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RÉSUMÉ

Dans ce rapport, on examine l ' é t a t d'avancement des programmes
canadien, allemand, américain, japonais, soviétique et suédois de mise au
point des vitrocéramiques pour l'immobilisation des déchets radiactifs de
haute intensité provenant du recyclage du combustible nucléaire irradié.

On

décrit le progrès réalisé dans ces programmes en mettant l'accent sur le
programme canadien de mise au point des vitrocéramiques à base de sphène.
On examine également les questions générales du comportement des produits
ainsi que la possibilité de réalisation industrielle des vitrocéramiques
comme catégorie de matériaux d'immobilisation des déchets.

L'Energie Atomique du Canada, Limitée
Établissement de recherches nucléaires de Whlteshell
Pinawa, Manitoba ROB 1L0
1987
AECL-9O87

A REVIEV OF GLASS-CERAMICS FOR THE IMMOBILIZATION
OF NUCLEAR FUEL RECYCLE VASTES

by
P.J. Hayward

ABSTRACT

This report reviews the status of the Canadian, German, U.S.,
Japanese, U.S.S.R and Swedish programs for the development of glass-ceramic
materials for immobilizing the high-level radioactive wastes arising from
the recycling of used nuclear fuel. The progress made in these programs is
described, with emphasis on the Canadian program for development of sphenebased glass-ceramics. The general considerations of product performance
and process feasibility for glass-ceramics as a category of waste form
material are discussed.
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1.

GENERAL INTRODUCTION

Glass-ceramics, which are partly crystalline solids prepared by
the controlled devitrification of precursor glasses, are a class of
materials that can cover very wide composition ranges in numerous glassforming systems (Berezhnoi, 1970; McMillan, 1979). In practice, almost any
inorganic glass can be made to crystallize by reheating to temperatures
above the glass deformation (softening) temperature- However, in many
cases the product is coarsely crystalline, giving generally inferior
mechanical properties compared to the precursor glass. In these respects,
they are similar to typical melts that have been allowed to crystallize
during slow cooling.
Preparation of useful glass-ceramics has only become possible
with fuller understanding of the mechanisms of the formation and growth of
crystal nuclei in glasses (for example, Paul, 1982). On holding a cooled
glass containing a small quantity of an effective nucleating agent at a
temperature typically in the range 20° to 100°C above its deformation
temperature, nuclei are formed throughout the vitreous body. On raising
the temperature, crystals begin to form around these nuclei, and eventually
the body is converted to a substantially crystalline mass, with a certain
amount of residual glass between the crystals. In typical commercial
glass-ceramics, where the volume fraction of residual glass is low, the
glass phase is discontinuous and the crystal sizes are small (usually
~ 1 micrometre). In glass-ceramics designed for nuclear waste immobilization, however, the volume fraction of residual glass is more typically
~ 50%, giving a microstructure consisting of discrete crystalline phases
within a continuous vitreous matrix.
Glass-ceramics are important candidate materials for nuclear
waste immobilization for several reasons:
(i)

There is potential risk that a large borosilicate glass waste
form could partially crystallize during cooling to give an
inhomogeneous body containing severe internal stresses that could
produce cracking during further cooling. The crystalline phases
that formed would not be tailored to any particular property, and
could be more susceptible to aqueous dissolution than the
original glass. Conversely, the crystals may deplete the
residual glass of ions, such as Al 3+ , Zn 2+ , etc., that confer
durability on the glass, so that the vitreous matrix becomes
relatively soluble. Deliberate conversion of the glass to a
glass-ceramic, by modifying the melt composition to produce known
crystal and glass compositions after controlled crystallization,
removes the danger of accidental devitrification.

