj et al., 2006, Short, 2014,
Vienna, 2010, Walling et al., 2021a,b]. The common
objective is to optimize the immobilization of nu-
clear waste in a glass or GC matrix. The direct feeding
of nuclear waste solutions in the crucible has been
chosen by almost all countries, except France and the
UK. A two-step process of calcination-vitrification
is used in La Hague (France) and Sellafield (UK) fa-
cilities. In all cases, glass precursors (beads, glass
frit, mixed additives as solid or liquid) and nuclear
wastes (calcine, solution, and/or sludge) are fed into
the crucible and then heated at the synthesis tem-
perature. After sufficient melting and homogeniza-
tion, the molten glass is poured into steel containers
(except for the case of In-Can Melter technology).
The challenge, in all cases, is to take into account
the specificity of the waste stream, while optimiz-
ing technology, process, and the properties of the
resulting host glass or GC matrices.

3. Glass waste forms

In the vitrification technologies field, the best com-
promise must be obtained among specification of
wastes and final glass, glass and melt properties,
and the vitrification process and resulting costs. This
tricky balance of properties, processing, and cost re-
quires tremendous amounts of knowledge as well as
ongoing research and development. In this section,
we describe the key parameters and key properties
involved in glass waste form development.

In the case of glass or GC waste form matri-
ces developed for the vitrification of industrial and
nuclear wastes, the chemical-physical properties of
four states of glass during production—glass batch,
glass melt, undercooled melt, solid glass—have to
be managed along with the vitrification processes
connecting these states (glass-batch heating, glass
melting and refining, cooling and storage) as shown
schematically in Figure 1.

3.1. Waste incorporation in glasses

Due to their amorphous state and their structural
disorder, one of the specific characteristics of oxide
glasses and GCs is their capacity to contain a wide
variety of chemical elements belonging to all groups
of the periodic table. The integration of cations in
the vitreous network depends on the intrinsic na-
ture of the atoms (ionic radius and charge), their
synergistic effects (glass composition and former or
modifier type structural roles within the vitreous net-
work), and the glass synthesis conditions (tempera-
ture, reaction time, gaseous atmosphere). Many pub-
lications give information about the structural role of
different cations coming from hazardous elements or
nuclear wastes in a simplified borosilicate network
[Caurant et al., 2009, Caurant and Majérus, 2021,
Donald, 2010].

A useful correlation between the oxidation state
and the conditional chemical solubility of elements
in alumino-borosilicate glass has been suggested re-
cently [Gin et al., 2017] (Figure 2). It indicates that in
the case of cationic species, the conditional solubility
of cations decreases proportionally with the increase
in the oxidation state. Therefore, elements such as
Mo®*, Tc**/7* [Jin et al., 2015, Soderquist et al., 2014],
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Glass & melt properties
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Figure 1. Illustration of cyclical optimization of glass and melt properties, technology, storage, specifica-
tions of wastes, and final glass, as related to the different steps of vitrification and glass states.
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Figure 2. Conditional solubility of elements re-
lated to their cation speciation in the alumino-
borosilicate glasses—after Gin et al. [2017].

S8+ [Lenoir et al., 2009, Manara et al., 2007], Ce**, and
actinides (Pu**, U**, Th**, Np**, Am®*, Cm®*) [De-
schanels et al., 2003, Lopez et al., 2003, 2005] have
very low solubility compared to alkali and alkaline-
earth metals. One should note that this schema does
not hold for reduced metals Ru’, Pd°, Rh®, Ag®, Mo
or anionic species Cl7, I” [McKeown et al., 2015,
Muller et al., 2014, Riley et al., 2014] that also present
very low solubility in oxide glass. These elements can
have alarge impact on glass waste form optimization.

Taking into account the composition of the waste
and the solubility of species in the glass, waste

loading is optimized to obtain a homogeneous
amorphous matrix or an amorphous matrix con-
taining some crystalline phases. A wide range of
crystalline phase assemblages in term of nature, size
and morphology can be formed at melt tempera-
tures or during cooling (see Figure 3). The challenge
remains to control their formation and their impact
on the vitrification process and resulting waste form
properties.

3.2. Matters of terminology

In GCs, narrowly defined [Deubener et al., 2018],
the material is processed as a glass and one or more
crystalline phases is precipitated under controlled
heat treatment. The final product has both “residual”
glass along with ceramic phases. Several previous
summaries have expounded upon GCs for waste
applications [Caurant, 2017, Caurant et al.,, 2009,
Donald, 2010, McCloy and Goel, 2017]. The ceramic
phases are designed to accommodate in their crystal
structure one or more of the radionuclides or other
waste products.

Some authors have used glass composite ma-
terials (GCMs) to denote all forms of crystals in
glass fabricated deliberately, including those materi-
als where a glass binder frit encapsulates and consol-
idates previously synthesized ceramic waste crystals
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Figure 3. Crystals and separated phases in simplified borosilicate nuclear glasses obtained after heating
and cooling (a) RuO; needles and spherical Pd-Te; (b) agglomeration of Pd-Te; (c) CayNdg(Si04)602
crystals; (d) nano-separated phases enriched in MoO3 and Na,O; (e) CaMoO4 embedded in a separated
phase; (f) simplified yellow phase assemblage (Na,MoO,4, CaMo0O,4, BaMoQy,).

[Lee et al., 2006, McCloy and Goel, 2017, Ojovan et al.,
2021]. A wide variety of processing methodologies
and their important parameters for glass composites
are discussed elsewhere [Donald, 2010, Ojovan et al.,
2008].

Other authors have classed these glass binder +
ceramic systems as GCs [Caurant, 2017, McCloy and
Goel, 2017], though these are contrasted with “real”
GCs which have induced crystallization [Deubener
et al.,, 2018]. Further, it is our understanding that the
French term vitro-céramiques, as used within the
commercial glass industry, is strictly for glasses pro-
cessed by nucleation and growth. Finally, the term
“spontaneously crystallized glass-crystalline mate-
rial” has been used to indicate uncontrolled devitri-
fication, translated as “mineral-like materials” in the
Russian literature and “glassy slags” in some English
literature [Stefanovky et al., 2004].

In this review, we restrict ourselves to a discus-
sion of uncontrolled crystallization and the problems
it causes (Section 3.3), as well as controlled crystal-
lization, whether by cooling a melt or heating, then
cooling glass (Section 4).

3.3. Unwanted crystals in nuclear waste glasses

While controlled crystallization can be used to
increase waste loading in glasses, uncontrolled

crystallization can result in both processing prob-
lems and waste form performance issues, partic-
ularly losses in chemical durability [Hrma, 2010].
Additionally, the failure of crystalline materials from
the batch to adequately dissolve or react in an un-
controlled way can cause both processing challenges
and undesirable intermediate liquid phases.

3.3.1. Yellow phase

During batch-to-glass conversion, one of the main
issues of HLW vitrification wastes coming from re-
processing of uranium oxide (UOX) spent fuel is the
formation of the “yellow phase” (alkali and alkali-
earth molybdate phases, usually colored yellow due
to small amounts of chromate). This phase is ob-
served in liquid feed or solid feed processes, limit-
ing the amount of high-level radioactive waste load-
ing in glass. Up to the incorporation rate of MoOs3
(about 1 mol%), yellow phase can be formed by a
phase separation of molten salts from the borosili-
cate melt, and this molybdate salt phase crystallizes
separately from the borosilicate glass during cool-
ing in the canister. The composition of the initial
glass and waste have a high impact on crystalline
phase assemblage of the yellow phase. Its compo-
sition is able to incorporate significant amounts of
alkali—Na [Boué et al., 2019], Li [Rose et al., 2011],
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Cs [Kroeker et al., 2016]—and alkali-earth (Ca, Ba)
metals as well as other minor elements such as rare
earth metals, Re/Tc, S, P [Usami et al., 2013] and Cr.
The formation of this salt phase must be avoided be-
cause it leads to the corrosion of the processing cru-
cibles and can alter the long-term glass performance.
Consequently, much research has been conducted
on this subject to find the best solution to avoid yel-
low phase formation [Pegg et al., 2010], but no indus-
trial solution has yet been implemented.

However, recent fundamental research has
opened perspectives on this topic. In one approach,
the glass composition is altered to increase the Mo
solubility. The important role of rare earth metals
(Nd, La, Sm, Yb, Er) [Brehault et al., 2018, Chouard
et al., 2016, Patil et al., 2018] to increase the sol-
ubility of MoOs in borosilicate glass and decrease
the phase separation and eventual crystallization
of alkali molybdate has been reported. The role of
Nd is specifically explained, in sodium alumino-
borosilicate enriched in MoO3 and Nd,Os, by the
dispersion of MoOﬁ_ units in the borate network sta-
bilized by Nd3*, (Nd-Mo-B-0) [Brehault et al., 2018].
Without Mo present, increasing amounts of Nd result
in clustering in a borate phase that separates from
silicate in borosilicate glasses [Kamat et al., 2021], an
effect which can be seen in crystallization behavior
as well [Chen et al., 2020]. The formation of alkaline-
earth molybdate phases like powellite is discussed
later in this review in the context of GCs.

Another approach to controlling yellow phase for-
mation was reported in a recent study carried out
to support the Japanese liquid-fed ceramic melter
technology (Figure 4). Here it has been shown how a
fine grain size of the glass precursor (i.e., frit) can in-
crease the chemical reactivity between liquid waste
and glass and decrease the yellow phase formation
[Uruga et al., 2020]. Results show that the incorpora-
tion rate of NaNOj3 (originally in the liquid waste) into
the feed glass in the reactive zone (cold cap) increases
as the glass grain size decreases, in a range of 2 mm
(beads) to <68 um (glass powder). In this manner,
the rapid dissolution of NaNOs into the glass pow-
der inhibited liquid Na,MoQ, that otherwise formed
originally by reaction with MoOs3. This mechanism is
probably able to limit the formation of solid water-
soluble alkali molybdates, especially when combined
with glass chemistry approaches using alkaline-earth
and/or rare earth elements additions.

3.3.2. Sulfate

In some US, Indian, and Chinese wastes, high sul-
fur contents combined with high alkali can result
in the formation of similar “yellow phase” type salt
phases where sulfate SOE‘ takes the role of molyb-
date [Billings and Fox, 2010, Lei et al., 2021, Mishra
et al,, 2008, Sengupta et al., 2013]. Work is ongoing
to understand the glass compositional effects of sul-
fate salt formation [Bingham et al., 2017, Kruger et al.,
2010, Skidmore et al., 2019], its relation to solubil-
ity [Vienna et al., 2004, 2014], and its structural role
in the glass [McKeown et al., 2001, 2004, Xu et al.,
2021]. There are many similarities between the ten-
dency for salt phase formation with molybdate, sul-
fate, and other oxyanions like those of Re and Tc [Ri-
ley et al., 2013, Soderquist et al., 2016].

Due to the very low solubility [Vienna et al.,
2014] in alumino-borosilicate and its propensity to
volatilize, sulfates are also a major issue for the LAW
vitrification. Many studies have been dedicated to
the optimization of the glass composition [Kaushik
et al.,, 2006] in order to increase the waste loading.
Based on large number of data, a statistical model
applicable to current US LAW glasses from the Han-
ford site has been applied for many glass compo-
nents. A complementary approach has been to ra-
tionalize a linear relationship between retained sul-
fate (SOi‘ /mol%) with the total cation field strength
index, Z(z/a®), the optical basicity, A", and the
non-bridging oxygens per tetrahedron ratio, NBO/T
[Bingham et al.,, 2017]. This predictive tool offers
promising prospects to optimize new glass compo-
sitions with higher sulfate capacities.

3.3.3. Spinel

Other crystals can form in nuclear waste glasses,
which may or may not be detrimental to the final
waste form. For instance, spinel crystals (Figure 5a)
can form at the liquidus temperature in glasses
made from legacy defense wastes when melted
in a Joule-Heated Ceramic Melter (JHCM). These
crystals form due to saturation of transition met-
als in the waste or through interaction with the Cr-
containing ceramic refractory [Jantzen et al., 2015].
Spinel crystals have a compositions AB,O4, and
depending on the initial composition of the waste
(e.g., A = Mn, Fe, Co, Ni, Zn and B = Fe, Cr), these
have variable liquidus temperatures (950-1100 °C)
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Figure 4. Cold-cap reaction model to explain the inhibition of Na)MoO, formation with rapid dissolu-
tion of NaNOj into fine grain size glass powder. From Uruga et al. [2020], copyright Taylor and Francis,

used with permission.

[Hrma et al., 2014, Matyas et al., 2017]. Spinel crys-
tals do not affect glass durability; however, they can
impact the rheological behavior of the melt [Mika
et al,, 2002] and if accumulated in the bottom, they
can block the discharge of molten glass into canis-
ters [Guillen et al., 2019]. To avoid these phenom-
ena, waste loading is limited to obtain a reasonable
amount of spinel and low liquidus temperature.

A large panel of studies has been dedicated to
the mechanism of spinel crystallization and models
have been built to predict their formation [Jantzen
and Brown, 2007] and dissolution [McClane et al.,
2018]. A large number of publications and impor-
tant results have been reported in the literature con-
cerning the glass-batch conversion in the cold cap
for Hanford vitrification technology (Waste Treat-
ment and Immobilization Plant) [Goel et al., 2019].

This is important since the mechanism of spinel
crystallization was explained by the formation of a
primary spinel phase in the cold cap and then by
their partial dissolution [Izak et al., 2001]. The re-
maining spinel phases act as nuclei for secondary
spinel growth in the melt above the liquidus tem-
perature. Empirical kinetic models based on KJMA
(Kolmogorov—Mehl-Johnson-Avrami) [Casler and
Hrma, 1999] and Hixson-Crowell [Hixson and Crow-
ell, 1931] have been developed to quantify spinel
dissolution and growth [Alton et al., 2002a,b, Hrma,
2010]. Supported by liquidus temperature models
[Hrma et al., 2014, Vienna et al., 2001] and by pre-
dictive modeling of crystal accumulation in the glass
melter [Matyas et al., 2017], the potentially delete-
rious consequences of spinel crystallization can be
accurately controlled.
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Figure 5. Examples of undesirable crystalline phases formed during vitrification process.
(a) Transmitted-light optical image of spinel dendrites for Nil.5/Al10 glass heat treated at 850 °C
for 7 days, from Matyas et al. [2017], copyright Elsevier, used with permission; (b) scanning electron
micrograph showing quartz residues (dark gray) and spinel crystals (white) in glass under the cold
cap, from Pokorny et al. [2013], copyright Elsevier, used with permission; (c) surface crystallization of
nepheline dendrites, from Lu et al. [2021], copyright Elsevier, used with permission.

3.3.4. Quartz

A similar approach has been developed to man-
age the dissolution of quartz (SiO;) that can remain
undissolved from batch-to-glass conversion and into
the melt (Figure 5b). In some nuclear waste vitrifi-
cation scenarios, such as that at Savannah River Site
(SRS, USA), SiO, glass former is added as a frit with
other materials like B, 3. At other sites, like Hanford
(USA), SiO, is added as an individual glass-forming
chemical additive. The main reason for the difference
is the wider range of waste types at Hanford, and the
plant operation protocol. At SRS, a glass frit is for-
mulated for a particular “sludge batch” of waste, and
then used in the melter for many months. By con-
trast, at Hanford the plant is designed to quickly re-
spond to the large variation in waste composition by
using glass-forming chemicals, which are mixed in a
slurry with the waste feed prior to being charged into
the melter [Vienna et al., 2006].

As SiO; is the major glass former in borosilicate
glasses, this issue is critical, as itimpacts the melt rate
and therefore overall cycle time. Due to the high lig-
uidus temperature, dissolution of silica sand is gen-
erally the slowest process during glass-batch melt-
ing. One of the challenges is to control the dissolu-
tion process and identify the best conditions able to
decrease the undissolved quartz fraction in the glass-
forming melt. The major solution reported in the
literature is the optimization of the sand grain size
added to the waste. Fine grain sizes dissolve faster

than larger ones in the cold cap and also affect the
cold-cap physical properties (viscosity, volume frac-
tion of bubbles, density and thermal conductivity),
and these small quartz grains also improve the ho-
mogeneity of the melt [Schweiger et al., 2010, Sheck-
ler and Dinger, 1990]. Kinetic models have been de-
veloped to describe dissolution of quartz particles
in simplified glass-batch (regular particle-size dis-
tribution) [Hrma et al.,, 2011] and real batch (ir-
regular shape) [Hrma and Marcial, 2011, Pokorny
etal., 2013]. The kinetic equations based on relation-
ships between quartz fraction and heating rate are
currently coupled [Ueda et al., 2021] in the three-
dimensional mathematical modeling of the batch-
to-glass conversion developed for JHCM. In such
a model, reaction kinetics are coupled with a heat
transfer model in the glass batch, which considers
temperature-dependent effective heat capacity, heat
conductivity, and density [Goel et al., 2019].

3.3.5. Nepheline

For some US defense HLW where high aluminum
concentration results from the dissolution of Al-clad
fuel, an additional undesirable crystalline phase can
form. During the step of cooling of the melt in-
side the canister, the sodium aluminosilicate mineral
nepheline (NaAlSiO4) can form (Figure 5c), remov-
ing Si and Al from the residual vitreous matrix, result-
ing in a deleterious impact on the glass durability [Li
etal., 1997, McCloy and Vienna, 2010]. Consequently,
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discriminator factors have been determined to as-
sess compositions that suppress nepheline forma-
tion [Goel et al., 2019, Sargin et al., 2020]. But sim-
ple compositional constraints result in overly con-
servative formulation approaches which limit waste
loading of high aluminum wastes, and thus a great
deal of research has been carried out to define alter-
native nepheline management approaches (e.g., new
glass compositions, processing conditions). Studies
are mostly dedicated to determining the correlation
between crystallization of nepheline and composi-
tional domains [McCloy et al., 2011] and crystal-
lization mechanisms [McClane et al., 2019] or post-
crystallization glass structures [McClane et al., 2021],
in order to develop predictive modeling. The addi-
tion of a high concentration of B»O3 in the glass
batch has been consistently observed to reduce the
propensity of nepheline crystallization by reducing
the concentration of NayO in the melt, and thus pre-
venting reactions with alumina tetrahedra needed to
nucleate nepheline [Deshkar et al., 2020, Fox et al.,
2008, Li et al., 2003]. Most recently, glass structural
descriptors have been indicated to affect nepheline
crystallization, particularly when affecting the lo-
cal environment required for nepheline crystalliza-
tion. Specifically, arrangement and coordination of
Na atoms [Marcial and McCloy, 2019, Marcial et al.,
2019] in the glass relative to the crystalline phase
affects the likelihood of crystallization. Additionally,
the presence of other framework cations like boron
[Deshkar et al., 2020, Krishnamurthy et al., 2021] and
phosphorus [Lu et al., 2021] in the glass break a num-
ber of Si-O-Al bonds needed for nepheline forma-
tion, rather forming significant numbers of Si-O-B or
Al-O-P bonds, respectively. However, there still ap-
pear to be some exceptions to the action of B,03
or P,05 on nepheline crystallization. When there is
a high concentration of non-bridging oxygens and
glass network unmixing, as there may still be the pos-
sibility of Na—Al-Si regions concentrated and uncon-
nected to the borate network [McCloy et al., 2015].
Similarly for P,Os in high concentrations in glass,
heat treatment induces phase separation and crystal-
lization of Na3PO4 which in turn nucleates nepheline
[Lietal., 2021].