(ii) A glass-ceramic can have considerably higher mechanical and
impact strengths and may be more resistant to cracking than its
parent glass. Cracks that form in a glass-ceramic are not as
susceptible to propagation because the crystal boundaries can act
as barriers to their growth. Although the elastic moduli of
glasses and glass-ceramics are similar, the higher mechanical
strength of the glass-ceramic confers better thermal-shock
resistance if the thermal expansion coefficients are similar.
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(iii) Glass-ceramics may possess higher chemical durabilities than
glasses with respect to dissolution in water (including natural
groundwaters). In the general reaction,
solid + water = solid reaction products + dissolved reaction
products,
the equilibrium constant for the reaction will depend, in part,
on the free energy of the solid. Solids in a higher free energy
state will, by definition, have a greater driving force towards
reaction, and the equilibrium constant for the reaction,
„ _ [solid reaction products] [dissolved reaction products]
[solid] [water]
will be greater than that of the same solid in a lower free
energy state. This phenomenon is illustrated by the equilibrium
solubilities of SiO2 in water (Rimstidt and Barnes, 1980), where
the order is vitreous silica > (3-cristobalite (stable polymorph
above 1470°C) > a-quartz (stable polymorph below 573°C).
Thus a glass, which is, by definition, thermodynamically unstable
with respect to an equivalent equilibrium crystalline phase,
should exhibit a higher solubility than that crystalline phase.
It should be noted that point (iii) above does not imply that
glass-ceramics are intrinsically more chemically durable than glasses,
since one or more of the phases that crystallize may be highly soluble.
For example, certain BaO-Na2O-SiO2 glasses that possess moderate durability
in water (similar to soda-lime-silicate glasses) may crystallize to give
BaSi2O5 crystals in a partially crystalline sodium silicate matrix (Burnett
and Douglas, 1971). The latter is highly soluble in water, and dissolves
to leave a fine slurry of BaSi2Os crystals.
These observations are, of course, only relevant in an equilibrium situation. In the specific case of a waste-form material in an
underground disposal vault, the attainment of equilibrium implies that the
rate of waste-form dissolution exceeds the rate of groundwater flow through
the vault. Thus, at high flow rates, the kinetics of dissolution will
determine the extent of radionuclide release from the waste form, while, at
lower flow rates, the equilibrium solubilities will become increasingly
important.
A glass-ceramic would, therefore, be a superior host for waste
ions in a low flow rate environment if the composition could be "tailored"
such that the major crystalline phases are (i) thermodynamically stable in
the geochemical environment of the waste vault under conditions of low
groundwater flow, and (ii) are capable of incorporating a major part of the
waste ions. In this case, only the residual glass matrix would be
unstable, and the product as a whole would be closer to equilibrium with
its environment than the equivalent glass.
Unfortunately, most of the silicate, aluminosilicate, phosphate
and other minerals that are stable in contact with natural groundwaters are
the hydrated and/or carbonated alteration products of minerals formed at
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high temperatures and/or pressures (e.g., clay minerals derived from
feldspar alteration). Since these alteration products are not thermally
stable, they would be hard to consolidate as a ceramic, or as a component
in a glass-ceramic. However, a few natural anhydrous and carbonate-free
minerals are known that, from their observed durability, would appear to be
either thermodynamically stable in common geochemical environments or
slightly unstable but with very low rates of alteration or dissolution.
Amongst them are: rutile (TiO2), spinels (M 2+ M| + O 4 ), zircon (ZrSiO4),
zirconolite (CaZrTi2O7), corundum (A1 2 O 3 ), ilmenite (FeTiO3), hematite
(Fe 2 O 3 ), magnetite (Fe 3 O 4 ), sphene (CaTiSiO5), fluorapatite (Ca5F(P04)3),
monazite (CePO4), xenotime (YPO4), perovskite (CaTiO3), quartz (SiO2) and
cassiterite (SnO2).
Examination of the stability fields of such minerals in groundwaters with defined concentrations of Ca 2+ , Na + , Cl~, CO2.", SiO 2(aq , and
other dissolved species should, in theory, enable a glass-ceramic composition to be formulated that, on devitrification, would consist of a major,
thermodynamically stable, crystalline phase (perhaps with one or more minor
crystalline phases) within an unstable, but relatively durable, vitreous
matrix.
The ability of such a product to immobilize radionuclide ions
would then depend, in part, on the concentrations that could be accepted in
solid solution within the major crystalline phase.
National programs for the development of glass-ceramic waste-form
materials have been pursued in Germany, the U.S., Japan, Sweden, the
U.S.S.R. and Canada. The remainder of this review is devoted to (i) a
detailed description of the Canadian program for the development of sphene
glass-ceramics, with which the author has been associated for several
years; (ii) brief descriptions of the glass-ceramic materials studied in
other programs; and (iii) a discussion of the general considerations of
product performance and process feasibility that are common to all glassceramic waste-form materials. For the purposes of this review, the term
"glass-ceramic" is restricted to materials made via melting plus subsequent
heat treatment, and partly crystalline materials made by other techniques
(e.g., the hot pressing of glass powders) are not considered.