3.4. Additional processing considerations

Another important issue is the volatility of elements
during glass melting and refining. Volatility can

modify the glass composition and have an impact on
off-gas treatment and processing. Volatilization from
glass melts is usually described by a combination of
diffusion/evaporation processes, such as diffusion
of the volatile species through the melt toward the
surface, evaporation of the volatile species from the
surface, and diffusion of the volatile species through
the gaseous phase. Moreover, the mechanism occurs
mainly through the formation of a molten salt in the
cold cap and by its subsequent volatilization. These
phenomena have been specifically observed for Cs
[Parkinson et al., 2007] and Re/Tc in LAW. Recent
reviews [Kim and Kruger, 2018, Xu et al., 2015b] have
reported that molten alkali (Li, K, Na, Cs) pertech-
netate(liquid) or perrhenate(liquid) usually forms
in the cold cap before its volatilization at the glass
surface, instead of decomposition into alkali oxides
and Tc,07 or Re;O7. Another recent study proposes
an effective means to manage this volatility in the
off-gas waste stream by added spinel-forming miner-
als (e.g., Ni-doped Fe(OH);) that can simultaneously
reduce PTc(VID) to P Te(IV) and incorporate reduced
99T¢(IV) into the stable spinel minerals [Lukens et al.,
2016, Luksic et al., 2015, Wang et al., 2019].

As stated previously in the context of quartz (Sec-
tion 3.3.4) and in general terms (Section 2.2), there
are different approaches to feeding waste plus glass
formers into the melter. Waste can be calcined or
liquid, alone or mixed with glass-forming chemicals.
Additives can be introduced to the waste as chemi-
cal or mineral precursors or as glass frit. The different
choices depend on multiple factors associated with
the process flow [Kruger et al., 2013]. For instance,
in some cases it may be quite useful to be able to
make small adjustments to the added chemicals de-
pending on a given waste, especially in a continuous
process, and this is facilitated by adding the glass-
forming and modifying chemicals directly to a liquid
feed, as is done at Hanford [Vienna et al., 2006]. Since
at Hanford the waste is separated, different formula-
tions can be used for the Hanford high-level waste
(HLW) and the LAW which have different compo-
sitional profiles. For LAW, for example, additions of
minerals containing particular metals of interest are
used which also contain SiO, for glass forming, such
as wollastonite (CaSiOs), kyanite (Al,SiOs), and zir-
con (ZrSiO4). Additives have to help or at least not
hinder glass formation while providing some bene-
fit to one of the processing criteria (e.g., electrical
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conductivity, viscosity) and/or product performance
metrics (e.g., chemical durability). Additives includ-
ing Zr, Al, Sn, and Si improve the chemical durabil-
ity but increase viscosity. Alkali and alkaline-earth
additions reduce viscosity but do not help chemical
durability. It is desired to be able to have a compo-
nent which improves durability without increasing
viscosity, and so hematite (Fe,O3) is added to Han-
ford LAW glass for this purpose [Vienna, 2021]. The
boron source, here borax (Na;B407-10H,0) generally
also fulfills this role but can harm chemical durabil-
ity when added in large concentrations. Additives are
summarized in Table 3.

3.5. Alternative glass systems

The waste loading in a particular glass system can
be limited in order to obtain a homogeneous glass at
the microscopic scale or increased to form GCs with
a larger amount of waste. The chemical solubility
of major constituents (e.g., MoOs, ZrO,, noble met-
als and lanthanides) of the spent nuclear fuel (SNF)-
derived waste stream in silicate melts is generally low
(1.0-2.5 wt%), and this severely limits the waste load-
ing to an undesirably low level of ~18 wt% in borosil-
icate glasses. While the majority of the aforemen-
tioned discussion is focused on borosilicate glasses,
which are the overwhelmingly preferred glass ma-
trices for nuclear waste vitrification [National Re-
search Council, Committee on Waste Forms Technol-
ogy and Performance, 2011], there are other glass sys-
tems which have been considered or used for waste
vitrification.

Phosphate glass, in particular, has been particu-
larly important in the former Soviet Union, for im-
mobilizing HIW from Mayak [Laverov et al., 2013,
Ojovan and Lee, 2011, Tracy et al.,, 2021]. Alter-
native host matrices, such as the iron phosphate
glasses [Stefanovsky et al., 2017a] and lead iron phos-
phate glasses [Sales and Boatner, 1984], can of-
fer a way of overcoming these shortcomings, since
phosphate glasses have a much higher solubility
for constituents such as halides, molybdenum, and
zirconium. Research has suggested that iron phos-
phate waste forms can increase radioactivity con-
centrations (>2x greater) that can be safely stored
and thereby decrease the total nuclear waste vol-
ume (>2x smaller) for storage and disposal [Brow
et al., 2020]. However, phosphate glasses are known

to react unfavorably with refractory materials [Tracy
etal.,, 2021] including electrodes used in Joule-heated
melters [National Research Council, Committee on
Waste Forms Technology and Performance, 2011].
Additionally, thermal stability is considered inferior
for phosphate glasses compared to borosilicates, so
undesired crystallization on cooling may be a prob-
lem [Donald, 2016]. Early compositions of phosphate
nuclear waste glass had poor chemical durability,
but more recent formulations are significantly im-
proved [Stefanovsky et al., 2019]. Some typical com-
positions of these phosphate glasses are shown else-
where [Donald, 2016].

4. Glass-ceramic waste forms

A summary of some of the studied crystalline phases,
the glass chemistries from which they are precipi-
tated, and their immobilized elements is shown in
Table 4. For non-nuclear applications, such as im-
mobilization of hazardous waste or even municipal
waste, GCs have also been proposed [Caurant, 2017,
Donald, 2010, 2016], though the target crystalline
phases are often different. The partitioning of the
target elements into crystalline phases is not always
complete, but the desire is to incorporate these tar-
get elements into chemically durable and radiation-
stable phases.

4.1. Process of fabrication

For nuclear material immobilization, it is desirable
to minimize the number of processing steps, so GCs
are typically produced from a melt, where nucle-
ation and growth of crystals happen either at an in-
termediate hold step or concurrently during cool-
ing (Figure 6) and not as a quench and reheat as
done with commercial GCs. The latter, where glasses
are quenched then reheated with nucleation and
growth steps is referred to as a GC, while the ex-
ample of a homogeneous glass at melt tempera-
ture designed to have controlled crystallization on
cooling is not normally referred to as such. In the
case of controlled nucleation and growth, the start-
ing point is a single-phase melt or a quenched
glass, where the crystals form upon cooling from the
melt or heating from the glass. If the crystallization
will happen on cooling, it is important to design a
system where the nucleation and growth temper-
ature dependencies overlap considerably, which is
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Figure 6. Schemes used for GCs produced from nuclear waste in order to avoid having to reheat

quenched glass.

normally not desirable for commercial GCs. Most of
the commonly considered nuclear GC systems fall
into this latter category, such as those based on zir-
conolite (CaZrTi,O7) and pyrochlore (A2B,07). Tar-
geted incorporation is particularly desirable for U,
Pu and minor actinides (Am, Np, and Cm), where
a emissions may deposit large amounts of energy
and create defects or even amorphization of the crys-
talline phases [Weber et al., 1998].

In another embodiment of this technology, the
crystals form at high temperature such as during a
hot isostatic press (HIP) or high temperature sin-
tering, and here starting materials are solid calcines
generally, sometimes including a fraction of glass
binder or at least glass-forming oxides [Vance et al.,
2010]. The final product consists of crystalline phases
plus a glass phase, and has been demonstrated for
U- and Pu-containing pyrochlore GC [Zhang et al.,
2013], an apatite GC from high fluorine or chlo-
rine wastes [Raman, 1998, Vance et al., 2012], and
a zirconolite GC targeted for Pu residues [Maddrell
etal., 2015].

4.2. Design issues

Designing a GC to immobilize waste, then, consists
of several steps. First, the waste itself must be consid-
ered, including its form (solid, liquid), and its over-
all composition. Problematic components must be
identified, both from the standpoint of elements to
be immobilized (e.g., Cr%", Pu) and for the addi-
tional elements in the waste that must be properly
handled to avoid producing a poorly durable prod-
uct (e.g., Na). Next, the formula of additives must be
determined. This could be dependent on the phases

desired for crystallization (e.g., adding TiO» to make
Synroc-type phases, adding charge compensators to
facilitate partitioning of a given element into a target
crystalline phase) or adding glass formers to enable
production of a high quality glassy matrix (e.g., SiO2,
B,03). Next, the thermal profile must be considered,
accounting for the physical form of the waste, the de-
sired method of mixing with additives, and the ther-
mal treatment process (e.g., melt crystallization or
HIP). Each of these steps will be described more fully
in the following.

A further consideration involves the flexibility
of a waste form to accommodate fluctuations in
waste composition [Marples, 1988]. For instance, it
may be desirable to create a GC waste form from
non-separated waste, as was the case with attempts
for celsian and fresnoite systems [Donald, 2010].
On the other hand, better performance for specific
wastes may be achieved by using separated waste
streams, such as the a-emitting Pu and minor ac-
tinides (An), which may benefit from a GC with a sin-
gle zirconolite or apatite phase [Caurant et al., 2009].
Since a particles and the corresponding lower energy
recoil nucleus deposit all their energy in a very short
distance in the material, this can result in volume
expansion due to swelling and helium bubble cre-
ation and amorphization of some crystalline phases
[Weber et al., 1998]. Reliance on studies of natural
analogue crystals containing Th or U has helped to
underpin predictions of long-term stability of An-
containing crystals [Ewing, 1999, Lumpkin, 2006, We-
ber et al., 1997]. Additionally, beta and gamma decay
of important high yield, medium-lived fission prod-
ucts like ¥7Cs (to '3"Ba) and %°Sr (to 9°Y then *°Zr) re-
quires consideration of the effects of high decay heat,
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chemical change, and possible amorphization on any
crystal structure incorporating these elements [Jiang
etal., 2014, Marples, 1988, Tang et al., 2014].

Some of the more desirable crystalline phases,
particularly for An, are flexible structures that can ac-
commodate a large variety of ions in multiple crystal-
lographic sites, and examples include pyrochlore, zir-
conolite, and apatite. This flexibility allows a certain
intrinsic tolerance to variations in the waste stream
chemistry. The solubility of target ions in the crys-
talline phase must be considered, along with the
partitioning of elements between the crystalline and
residual glass phases [Zhang et al., 2013].

In designing a nuclear GC, one must account for
the desired crystalline phases and a suitable melt
chemistry for the processing method selected. Most
of the GC systems considered are based on silicate
or borosilicate chemistries [Donald, 2010, Donald
et al., 1997], but a few phosphate glass systems have
been explored [Bart et al., 1998, Raman, 2000]. Sub-
tle changes in the rest of the glass chemistry may
also cause critical differences in the phases precip-
itated. For example, in the Mo-containing GC sys-
tem it has been shown that the additions of B,Og3
affect the availability of Na,O to form undesirable
water-soluble alkali molybdate phases, resulting in
the preferential production of durable alkaline-earth
molybdate phases like powellite (CaMoQ,) [Caurant
et al., 2010].