2. SPHENE GLASS-CERAMICS

2.1

INTRODUCTION

The requirement for a viable method for disposal of nuclear-fuel
wastes in Canada results from operation of CANDU™ power reactors in the
Provinces of Ontario, Quebec and New Brunswick, and, to a minor extent,
from the production of radioisotopes at the Chalk River Nuclear
Laboratories (CRNL), in Ontario. Atomic Energy of Canada Limited (AECL)
has been given the mandate to investigate various options for the disposal
of either used CANDU U0 2 fuel or the wastes arising from possible future
recycling of nuclear fuel to extract fissile or fertile components. As a
result, AECL has established a Nuclear Fuel Waste Management Program at the
Whiteshell Nuclear Research Establishment (WNRE), which will culminate with
public hearings designed to assess the concept of permanent disposal of the
wastes.
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The main focus of the Nuclear Fuel Waste Management program is an
assessment of the permanent disposal of nuclear-fuel wastes in an
engineered vault, at a depth of 500 to 1000 m within a granitic pluton in
the Canadian Shield (Dixon and Rosinger, 1984; McConnell, 1986). The
concept involves the use of multiple barriers to inhibit the migration of
radionuclides from the waste vault via dissolution and transport in
groundwaters. The first barrier would be provided by the integrity of the
waste form itself (either used fuel in its Zircaloy sheathing or a durable
glass or glass-ceramic material that contained the wastes from fuel
recycling). Containment within corrosion resistant metallic or ceramic
containers would prevent the ingress of groundwater to the waste form for
several hundred years, during which time the bulk of the fission-product
activity would have decayed. The containers would be surrounded by a
suitable "buffer" material (typically bentonite or a bentonite/sand
mixture) that would swell when contacted by groundwater. The buffer would
thus act as a diffusion barrier against the further ingress of groundwater
and the removal of radionuclides in solution. In addition, it would serve
to partially adsorb any radionuclides released after container and wasteform corrosion had commenced. Finally, the vault would be backfilled and
sealed.
The only credible mechanism for the return of released radionuclides from the vault to the earth's surface (the "biosphere") is by
partial dissolution of the waste form in groundwater, followed by transport
(in solution or as a colloidal suspension) through the buffer and overlying
rock (the "geosphere"). The multibarrier system is designed to ensure that
the released radionuclides do not begin to emerge in the biosphere until
enough time has elapsed for their activity levels to have decayed
sufficiently to constitute only a small fraction of natural background
radiation levels.
With reference to the disposal of waste products from a possible
future fuel-recycle operation, it is envisaged that liquid-waste streams
would arise from the acid-dissolution process and the subsequent extraction
stages, as in, e.g., the PUREX process, described by Bebbington (1976).
These liquid wastes would be eventually incorporated in some highly
insoluble immobilizing matrix, such as a glass or ceramic material, before
permanent disposal in the waste vault.
2.2