Often particular oxides, such as TiO,, ZrO,, and
Al,O3, must be added in large fractions to ensure
the desired durable crystalline phases are formed,
such as for the titanate, zirconate, and aluminosili-
cate phases. TiO2 and ZrO, are often added to com-
mercial GCs as nucleating agents [Hoche et al., 2012].
In nuclear waste GC, high liquidus temperature ox-
ides (such as the TiO,, ZrO,, and noble metal oxides
RuO; and PdO) may also act as nucleation sites for
crystals, although, in many cases, these elements are
incorporated into the desired crystalline phases.

Finally, the GC waste form must be economically
producible and have reasonable physical properties
for processing and storage. From a processing stand-
point, the electrical conductivity needs to be high
enough to maintain good melting if a Joule-heated
ceramic melter or cold crucible induction melter
are to be used. In one recent example, scale-up to
melter tests required a formulation change where
Li,O was added to increase electrical conductivity

of the glass melt to accommodate melter limitations
[Crum et al., 2014]. Other schemes of GC fabrication,
such as high temperature HIP, may not necessitate
this requirement.

At the end of the processing, the waste form
must maintain good thermal stability and mechan-
ical properties. Thermal stresses accumulated dur-
ing cooling, as well as thermal expansion mismatch
between crystalline phases and residual glasses, can
cause undesirable cracking or preferential dissolu-
tion at interfaces. At some point, optimization is nec-
essary, once initial experimental trials have estab-
lished some of the partitioning, and chemical dura-
bility measurements have been performed on the GC
as well as its individual components. For instance,
there may be some relationship between the tem-
perature of crystallization of a phase, its anisotropic
thermal expansion coefficients, and the glass transi-
tion temperature. These connections may result in
stresses at the crystal-glass boundaries which can
cause selective leaching [Crum et al., 2016], and these
factors need to be considered in addition to the in-
dividual durabilities of the crystalline and residual
glass phases [McClane et al., 2021, Neeway et al.,
2018]. These interaction factors depend on the actual
crystallization sequence, the distribution and size of
the crystalline phases, and by extension, the cooling
rates [Asmussen et al., 2017].

4.3. Mechanisms of phase separation and crys-
tallization of GCs

The development of controlled spontaneously crys-
tallizing GC materials is an attractive way to increase
the waste loading. This approach has been already
demonstrated for the vitrification of U-Mo waste
solution enriched in MoOs [Pinet et al., 2019] and
as an alternative for immobilizing non-fissionable
products obtained from aqueous reprocessing [Crum
et al., 2014, 2012, McCloy and Goel, 2017]. Design of
the waste form and its evolution during processing,
however, demands greater attention to ensure the
required quality (durability, thermal stability). The
mechanisms of phase separation and crystallization
have to be carefully understood and controlled at
each step in the processing. Figure 7 shows an il-
lustration of the main mechanisms of phase sepa-
ration and crystallization as obtained by nucleation
and growth.
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The schematic in Figure 7 describes the evolu-
tion of the morphologies obtained after different pro-
cesses and by the different steps of equilibrium in the
free energy-composition diagram at a temperature
above the phase separation (immiscibility) tempera-
ture. For a liquid of composition L0, represented in a
XY binary composition diagram, the first step is given
by the equilibrium between the liquids A and B along
tangent AB of the change in Gibbs free energy (AG).

Liquid-liquid phase separation leads to two differ-
ent phases: one highly enriched in X (phase A), con-
taining a small amount of Y, and the other enriched in
Y (phase B), containing a residual amount of X. This
process is characterized by the step a microstructure,
corresponding to the formation of spherical sepa-
rated phases B embedded in a residual phase A.

Depending on the relative stability of A and B, be-
low the liquidus temperature, B can totally crystal-
lize to form B’ (step cl) or to remain liquid. Either
solid or liquid can act as a nucleation agent to lead
to the complete crystallization of the major liquid A
in a more stable phase A’ (steps ¢2 and d1).

Liquid separated phase B can also grow in size
(step bl) and lead to the formation of secondary
liquid separated phases. In this case, a new equi-
librium is established along tangent CD. In accor-
dance with the mass balance (B — C + D), phase B
evolves (step b2) to a new equilibrium with the crys-
tallization of phase C and the formation of a new
vitreous phase D (step b3) in the form of beads.
This results in the formation of a complex phase as-
semblage of crystalline phases and glassy phases in
the initial liquid separated phase B. In this case, A
never crystallizes, and remains vitreous after cool-
ing. This morphology has been shown in the U-Mo
glass [Schuller et al., 2008] and in simple borosilicate
glass compositions containing MoOj3 [Brehault et al.,
2018, Kroeker et al., 2016]. In this process, separated
phase B can also act as a nucleation agent (same pro-
cess as steps €2 and d1) and can lead to the crystal-
lization of the residual matrix A.

The initial liquid LO can also be destabilized by
an initial crystallization and lead to another liquid
L1. In this case, the precipitated crystal acts as a nu-
cleating agent to promote liquid-liquid phase sep-
aration. A clear example is the impact of interac-
tion between trivalent lanthanide (Ln3*) ions and
molybdate ions on the crystallization behavior of
an alkali/alkaline-earth alumino-borosilicate glass

[Chouard et al., 2016] (Figure 8). When Nd3* is below
its solubility limit in this glass system, the Ln3* ions
keep the Mo-rich glass from phase separating. How-
ever, when there is excess Nd>*, an oxyapatite phase
is precipitated, which locally depletes the residual
glass of Nd®*, causing phase separation of the Mo-
rich liquid and subsequent nucleation of more oxya-
patite crystals. This last example points to the com-
plexity of phase separation and crystallization mech-
anisms (controlled by glass chemistry), and empha-
sizes their synergetic effects on the microstructure of
crystallized glasses.

4.4. Glass-ceramic families

As may be apparent from the discussion thus far,
many GC and glass-crystalline materials systems
have been considered for nuclear waste immobiliza-
tion. The large diversity of crystalline phases that
have been considered is indicative of the composi-
tional complexity and variability of wastes. A sum-
mary of some of the crystalline phases is shown in
Table 4, for immobilization of alkaline earths (Ba, Sr),
alkali (Cs), halides (Hd: Cl, I), molybdenum, and
actinides (An)/lanthanides (Ln). For early experi-
ments on phases which will ultimately contain An,
lanthanides (Ln®*) are often used as surrogates; in
particular, Nd3* is frequently used as a surrogate
for trivalent minor An, and Ce** as a surrogate for
tetravalent U or Pu [Caurant et al., 2009]. However, it
should be noted that though Ce** is a good An ana-
logue due to its charge and ionic radius, it readily ox-
idizes to Ce3* in many cases, and other ions such as
Hf** may be better surrogates.

Probably the most research on ceramic phases
for radioactive waste immobilization has focused on
the transuranic actinides (e.g., Pu, Np, Cm), as iso-
topes of these have long half-lives and deposit large
amounts of energy as they decay by alpha or beta
processes [Weber et al., 1998]. Additionally, today
there exists a large amount of aging separated Pu in
the UK and other countries which have become na-
tional priority for immobilization for environmen-
tal and security reasons [Ebbinghaus, 1999, Hyatt,
2017]. Additionally, the crystalline phases that ac-
commodate large actinide (An) ions tend also to be
suitable for lanthanides (Ln), which are abundant
fission products in reprocessed used nuclear fuel.
For these reasons, much research has focused on



137

John S. McCloy and Sophie Schuller

(98ed 1xau UO panunuod)

[6T0¢] Te 10 AdSyUTpNK

[0202] 'Te 10 BUS[A[

[e8861] premAeq

[9002] 'Te 10 JuBIED

[8102] 'Te 12 N\ ‘[9002] unjdun
‘[010¢] 3uBINE) PUR NBISIOT
[c102]

J[IMISIM -I9[SIoH) pue unjdum
[910¢] A9SIUIPNL PUE AYSAOUEJOIS

[0202] ‘Te 39 SuD[[\ UoXI(q
(6102 ‘q.102 ‘8102] e 30 Sueyz
[0202] ‘Te 3o M

[€T02] Te 10 3ueyy

[6102] ‘T8 10 3uag

[600¢] ‘Te 1 1911BD

[q2102] 'Te 19 Sueyy

[810¢2] Te 10 [ed ‘[0202] T 32 Uay)
[8T02] TB 10 [%d ‘(0202 'Te 310 uay)
[9002] 'Te 19 JuBINED

[1002] T2 32 O'YZ

[T102] T8 30 13[MYy2S ‘[020] Te 32 udyD

[96261] Te 10 poom3ury
[8102] ‘T 19 TNBJ ‘[2107] T8 19 wniy

[8102] Te 12 INed ‘(020¢] Te 18 uayD

surd)sAs Do pajrodar ou ‘gyreyemnur Yim aseyd Joury
[cO1-¢01S-0®D]

[CO1L-01S-0eDI-£0 V-0 %eN

[2O11-?01S-0BD]-*0 PN-?0IZ- 0V

SUId)SAS DO 9)1[0U0DIIZ UT U0 ‘Oseyd Ioulp

wamuwkw oR) —u@uuomwu ON

suId)sAs Do) pariodar oN

[COLL-20IN]-0%eN-£0%d—£0V—20IS
[c09D—-£0uT-0BD—¢0I1-0N]-0“eN-£0 °d- 0 [V—<OIS
[EOCPN—OLL-S0°qN—1eD]-0 CeN-£0°d—¢0°[v—20IS
[E0%PD—20JH-20IL-20Nd—-40N-0BD]-218D-0eN-£0 ?d—-£0 “IV—C0IS
[COLL-0N—0BD]-21eD—-0 eN-£0 -0 °[v—°0IS
[COLL-0N—0BD]I-0%eN-£0*d—-*0[V—°0IS
[EOPO-EOA-COLL-0BD]-0eN—£0°d— O ‘[V—C0IS

£QCUT-EQON-20IZ- 0 V-0 °d—°0IS-0“eN-O€D
EQCUT-EQON-20IZ- 0 V-0 °d—°0IS-0%eN-O.D
£0°PN-?01Z—0 eN-0BD—-£0 *d—*0 [V—-?0IS
£0TUT-£0°g-*0°IV-0%N

aseyd 10Uy

aseyd oorudg
201Z-209D-*00N-£0 -0 [V-0BD-0 %8N

201Z-£QuT-¢OON-£0“d—*0[V-0eD-O%BeN

860 1 (BINID 9T L D

SOISILeD

£0LLED

860 ' (BINID 21 11) (N9DBD)
LOEILY (Iv*a) ¢(UN ‘BD)UZ
90%L(EeDUTN)
A%0%qN (8D eN)

10 L0%(JH L) ¢(N‘UT®D)
1o LoTreut

Olpasgul
toascul

co(*or9)8ute)
voI1s1Z

¢OIL
202D

[o1qno 10 ‘[eU0SeI19] OIUIOOUOU

9q ued 9IS IZ UI ug ‘uy] ¢0Iz

9IUOIYDIID)

(onuen]) suayds

9ID[SA0Id]
an8urianog
9)reIRIN

9)IIoUURIg

2I0[Y2014g

sareueIl],

QjedI[Isoioq ug
SIAIY
ajoyig
‘(exeoryis) aynedy

uooIIZ
$918O1NIS

amny
d)ueLIR)

anfareppeg
SOpXO

saseyd aprueyjuey/oprunoy

SJURIdJY

SUI9)SAS SSB[D

A1)9WOTYO10)S [EUTWION

aseyd aurpeisA)

SoTureI199-sseyd 91sem reafonu ut saseyd juerroduwir Jo Arewrwing *f d[qer,



John S. McCloy and Sophie Schuller

138

(98ed 1xou uO panunuod)

(86611 'Te 30 11Bg aseyd 1oury L(*Od)PNSIN®eD 9IDPONIYM
[2102] 'Te 30 Wy ‘[ST0¢] 09H pue W] 209D-f0PN-O“BN-50%d—t0d—°0IS ¢(*Od)aDteN AISIIA
[e0202] e 30 Suem ‘[6102] e 32 NI ¢01Z-0%eN-t0%d-50%d £(vOd) 1z (eN) dIIBUSOY
(areydsoyd)
(86611 &30 1eg E0TPN-20IS-S0%d-0rD-0SIN 209(*0d) L (u1‘eD) amedy
[0‘q020z ‘9102] 'Te 30 uem ‘[8102]
‘Te 30 3ua( ‘[S10¢] Te 10 uRWRIYIRANSY  (EQTPN-fO R T-£0PD~200D)-(COLL-£0%d)-£0%d-S0?%d :ereydsoyd a1
Yodu1 9)IZBUOIN
[8002] Te 30 9H £0%d-£Q0N—-%09D—-201Z—-E0?PN-S0¢d—EQ?eT] :23eydsoydelow e )
sayeydsoyqd
[9102] A9sIUIpNA pue ASA0UR}aIS swalsAs DO partodaroN  CIQS(aZeD) E(UTDIISTV) jouren
[0zog] Te 32 nyz [201Z-201L-0®D]-¢02D-0%eN-£0°d— 0 [V—¢0IS
[2102] 'Te 10 1aquioy], ‘[STOZ] e 10 [[PIPPEIN [201Z-201L-0BD]-0°eN-£0°d-£0[v—°0IS
[2102] Te 38 [[2IPPEIN [201Z-201L-0BD]-0O%eN-£0 4 V-201S
[2102] Te 30 oer] [201Z-201L-0BD]-0%eN—E0QPN—E0 V-20IS
[8T0C ‘©9102] Te 1@ NM ‘[STOZ] Te3a 1T [€01Z-¢O1L-0D]-0rd—-0%eN-£Q °PN-£0°d—?0IS Lodrazen a)Ijouo2117
[ST0Z] 'Te 38 [[PIPPEIN [201Z—201L-0®D]-%1eD-0“eN—- 0 ?PD—-£0°d—E0 Y [V—C¢0IS
[6002] uerssnysrejy pue 1yadasdpnowryey [201Z-20LL-0BD]-0-04d—t0 -0 v-201S
[e€00z2] Te 10 neasio] [201Z-201LL-0BDI-£0?V—20IS
[900¢] T 39 yueIne) [201Z-201L-0BDI-0%PN-OIV-¢0IS
S91eUO0211/
S9OUIdJeY SUISAS SSe[DH)  Anouwionyorols feurwioN  aseyd aul[eISAI)

(ponunuod) -y AqEL



139

John S. McCloy and Sophie Schuller

[1202] 'Te 3@ noyzZ ‘[qozoz] Te 10 33919

(8661] UewIRYy

[98861] premAeH
[eg861] premAey ‘[F102]
‘Te 30 wnI) ‘(€102 ‘T8 10 UBUD[ULIg

[F102] T8 30 wnip

[T202] T8 10 1aupren
[8102] Te 10 uayD

[0202] ‘Te 39 9H
[1202] 'Te 10 Suex

[omederonyy :d1H] ¢11S-S02d—€07%2d
08IN-0BD-0%BN-2180-201Z-£02d-£0?V-90%d-C01S

aseyd 1oury

aseyd 1ourn

aseyd 1ourn

BIpOW 93UBYIXS UOT 9)1ZBqeYD JO JTH

BIPOW 93UBYDIXS UOI 9JBUEIIIODI[IS SUI[[EISAIO JO JTH
[2O1S-E0?V-0%sDl-0%eN-£0%d

[CO1S-E0 V-0 %sD]-0BD-0O“eN-£0d

IO EFOA YO $(qd BD) amedy
saseyd apieH

9(O1s) YOO OV 8eN UBISOU-O]\

YOO (IS Bg) CINEELRIN

YOO (1S‘8D) a[[eMog

saseyd wmuapqA[oIn

90°Iv0I‘'sD) 9110N9[-$D

8TO9qNILSD a10[y0014d-s)

[9261] Z)Ny2S pue ueydens ‘(1¢oe 90°ISIVSD ayon{od
‘e 30 103urssy ‘[egg6T] premAeH  [20IS-£0?V-0?sD]-¢01Z-S02%d-0rg-0BD-0%eN-£0%d

[96.61] T 19 poom3ury aseyd oo1uig 9191 ved 9)IpUE[[0H

[egg61] premAeH aseyd 10Uy 910911 cadeg oyuepud-eg

[egg61] premAeH aseyd 10Uy €OIL(S®D) 9ID[sA0Idd

[e8g61] premAeH aseyd 1ourN YOO (1S ‘eq) 9)1[99Y0S

[eg8861] premAe [201S-20LL-0rd]-0UZ-£0V-03IN-0BD 80dsired 9j10UsaI]

[e8861] premAeH [201S—-€0°[V-0rd]-OUZ-°0LL-0IT-0CeN-0BD—€0 g 80cISCved ueIs[)

saseyd wNIS3ad/WNNUOI)S/WINLIeyg

S9JURIdJY SUId)SAS sse[n A19WOIYI101S [RUTWION aseyd aur(eisii)

(panunuoo) *p Aqel,



140 John S. McCloy and Sophie Schuller
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Figure 7. Possible phase separation and crystallization mechanisms obtained by nucleation and growth
processes in nuclear and industrial wastes, based on original work of Gutzow [1980a,b] and more recent
work of Chouard et al. [2016] and Schuller [2017].
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Figure 8. Example of the effect of phase separation on crystallization in rare earth (Nd) and molybdenum
(Mo) containing nuclear waste glasses; in systems containing only Nd, the glass (G) forms surface crystal-
lization of oxyapatite (A); in compositions with Mo and Nd, the crystallization of apatite promotes phase
separation of molybdate (M) droplets, which further nucleates more apatite crystals. From Chouard et al.
[2016], copyright Elsevier, used with permission.

understanding the crystalline structure and An/Ln  in many cases GC routes to waste form fabrication
accommodation of a number of mineral phases, and have been proposed.
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Rather than detail all these studies, we summa-
rize them in Table 4, and briefly below. We catego-
rize the systems as primarily phosphate, silicate, zir-
conate/titanate, or Cs/Ba/Sr phases. For industrial
wastes, we describe them together first, in terms of
the typical phases formed, without doing a compre-
hensive study of the literature here.

4.4.1. Silicates and related phases: industrial waste
glass-ceramics

Nearly all of the relevant wastes which have been
considered for vitrification fall within the overall
Si0,-Al,03—CaO system [Caurant, 2017, Karamanov,
2009]. For this reason, normally few additives are
needed to make glass-forming systems, when the
waste is of this type. The main difference in composi-
tion between incinerator ash (IA), coal fly ash (CFA),
sewage sludge (SS), and slag from the iron industry
(IS) is the relative amounts of these three oxides. IA
and IS have relatively higher CaO and lower SiO,,
with IA having some Al,O3 and Fe,Os. CFA and SS
have similar compositions, with high SiO, and low
CaO with relatively high Al,O3. The only exception to
this is Zn hydrometallurgical waste (either jarosite or
goethite based) which is mostly Fe, O3, so requiring a
significant amount of additional SiO, to form glass.
Chlorides and sulfates are present in some wastes,
like fly ash, which can give rise to similar problems
with molten salts [Caurant, 2017], as described in the
yellow phase/sulfate section.

The emphasis in industrial waste GC has been
to achieve good thermal and mechanical properties
(toughness, abrasion resistance) along with favorable
aesthetics (color, texture) [Karamanov, 2009]. Rarely
are studies performed to assess the immobiliza-
tion of hazardous elements (such as heavy metals)
through chemical durability tests, which show a stark
contrast with typical studies for nuclear waste GC
[Caurant, 2017]. All the typical methods for produc-
ing GC have been explored with industrial wastes,
including quenching followed by nucleation and
growth, crystallizing from a melt on cooling, and sin-
tering of glass powders [Caurant, 2017, Karamanov,
2009]. Several commercial products were produced
at one point from metallurgical wastes, including
Slagsital [Holland and Beall, 2012] and Slagceram
[Karamanov, 2009]. Nucleation of crystals can hap-
pen from phase separation, such as with high P,0s,
from oxides like Fe;O3 or Cr,O3 in the waste, from

added nucleating agents like TiO,, or on glass parti-
cle surfaces [Caurant, 2017, Holland and Beall, 2012,
Karamanov, 2009].