HISTORICAL PERSPECTIVE

As with other countries that have contemplated or are involved in
the recycling of nuclear fuel, Canada is considering the use of borosilicate glasses as possible waste immobilization media. The advantages offered by these materials have most recently been reviewed by Lutze (in press).
However, Canadian experiments in the 1950's on the use of aluminosilicate
("nepheline syenite") glass for radionuclide immobilization afforded an
early demonstration that it is possible to produce extremely durable wasteform materials other than borosilicate glass. Subsequent laboratory
measurements of the rates of corrosion of this glass, together with field
measurements of the rates of 137 Cs and 90Sr migration from the glass after
shallow burial at CRNL, have demonstrated excellent durability for this
product (Merritt, 1976; Melnyk et al., 1984; Tait et al., in press).
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In the latter half of the 1970's, criticisms in the scientific
literature of the durability of borosilicate glasses (e.g., McCarthy et al.
1978; Ringwood, 1978; Roy, 1979) led to an international search for
improved waste-form materials. Most of these materials were essentially
composed of one or more crystalline ceramic phases. Proponents of ceramic
waste forms have stressed the inability of glasses to reach a saturation
equilibrium with groundwaters (because of their inherent thermodynamic
instability with respect to crystalline reaction products), and have shown
experimentally that many crystalline waste-form materials show less sensitivity to temperature change in their rates of reaction with water than do
glasses. A further argument has been (see, for example, Ringwood, 1978;
McCarthy et al., 1982) that the use of ceramic counterparts to natural
mineral assemblages allows the behaviour of waste forms in many geochemical
environments to be estimated from studies of the weathering and alteration
of the mineral assemblages. Also, studies of metamictization in minerals
could be used to predict the susceptibility of ceramic waste forms to
radiation and transmutation damage, which would otherwise be difficult to
simulate because of the long time intervals involved (Haaker and Ewing,
1979).
Partly as a result of these criticisms, the design criteria for a
waste vault that have been adopted in most, if not all, national waste
management programs have been significantly revised. In particular,
extended cooling periods for the used fuel and/or fuel-recycle wastes are
now specified in order to reduce the temperature excursion within a vault
that would occur after waste emplacement and vault closure.
With these more conservative criteria, borosilicate glasses
remain the preferred choice for a first generation waste-form material for
most national programs. One reason for this is that some 30 years of
worldwide effort has gone into the preparation of practical schemes for
waste immobilization in glass, including the building and operation of
fully engineered melters for remote (hot cell or canyon) production of
radioactive glass; consequently, the technology involved is well
understood. There is thus a tremendous momentum behind the borosilicateglass programs in many countries. However, in Canada, since there is no
immediate need to decide on any one route for nuclear-waste disposal, there
is a greater opportunity to evaluate alternative methods and materials for
waste immobilization.
Three classes of materials have been studied in the Canadian
program as possible media for fuel recycle waste solidification, namely,
borosilicate glasses based on Na2O-B2O3-SiO2 compositions, aluminosilicate
glasses based on Na20-Ca0-Al203-Si02 compositions, and sphene-based glassceramics (Dixon and Rosinger, 1984). The latter are partly crystalline
materials produced by the controlled crystallization of precursor glasses
from the system Na20-Al203-Ca0-Ti02-Si02-X, where X signifies waste oxides
and/or minor processing additives. The glass-ceramics consist of discrete
crystals of the major crystalline phase, sphene (CaTiSiO5), within a matrix
of aluminosilicate glass, with the waste ions being either incorporated in
the sphene structure as solid solution replacements for calcium and
titanium, or dissolved in the glass matrix. The potential advantages of
these glass-ceramics as hosts for immobilizing nuclear wastes may be
summarized as follows:
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(i)

Sphene (alternative name, titanite) is a common accessory
mineral in many types of igneous and metamorphic rocks, and is
resistant to chemical alteration, so that it is often found as
a residual mineral in placer deposits (Deer et al., 1982;
McCarthy et al.f 1982).

(ii)

Thermodynamic calculations of the sphene stability field with
respect to aqueous dissolution indicate that sphene is stable
in the Ca-Na-Cl brines typically found at depth in the Canadian
Shield, and should suffer no net leaching under anticipated
vault conditions (Nesbitt et al., 1981a,b; Hayward et al.,
1983).

(iii)

Analyses of natural specimens (Higgins and Ribbe, 1976; Deer et
al., 1982) indicate that the sphene structure is capable of
accepting a wide range of solid-solution impurities, including
the following substitutions:
for Ca: Th, U 4+ , rare earth (RE) elements, Na, Mn, Sr, Ba,
for Ti: Al, Fe 3+ , Fe 2+ , Mg, Nb, Ta, V, Cr.

(iv)

Naturally metamict (i.e., rendered amorphous or partly
amorphous from radiation-induced structural damage) sphene
samples, although rare, still retain their durability against
chemical alteration (McCarthy et al., 1982; Gascoyne, 1986;
Vance, 1987).

(v)

The aluminosilicate glass matrix that remains after sphene
crystallization is a highly durable material for immobilizing
those waste ions that do not partition into the sphene phase.
Production of this glass phase as a component of the glassceramic is possible at temperatures far lower than that
required to melt the aluminosilicate glass alone.

(vi)

Production of a sphene glass-ceramic waste form would make use
of well-developed glass-melting technology, with only an
additional reheating stage after casting of the precursor
glass. Crystalline ceramic materials, however, may require more
complex manufacturing technology, such as hot pressing.

Research into the development of sphene-based glass-ceramics
began in 1980 at VNRE, and includes contributions from several Canadian
universities. The major results of this development program are outlined
and discussed in the following sections.
2.3

COMPOSITION AND STRUCTURE OF SPHENE GLASS-CERAMICS

2.3.1

Development of Base (Vaste-Free) Formulation

The phase diagram for the CaO-TiO2-SiO2 system (DeVries et al.,
1955) shows that the primary sphene crystallization field lies close to a
large liquid immiscibility area, and is surrounded by relatively lowtemperature (< 1375°C) boundary lines. The area of glass formation in this
system is shown superimposed on the phase diagram in Figure l(a). Glasses
within this area exhibit subliquidus immiscibility during cooling, and are
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also prone to rapid crystallization (the boundary lines in the figure
between glasses that rapidly unmix, i.e., undergo glass-in-glass phase
separation, or rapidly crystallize, are chosen arbitrarily to illustrate
the behaviour seen in 100- to 200-g samples cooled in air). The phase
separation may be suppressed by rapid quenching of smaller (« 5 g) samples
in water.
The addition of further modifying, intermediate, or glass-forming
oxides (Doremus, 1973; Paul, 1982) to Ca0-Ti02-Si02 glass formulations has
been found to strongly influence the rates and extents of glass-in-glass
phase separation and crystallization in the glass (Hayward and Vance, work
in progress). Thus, additions of modifying oxides, such as those of Ba,
Na, Li, Ca, K, Zn and Mg, in descending order of effectiveness, reduce the
tendency of the melt to unmix during cooling. When combined with further
addition of SiO2, they also oppose the tendency of the melt to rapidly
crystallize at sub-liquidus temperatures. Increase in TiO2 content or
addition of P 2 0 5 , however, has the reverse effect, and promotes both
unmixing and/or spontaneous crystallization. Finally, addition of A12O3
reduces the tendency of the melt to crystallize, presumably by increasing
the melt viscosity, but also promotes unmixing. An explanation for the
behaviour of TiO2 and A12O3, based on competing demand for charge-balancing
cations, has been proposed (Hayward and Cecchetto, 1982).
Numerous analyses of the unmixed glass phases in many of these
formulations have been made, using energy-dispersive X-ray analysis (EDX)
combined with either scanning electron microscopy (SEM) or transmission
electron microscopy (TEM). In all cases, the glass-in-glass phase separation involves spinodal decomposition (see, for example, Doremus, 1973) into
a silica-rich phase and a Ca-, Ti-rich phase. The influence of modifying
and intermediate oxides can, thus, be considered in terms of their effect
on the subliquidus immiscibility boundary in the CaO-TiO2-SiO2 system
(Figure l(b)).
The decision to concentrate on developing sphene glass-ceramics
from precursor glasses in the Na2O-Al2O3-CaO-TiO2-SiO2 system was based on:
(1)

the lack of compound formation between sphene and Na20-Al203-Si02
liquids, as illustrated by the sphene-albite phase diagram
(Prince, 1943);

(2)

the relative stability of these glasses against uncontrolled
devitrification, the latter being a potential cause of problems
during melting or pouring; and

(3)

the superior durability of aluminosilicate glasses compared to
borosilicate glasses (Tait and Mandolesi, 1983).