The crystalline phases that form in such GCs
are therefore silicates [Isa, 2011]: typically calcium
silicates (wollastonite, CaSiO3), pyroxenes (diop-
side, MgCaSi,Og; hedenbergite, CaFeSi,Og; augite,
see below), aluminosilicates (gehlenite/akermanite,
CapAl,Si07—-CapMgSi,07;  cordierite, (Mg,Fe),Al-
(Si5AlO1g); anorthite CaAl,Si>Og,), and sometimes
spinel (including magnetite, Fe3zO4; franklinite,
ZnFey;04; and other mixed ferrites). For example,
augite, (Ca,Mg,Fe?")Si,Og, is a major crystalline
phase produced in GCs for immobilizing lanthanide-
containing mining wastes, where they crystallize
from CaO-MgO-SiO,-Al,03 glasses containing the
mixed lanthanide oxide waste, and La substitutes for
Ca in the clinopyroxene augite phase [Chen et al.,
2019a]. Related diopside-based GCs have also been
proposed for immobilization of heavy metals Pb and
Cd from incinerator waste [Krausova et al., 2016].

4.4.2. Silicates and related phases: nuclear waste
glass-ceramics

Similar composition, basalt-based GCs have been
investigated from the beginning for nuclear waste
immobilization [Hayward, 1988a, Martinez et al.,
1987], focusing on remelting natural basaltic rock
along with calcined waste oxides, to produce pyrox-
enes like augite along with hematite (Fe,O3) or mag-
netite and sometimes other spinels (NiFe»04) and
powellite. Here augite or another pyroxene was a
major phase designed to incorporate transuranics
[Hayward, 1988a].

Much recent work has been performed looking at
the crystallization of silicate phases from alumino-
boro-silicate glasses. French scientists investigated
these systems for immobilization of U-Mo glass
compositions and US scientists for a proposed GC
produced from aqueous reprocessed commercial
UO, fuel [McCloy et al.,, 2019a]. In both cases,
the GC were to be produced in a cold crucible
induction melter, where nucleation and growth
happened on cooling [Caurant et al., 2009, Crum
et al., 2014, Schuller et al, 2011]. The primary
phases of interest in this system are silicate oxya-
patite, nominally CayLng(SiO4)02, for immobiliz-
ing lanthanide fission products and actinides, and
powellite CaMoO, for immobilizing Mo and Sr/Ba
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[Crum et al., 2012]. Numerous studies have been
made on single-phase ceramics and GCs of oxyap-
atite and powellite studying their chemical durability
and radiation damage behavior [Asmussen et al.,
2017, Brinkman et al., 2013, Chouard et al., 2019,
Crum et al., 2016, Fahey et al., 1985, Neeway et al.,
2018, Peterson et al., 2018, Tang et al., 2014, Weber
etal., 1997].

The powellite (nominally CaMoO,) structure has
been shown to be flexible to accommodate multiple
waste ions when crystallized out from a complex nu-
clear waste glass. Chief among these is the incorpo-
ration of Ba and Sr, which have been shown to sep-
arate into two different powellite phases, one with
(Ba,Sr) and the other with (Ca,Sr) [Crum et al., 2014].
Powellite can also incorporate a significant amount
of lanthanide elements along with Na,O for charge
compensation [Patil et al., 2018]. This proximal loca-
tion of lanthanide and molybdenum ions in the crys-
tal supports recent assertions about the role of rare
earths in aiding the dispersion of molybdate ions in
these glasses [Kamat, 2021]. The nucleation of pow-
ellite happens at high temperature through a phase
separation process in a Mo-rich liquid [McCloy et al.,
2019b], as discussed previously.

Oxyapatite can likewise incorporate many metal
ions. Trivalent americium has specifically been
demonstrated to partition to an oxyapatite phase
from alumino-boro-silicate GC [Bardez-Giboire
et al., 2017]. These oxyapatites have been shown
by electron microprobe to accommodate significant
amounts of ZrO,, B»03, and NayO from the glass
[McCloy et al., 2019b, Patil et al., 2018]. There are
related natural apatite family minerals which are
primarily silicate (britholite) or which contain both
silicate and borate in the structure (tritomite, cary-
ocerite) [Chen et al., 2020]. Other crystalline phases
can nucleate oxyapatite from these glasses, including
powellite as discussed above [Chouard et al., 2016],
as well as ruthenium dioxide [Kamat et al., 2020].

Other silicate or borosilicate phases can form
either with oxyapatite or instead of it, depending on
the glass composition. It was shown, for instance,
that small trivalent lanthanide ions (Ho, Y, Tm, Yb,
Lu) result in the preferential formation of keiviite
(LnySi»O7) [Chen et al., 2019a, Patil et al., 2018].
This phase due to its crystal chemistry can incor-
porate large amounts of ZrO, as well as some CaO
and B,O3 [Chen et al., 2020]. In rare cases with

peralkaline borosilicates [Chong et al., 2021, Crum
etal., 2014, Kissinger et al., 2021] and frequently with
peraluminous compositions [Chen et al., 2020], a
lanthanide borosilicate phase LnzBSi, O will form.
This phase incorporates some B,03; and ZrO,, and
forms with the larger lanthanides (La to Gd) in CaO-
NazO—SiOZ—BgOg—A]gOg—ZI'OZ—MOO?,—an03 peralu-
minous glasses rather than oxyapatite [Chen et al.,
2020]. In this same glass series, smaller lanthanides
(Tb to Lu) instead form keiviite or oxyapatite plus a
lanthanide borate phase [Chen et al., 2020]. The bo-
rate phase is nominally LnBOs, but can incorporate
CaO, ZrO,, and some SiO».

Finally, nuclear GC often also contain a specific
Zr phase, normally a form of ZrSiO, (zircon) or ZrO,
(zirconia) [Chen et al., 2020]. The ZrO, phase can
incorporate a large amount of lanthanide, chang-
ing from the monoclinic baddeleyite to a tetragonal
or cubic fluorite structure [Chen et al., 2020]. Cubic
zirconia occurs naturally in the mineral tazheranite,
written as (Zr,Ti,Ca)O,_, or CaTiZr,Og [Stefanovsky
and Yudintsev, 2016]. Both zircon and zirconia have
been studied as single-phase ceramics for plutonium
immobilization [Ewing et al., 1995, Gong et al., 2000].
The nuclear waste community has extensively stud-
ied zircon for the following reasons [Ewing, 1994,
Ewing et al., 1987, Ewing and Haaker, 1980, Weber,
1990]. Zircon has a propensity for incorporation of
uranium, thorium, and lanthanides in natural min-
erals, and it amorphizes over time due to radiation
damage (metamictization). Additionally, natural zir-
con crystals can be precisely dated due to uranium
decay, thus giving the ability to obtain rates for radia-
tion damage. Finally, the structure of zircon is related
to other important crystal phases like the phosphate-
mineral monazite.

4.4.3. Zirconates and titanates

The selection of a crystalline phase to immobi-
lize radionuclides which undergo alpha decay or fis-
sion at least partially relies on their radiation dam-
age tolerance. One consequence of radiation damage
is the production of amorphized structures in previ-
ously crystalline materials [Weber et al., 1998]. This
metamictization has been studied for natural mate-
rials of various chemistries, including silicates, phos-
phates, titanates, and zirconates. Theoretical stud-
ies have shown that the resistance to amorphization
can be understood as being related to the relative
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covalent character of relevant bonds, at least for ox-
ides [Trachenko, 2004, Trachenko et al., 2005]. This
explains the relative propensity of phosphates and
silicates to amorphize at lower doses than titanates,
for example. Zirconates, being the most ionic, ex-
hibit the least tendency to amorphize, and this cor-
responds also to their poor glass-forming ability
compared to the other systems [Trachenko, 2004].
Thus particularly for single-phase ceramics, but also
some GCs where large amounts of energy deposition
are expected, such as in separated Pu streams, zir-
conate phases may be preferable if amorphization is
undesirable.

In the previous section, it was discussed that
Zr-containing phases are often present in alumino-
boro-silicate GC designed to immobilize reprocess-
ing waste. Additionally, there is an important set of
GC studied specifically for the immobilization of
plutonium and minor actinides within the phase of
zirconolite, nominally CaZrTi,O7, but incorporating
in nature significant metal substitutions [Blackburn
et al., 2021, Omel’'yanenko et al., 2007]. Related min-
eral species are generally considered as “zirconolites”
including monoclinic, trigonal, and orthorhombic
phases including related minerals like zirkelite [cu-
bic (Ca,Th,Ce)Zr(Ti,Nb),07 or (Ti,Ca,Zr)O,_,] [Ste-
fanovsky and Yudintsev, 2016]. Zirconolite and the
related cubic pyrochlore (see below) have been
among the most studied crystalline phases for nu-
clear waste ceramics, as zirconolite is one of the
key phases produced in the multiphase titanate-
based ceramic waste form called Synroc [Gregg et al.,
2020a, Ringwood et al., 1979b, Vance, 1994, Vance
etal, 2017].

Zirconolite-based GCs have been studied for at
least two decades, with detailed crystallization stud-
ies of Ca0-Al,03-Si0y with TiO, and ZrO, having
been performed early on [Loiseau et al., 2003a,b].
Lanthanide oxides are also added, and these incor-
porate into the zirconolite structure [Caurant et al.,
2006]. Much of this work, including control of sur-
face versus bulk crystallization, was summarized in a
book in 2009 [Caurant et al., 2009]. In zirconolites for
immobilizing Pu, Hf is often added to control criti-
cality, and it substitutes on the Zr site [Caurant et al.,
2007b]. In systems forming zirconolite where mul-
tiple lanthanides and/or actinides are present, zir-
conolite tends to prefer smaller Ln ions (e.g., triva-
lent Y, Gd, Eu) and An** while the perovskite phase

(nominally CaTiO3) tends to preferentially accom-
modate large Ln ions (e.g., trivalent Nd, Ce, La)
and An®* species [Lumpkin, 2006]. This partitioning
is important, since though perovskite has a higher
amorphization threshold than zirconolite, its chem-
ical durability is considerably lower [Blackburn and
Hyatt, 2021, Lumpkin, 2006].