Scoping experiments, involving the reheating of a wide range of
glass compositions in this system to ~ 1050°C, showed that sphene was the
major, or sole, crystalline phase to form within the following composition
range (in mole %): Na2O, 4.6 to 9.5; A12O3, 3.1 to 7.1; CaO, 10.7 to 20.5;
TiO2, 10.7 to 22.1; Si02, 49.6 to 63.9 (these composition ranges only
represent the limits of the conducted experiments).
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In subsequent work, the compositions studied have been close to a
base composition of (in mole % ) : Na2O, 6.6; A12O3, 5.1; CaO, 16.5; TiO2,
14.8; SiO2, 57.0, together with selected additives, including simulated
fuel-recycle waste and specific radionuclides. By keeping variations in
the base composition to a minimum, it has been possible to more fully
understand the influence of differing heat-treatments, nucleating agents
and waste additions on the formation and properties of the resulting glassceramics. The base composition forms a fluid melt at 1300 to 1400°C that
unmixes rapidly during cooling. This precursor glass may converted to a
glass-ceramic, with ~ 40 volume % sphene as the sole crystalline phase, by
reheating to 950 to 1050°C for 1 h or more.
2.3.2

Crystallization of Base Glass

The crystallization of the base glass (also referred to as glass
33 in Liu et al., 1985), has been studied using differential thermal
analysis (DTA), X-ray diffraction (XRD), scanning transmission electron
microscopy (STEM), scanning Auger microanalysis (SAM), and by SEM/EDX and
TEM/EDX (Hayward et al., 1984a; Liu et al., 1985). The microstructure of
the final glass-ceramic is largely controlled by the compositions and
distribution of the separate glass phases in the unmixed precursor glass,
although the boundaries between the separate glass phases have little or no
nucleating effect in themselves (Liu et al., 1985).
Figures 2(a) and 2(b) show SEM micrographs of lightly etched
fractured surfaces of glass 33 after rapid cooling from 1400°C of a 200-g
sample in air, and after slow cooling from 1400 to 500°C at 90°C/h,
respectively. In each case, spinodal decomposition has produced unmixing
of a CaO-, Ti02-rich phase and an Si02-rich phase, which appear as areas of
dark and light contrast, respectively, in the micrographs, while more
extensive separation in the slowly cooled sample has produced phase-inphase separation, i.e., droplet phases of opposite contrast (i.e., light in
dark or dark in light) within each phase. Typical mean STEM/EDX analyses
(mole X) of the light and dark phases, shown in Figure 2(a), were,
respectively: Na20, 10.9; A12O3, 6.5; CaO, 6.7; Ti02, 5.3; Si02, 70.6; and
Na20, 8.8; Al 2 0 3 , 1.2; CaO, 28.5; Ti02, 22.1; Si02, 39.4 (the high Na20
values are somewhat suspect).
During reheating of this phase-separated glass, crystallization
of sphene commences, being nucleated initially (~ 830°C) at surface sites
or at sporadic sites within the glass bulk (bubbles, composition fluctuations, etc.), and, at slightly higher temperatures (~ 860°C), within the
CaO-, Ti02-rich phase (Figure 2(c)). At still higher temperatures
(~ 950°C), the growth of sphene continues across both glass phases, to give
a microstructure containing elongated crystals tens of micrometres in
length, and with localized parallel alignment (Figure 2(d)).
2.3.3

Crystallization of Base Glass with Individual Dopants
(Simulated Radionuclides)

An extensive study has been made of the crystallization of the
base glass after doping with varying concentrations of individual ions (to
simulate doping with radionuclides). Some of these dopant ions have been
found to exhibit major influences on the nucleation and crystallization
mechanisms.
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Rare earth ions; The rare earth (RE) ions have been the subject
of particular study, partly because of their relative importance as fission
products (> 30 vt.%), and partly because their chemistry closely resembles
that of the transuranic (TRU) ions. Although TRU ions constitute only a
small fraction of Purex wastes, they are important radiologically because
they are long-lived a-particle emitters. Thus, the crystal ionic radii of
La 3+ and Nd 3+ (0.113 and 0.106 nm, respectively, in an assumed 6-fold
coordination) essentially span those of Np 3+ , Pu 3+ , Am3+ and Cm3+ (0.110,
0.109, 0.104 and 0.106 nm, respectively, in 6-fold coordination; all ionic
radii from Whittaker and Muntus (1970). Similarly, the ionic radius for
Ce 4+ in an assumed 8-fold coordination is 0.105 nm, making it a useful
simulant for Np 4+ , Pu 4+ , Am 4+ and Cm4+ (0.106, 0.104, 0.103 and 0.103 nm,
respectively, in 8-fold coordination).
The sequence of crystallization reactions that occurs during
reheating of glass 33 doped with up to 4 mole % RE 2 0 3 or Ce02 is summarized
in Table 1, and illustrates how sensitive the final glass-ceramic composition is to the size and valence of the RE dopant ion. In general, the RE
TABLE 1
MAJOR PHASES TO CRYSTALLIZE DURING HEATING OF INDIVIDUALLY
DOPED GLASS 33 TO 1100°C AT 10°C/MINUTE