While early work was focused on quenching glass
followed by nucleation and growth of zirconolite,
recent efforts have focused on HIP. HIP was pro-
posed for halide-contaminated Pu wastes from Sel-
lafield, UK [Stewart et al., 2013]. In Nay,O-Al,O3—
B,03-Si0,-Ca0-TiO,-Zr0O,—-CaF,-Gd, 03 systems, it
was found that as Al/B ratio in the composition de-
creased, zirconolite no longer formed, but rather
sphene (CaTiSiOs), zircon, and rutile (TiO,) [Mad-
drell et al., 2015]. Many other recent studies have
been made on zirconolite GC systems [Li et al., 2015,
Wu et al., 2016b], including those focusing on phase
evolution over time [Maddrell et al., 2017], effect of
glass composition [Maddrell et al., 2015], and ef-
fect of redox conditions [Zhang et al., 2017a]. In
some studies, a precursor ceramic zirconolite phase
is used, then reacted with glass powder precursors,
which is hence not a true GC by the definition es-
poused here [Kong et al., 2019].

Sphene (also called titanite) GCs were explored in
some detail by the Canadian scientific community to
immobilize the radioactive waste from the CANDU
(Canada Deuterium Uranium) reactors [Hayward,
1988a,b]. GCs were formulated from the NayO-
Aly03-Si0,-Ca0-TiO, + waste oxide system, with
the sphene (CaTiSiOs) crystal designed to accept
a large variety of waste cations, leaving a durable
aluminosilicate glass matrix. Some minor phases
produced in sphene GC include pyrochlore, flu-
orite, wollastonite, powellite, anorthite, fresnoite,
perovskite, and perrierite [(Ca,U,Ln),TizSizO11]
[Hayward, 1988b]. Sphene was an attractive ma-
trix for incorporating waste components due to its
known chemical durability even in brines and after
irradiation-induced amorphization, as observed in
naturally metamict samples [Hayward, 1988a]. Only
limited work has been published in recent years on
sphene systems, notably GCs produced from iso-
chemical glasses [Jelena et al., 2020]. Sphene can
sometimes form on zirconolite GC as an undesirable
surface-crystallized phase [Loiseau and Caurant,
2010].
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A number of other titanate phases have been in-
vestigated for nuclear waste immobilization in the
context of multiphase ceramic waste forms known as
Synroc, originally developed in Australia [Ringwood
etal., 1988, 1979a,b]. The Synroc systems were mostly
based on titanate minerals and were designed for
HIP [Vance et al., 2017], though melt-derived Syn-
rocs have also been reported [Amoroso et al., 2017,
Tumurugoti et al., 2016]. The target phases are usu-
ally hollandite (nominally BaAl,TigO;¢), zirconolite,
pyrochlore (nominally (An,Ln)Ti»O7), and perovskite
(CaTiO3). Waste form design generally targets immo-
bilization of Cs and Rb with hollandite, rare earths
and actinides with zirconolite and perovskite, Sr with
perovskite, and platinoid metals and Tc with an al-
loy phase [Vance et al., 2014]. Usually some Ti oxide
phases like rutile (TiO,) and reduced TiO,_, phases,
Magnéli phases Ti, 02,1, are also present due to in-
teractions with HIP cans or addition of Ti powder to
reduce the oxidation state of metals cations [Carter
et al., 1996, Gregg et al.,, 2020a]. Other minor ti-
tanate phases, which can accommodate large ion fis-
sion products, lanthanides, and actinides, are some-
times observed, such as loveringite and related min-
erals of the crichtonite group such as davidite [Lump-
kin and Geisler-Wierwille, 2012]. Metals such as Cr
and Fe can partition into crichtonite minerals be-
tween loveringite, (Ca,Ce,U)(Ti,Fe,Cr,Mg),;03s and
davidite (Ca,Ce,La)(Y,U)(Ti,Fe3*),003g [Buykx et al.,
1990, Green and Pearson, 1987].

Other than zirconolite,
best studied for actinide immobilization is
pyrochlore. The mineral pyrochlore itself is
(Na,Ca),NbyOg(OH,F), but the pyrochlore group
refers to a number of titanates, zirconates, halfnates,
niobates, and tantalates with cubic structures re-
lated to fluorite, written as AyB,OgX (Where X = 0%,
OH™, F7, or vacancy) [Omel'yanenko et al., 2007,
Stefanovsky and Yudintsev, 2016]. In fact, the struc-
tures of fluorite solid solution, defective fluorite, and
pyrochlore structures can occur in the same binary
system depending on the concentration of the two
metals [Stefanovsky and Yudintsev, 2016]. Pyrochlore
and zirconolite structures often interchange depend-
ing on the relative concentrations of metals species
and their oxidation state [Aleshin and Roy, 1962,
Xu et al., 2004], for example where Ce3* incorpo-
rates into zirconolite-4M and perovskite and Ce**
incorporates into pyrochlore [Zhang et al., 2020].

the phase arguably

A related cubic structure considered for nuclear
waste immobilization is murataite, which consists of
two fluorite unit cells together rather than the two
for pyrochlore [Stefanovsky and Yudintsev, 2016],
though no reports of GC have yet been made. Ti-
tanate pyrochlore (U,Pu,HfGd),Ti,O7, having mi-
nor phases of zirconolite, rutile, and brannerite, was
determined by a US scientific program in the early
2000s as the recommended phase for Pu immobiliza-
tion due to its good radiation stability and chemical
durability [Caurant et al., 2007a, Lee et al., 2006].

Many studies have been made recently on
pyrochlore-based GCs. Early reported studies are
properly glass composites, with a lead-containing
cathode ray tube glass matrix encapsulating
LapZr,07 or GdyZr,O; pyrochlore with sintering
or hot pressing temperatures below 700 °C [Boccac-
cini et al., 2003, 2004, Digeos et al., 2003]. Similar
studies were made using borosilicate glass matri-
ces and pre-reacted zirconate powders [Pace et al.,
2005]. More recent studies have been performed at
the Australian Nuclear Science and Technology Orga-
nization (ANSTO). Researchers there have produced
true GC by the HIP process, starting with oxides or
calcined nitrates containing both the glass (Na,O-
Al,03-B»03-Si03) and pyrochlore (CaO-UO,-TiO»)
precursors, then HIPping at a high temperature with
some metal powder (Ti, Fe, or Ni) to control the redox
[Carter et al., 2009]. Resulting GC showed pyrochlore,
brannerite, sphene, rutile, and UO, phases [Carter
et al.,, 2009]. Later studies tested the incorporation
of CaF, and PuO, and neutron poisons Gd,03 and
HfO,, but essentially the process was similar, and in-
ternal crystallization was demonstrated [Zhang et al.,
2013]. Some amount of secondary phases of CaF,
USiOy4, and Ca3AlgSizO16 was noted. Slightly modi-
fied processes were used to make Ln (Tb, Yb, Er, or
Gd)-Ti precursors by wet chemistry methods making
loose agglomerate not requiring milling; this powder
was then added to the glass precursor and a cold-
press-and-sinter route produced internally crystal-
lized Ln,Ti»O7 pyrochlore phases in a glass matrix
[Kong et al., 2017a]. A later study focused on Y,Ti»O;
and the effect of process parameters such as ratio of
glass to ceramic precursors, calcination temperature,
and cooling rate [Kong et al., 2017b]. HIP methods
have most recently been revisited, and interactions
with the stainless steel canister produced mixed
Cr/Ti oxides, CrTi»Os5, and Gd-(Si/Ti) oxides crystals
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in addition to the desired Y- and Gd-pyrochlore ti-
tanate phases in glass [Wei et al., 2019]. Finally, a dif-
ferent group has recently produced Ca;Nb,O7-based
pyrochlore GC by melting precursors and crystal-
lizing on controlled cooling [Wu et al., 2020]. Uni-
form microstructures of (Ca,Na)(Nb,Ti),Ndgg706F
pyrochlore crystals were produced in an alumino-
boro-silicate glassy phase, and the overall waste form
showed chemical durability comparable to typical
HIW borosilicate glasses [Wu et al., 2020].

Brannerite, nominally UTi,Og, is structurally
composed of Ti and U octahedra, and can substi-
tute Ca, Th, Ln, and other elements by oxidizing
some U?* [Lumpkin, 2006, Stefanovsky et al., 2017b].
A few GC studies have been conducted in the last
few years targeting this phase. Notably, pyrochlore
phase Ln,Ti»O7 can convert into a (Lngs5Ug5)Ti2Og
brannerite phase when uranium is substituted in the
system [Zhang et al., 2017b]. Here glass precursor of
the composition NayAlBSigO16 is pre-made at low
temperature and mixed with a ceramic precursor
powder made from calcined alkoxides and nitrates
of Ti, Ca, Y/Ce/Eu/Gd/Tb/Dy, and U; these compo-
nents were then mixed and heat treated at 1200 °C,
then slow cooled [Zhang et al., 2018, 2017b, 2019].
When rare earths are also incorporated, most of the
U is present as U®* for charge compensation, and
in cerium-containing compositions the Ce is mostly
Ce3" [Zhang et al., 2018]. More recent studies used
cold-press and sinter at 1200 °C from the same glass
precursor NayAlBSigO;6 but adding oxides TiO, and
U0, in different ratios [Dixon Wilkins et al., 2020].
GCs were observed, with some TiO, dissolving into
the glass phase and preventing the desired branner-
ite unless excess TiO, was added. In this study, bran-
nerite was suggested to form around starting UO,
particles until they were consumed or the kinetic
barrier prevented diffusion; this barrier was thought
to be lower for brannerite GC than for brannerite
ceramics [Dixon Wilkins et al., 2020].

4.4.4. Phosphates

In the phosphate family of mineral and re-
lated synthetic phases [Ewing and Wang, 2002],
the main considered phases have been phos-
phate apatite (e.g. CagNd2(PO4)gO, or Cas(POy4)3F),
monazite (CePOg4)/xenotime (YPOy4), vitusite
(NagCe(PO4)2), and synthetic phases related to

kosnarite (KZrp(POy4)3) such as NaZr,(POy)s (NZP)
and Zr, (PO4)3 [Roy et al., 1982].

Phosphate apatite phases have been targeted for
wastes containing high amounts of halides. GCs
made with waste calcine from the Idaho Chemical
Processing plant, rich in Al,O3, B203, ZrO,, CaF,,
Na;0, Ca0, and CdO, were designed with added SiO»,
MgO, and P,05 [Raman, 1998]. The waste calcine
plus additives was HIP in stainless steel canisters at
138 MPa and 1000 °C, producing a GC with multiple
ceramic phases, including several containing Zr or
Ca, including Cas(PO4)3F fluoro-apatite. This study
[Raman, 1998] is a good example of designing the ad-
ditives to produce a set of targeted crystalline phases.
Recently fluorapatite phases have been created by
two-step sintering of iron phosphate glass with SrF,,
in an effort to explore waste forms for immobilizing
the halides in molten salt reactors [Zhou et al., 2021];
other researchers, however, have emphasized the low
waste loading of fluorine in this scheme [Gregg et al.,
2020b]. GC for dental applications have been demon-
strated from phosphate glasses with Sr phosphates
and Sr- and Ca-fluorapatite plus xenotime and mon-
azite [Ritzberger et al., 2013] or with chlorapatite
from aluminosilicate glasses [Chen et al., 2014].

In recent years, more focus has been given to
monazite-based GC systems. Monazite is a very flex-
ible structure which in nature is based on phos-
phate but can form in other chemistries, and can in-
corporate a wide variety of metal ions [Clavier and
Dacheux, 2011, Montel, 2011]. In one example, a lan-
thanum metaphosphate glass powder is mixed with
simulated HLW calcine (Nd** and Zr** used to simu-
late transuranics, plus La, Ce, Fe, and Mo) and heated
to 1200 °C then cooled in the unpowered furnace,
producing monazite and ZrP,O7 crystals in glass [He
et al., 2008].

Given the desirable chemical durability properties
of iron phosphate glasses [Joseph et al., 2017], a num-
ber of studies have looked at crystallization from this
base glass type, sometimes including B,O3 or TiO, to
suppress unwanted crystalline phases like ZrP,O7 or
FePO, [Asuvathraman et al., 2015, Deng et al., 2018,
Wang et al., 2016, 2020b]. The main phase produced
is monazite, which ends up as a mixed phase such as
(Ce,La,Nd)PO4 depending on the lanthanides added
[Deng et al., 2018, Wang et al., 2016, 2020b,c].

Much less research has been conducted on phos-
phate GC based on NZP-type phases or vitusite.
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GCs based on NZP have been recently demonstrated,
using an iron borophosphate base glass with added
Na,O and ZrO; [Liu et al., 2019, Wang et al., 2020a].
Though these initial studies have not shown incorpo-
ration of target waste ions, in theory NZP could ac-
commodate Sr, Cs, and actinides in its structure [Ew-
ing and Wang, 2002]. Vitusite GC were investigated
to immobilize lanthanide fission product wastes pro-
duced during pyro-processing of used uranium fuel,
where the lanthanide oxides were mixed with borosil-
icate glass with P»O5 to facilitate formation of the de-
sired NasLn(POy), vitusite phase, which was shown
to sequester Ce and Nd [Kim and Heo, 2015]. A sub-
sequent structural study showed that the vitusite
phase, because it requires Na for formation, can
closely sequester Nd and also improve the chemical
durability, with respect to Na, compared to the un-
crystallized glass [Kim et al., 2017].

4.4.5. Cs/Sr/Ba waste forms

In early studies of nuclear waste immobilization,
it was recognized that waste forms would be needed
for the highly radioactive and short half-life nuclides
of Cs, Sr, and Ba. To immobilize Ba, extensive proof-
of-concept studies were made of GCs based on cel-
sian (BaAl,Si,Og) and on fresnoite (Ba,TiSi»Og), first
developed in Germany [Hayward, 1988a, Lutze et al.,
1979]. Celsian ceramics and GC are used for vari-
ous technological applications including dielectrics,
insulators, and low expansion materials [Lee et al.,
1995]. Similarly, fresnoite GC has been extensively
studied for technological applications such as piezo-
electrics and nonlinear optics and also for funda-
mental understanding of isochemical crystallization
[Wisniewski et al., 2018].

On further study, fresnoite GCs were found to
be of higher durability due to the boron-rich glass
phase required for producing celsian GCs [Hayward,
1988a]. Other phases considered for Ba and Sr were
scheelite/powellite (BaMoO,4) [Hayward, 1988a],
and it has been confirmed recently that when com-
bined with Ca will form two molybdate phases in
nuclear GC, one containing Ca and Sr, the other Ba
and Sr [Crum et al., 2014]. Celsian systems studied
formed celsian (monoclinic or hexagonal), titanate
pyrochlore, scheelite, pollucite (CsAlSi»Og), and
rarely Mo-nosean (NagAlMoOy4(SiO4)g). Both celsian
and pollucite have been seen as minor phases in US
GC systems mentioned above where the primary

crystalline phases are oxyapatite and powellite
[Kissinger et al., 2021, Tang et al., 2014]. In fres-
noite GC, the main phases are scheelite, titanate
pyrochlore, fresnoite, and Ba-priderite (a hollandite
structure phase BaFe,TigO;6 [Lee et al., 2006]) with
Cs staying in the residual glassy phase.

The mineral hollandite is Ba(Mn**)g(Mn3*),016,
but this structure is very flexible and offers substitu-
tion for Cs and Ba in the channels of the (Ti,Al)Og
rings, which substitute for the MnOg rings in the
phases of interest [Ringwood et al., 1979b]. Hollan-
dite has also been envisaged as a phase for immo-
bilization of Cs, being stable under beta and gamma
irradiation [Caurant et al., 2007a], but possibly only
for ceramic waste forms. Hollandite phases for ce-
ramic nuclear waste forms have been well-studied for
nuclear waste [Caurant, 2014, Chen et al., 2016, Hy-
att et al,, 2011, Xu et al., 2015a] and hazardous waste
[Krausova et al., 2016] immobilization of large univa-
lent and divalent (e.g., Ba®*, Cd**, Pb?*) ions.

Another possible phase for immobilizing Cs, as
well as minor Rb, is pollucite (CsAlSi»Og) [Crum
et al,, 2012, Tang et al., 2014]. GCs with the pollu-
cite phase have been reported starting with SiO,—
Aly03-Cs, 0 glass, with pollucite crystals and mullite
(AlgSi» O13) forming with residual glass on heat treat-
ment [Caurant et al., 2007a]. As mentioned above,
pollucite phases were observed in celsian GC [Hay-
ward, 1988a]. Attempts to produce designed glasses
to crystallize pollucite failed due to the excessive
temperatures needed and lack of nucleation [Stra-
chan and Schultz, 1976].

Recently, there has been increased interest
in developing pollucite GC for immobilizing
Cs-contaminated soil, such as that at the Fukushima
nuclear accident site in Japan. In one recent study,
a Nap,0-CaO alumino-boro-silicate glass frit was
mixed with a Cs silicate and melted to form glass
which crystallized pollucite on heat treatment [Yang
et al., 2021]. Another study used a geopolymer pro-
cess to produce alkali activated solution (CsOH,
NaOH) with colloidal silica, which was then mixed
with metakaolin (Al, Si source) and B,O3 then heat
treated >700 °C to crystallize pollucite [He et al.,
2020]. If higher conversion temperatures are used
for the geopolymer, Cs is volatilized and crystalline
phases tend toward Cs-substituted leucite (feldspar,
nominally KAISi;Og) and CsAl,Si5O;2 [Chen et al.,
2019b].
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Other demonstrations have focused on directly
converting inorganic ion exchange media designed
to remove Cs. In one study, crystalline silicotitanate
(CST) ion exchange media (which also contains Nb
and a Zr-hydroxide binder) was used to separate
Cs-contaminated water. HIP of these Cs-exchanged
media form CsTiNbgO;g (a pyrochlore analogue
[Chen et al., 2016]) and Cs»ZrSigO;5 plus mixed
(Ti,Zr,Nb) dioxides and other minor phases of zircon
and NaNbOs [Chen et al., 2018]. In another study,
chabazite-zeolite-containing Cs was HIPped creat-
ing Cs-substituted leucite and residual glass along
with other feldspars albite and anorthite and minor
diopside [Gardner et al., 2021].

5. Conclusions

In the current review, we summarize some of the im-
portant issues surrounding vitrification of industrial
and nuclear wastes, with an emphasis on the impor-
tance of waste component solubility and resulting
undesired crystallization, compared with the delib-
erate design for the crystallization and production
of GCs. Throughout, we compare the level of indus-
trialization for waste forms, which is generally quite
advanced for glasses but relatively immature for GCs.
Waste glass vitrification using both hot crucible in-
duction melters and joule-heated ceramic melters
are relatively mature technologies and have been
immobilizing nuclear waste for decades, for both
commercial fuel reprocessing wastes and for legacy
defense wastes. Despite this level of international
experience, idiosyncrasies with waste composition
in particular countries due to specific processing
paths or storage histories require novel designs for
efficient and safe vitrification of a durable vitreous
waste form.

We emphasize some of the considerations and
challenges for immobilizing certain waste streams,
and summarize recent developments especially in
several important GC systems, where the target crys-
talline phases are phosphates, silicates, zirconates,
or titanates. Some aspects of crystal chemistry of
these phases is offered to help with design of GCs
to immobilize particular waste components. A large
amount of recent GC work has focused on new
waste streams, such as those coming from nuclear
accidents and containing large amounts of highly
radioactive heavy alkali and alkaline-earth metals

(Cs, Sr, Ba). Other recent efforts have focused on
novel processing methods, such as HIP to incorpo-
rate plutonium into zirconolite while maintained in a
borosilicate matrix, or cold crucible induction melt-
ing allowing both high temperature melting and nu-
cleation and growth on cooling.
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