Dopant Ion and
Ionic Radius
(nm)

Corresponding Waste
Ions and Ionic Radii
(nm)

Mole % addition of oxide

1

2

4

3

La 3+ (0.113)

Np 3+ (0.110)

S+Pk

S+Pk+A

Pk+S+A

Pk+A

Ce 3+ (0.109)

Pu 3+ (0.109)
Am 3+ (0.108)

S

Pk+S+Pe

Pk+Pe+S

Pk+Py+A

Nd 3+ (0.106)

Cm3+ (0.106)

S+Pk

S+A+Pk

Pk+S+A

Pk+A+S

Eu 3+ (0.103)

Sm3+ (0.104)
Gd 3+ (0.102)

S

Pk+S

Py+S

Py+A

Y 3+ (0.098)

Tb 3+ (0.100)

S

S

S+Py

S+Py

Ce 4+ (0.105)

Np 4+
Pu4+
Am4+
Cm4+

S

S+F+Py

S+F+Py

S+F

(0.106)
(0.104)
(0.103)
(0.103)

S = sphene, CaTiSi05; Pk = perovskite-structured (Ca,Na+RE)Ti03; Pe =
perrierite-structured Ca(RE3+,Na+Ca)4Ti4(SiAl)2O22 A = apatite-structured
Ca2RE8(SiO4)6O2_x; Py = pyrochlore-structured (RE,Ca,Ca+Ce4+)2Ti2O7+x; F =
fluorite-structured (RE)02_x. Ionic radii quoted for 6-coordinate3
trivalent ions and 8-coordinated Ce 4+ ions from Whittaker and Muntus
(1970). Phases listed in order of abundance. Data mainly from Hayward et
al., 1984a; and Vance et al., 1986a.
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ions preferentially partition into the CaO, TiO2-rich phase during glassin-glass phase separation. Crystallization during reheating commences in
this phase at ~ 850°C to 900°C, usually with the formation of a precursor
phase, such as perovskite-structured (Ca, Na+RE)TiO3, pyrochlore-structured
(Ca,RE)2Ti207_x, fluorite-structured REO2_X, or perrierite-structured
(Ca,RE)2Ti2Si2011. Subsidiary quantities of wollastonite, CaSi03, and
apatite-structured Ca2(RE)8(Si04)602_x are also found for some compositions. It should be noted that many of these phases, or close counterparts
of them, are also found in other ceramic waste forms; for example,
perovskite and zirconolite (which has a structure closely related to that
of pyrochlore) are found in Synroc B (Ringwood et al., 1979, 1981), while
pyrochlore-structured CaUTi2O7 occurs in Synroc F (Kesson and Ringwood,
1983). Fluorite- and apatite-structured phases containing RE and actinide
ions are major components of supercalcine ceramics (McCarthy et al., 1979).
On further heating, recrystallization of these phases commences
at temperatures above ~ 900°C and, at RE203 concentrations below ~ 2 mole %
(~ 9 wt.%), the major, or sole, crystalline phase to form is sphene.
However, at higher levels of RE doping, other phases may be formed in
addition to, or instead of, sphene (Table 1). This is not unexpected,
since, even at 1200°C, the solubility of RE ions in the Ca site within the
sphene structure is limited to 10 to 20 mole % substitution, together with
charge compensating ions (Vance and Agrawal, 1982).
Uranium; Uranium would be present in the high-level waste (HLW)
streams from Purex recycling of U02 fuel, the amount being dependent on the
efficiency of (U+Pu) extraction. Thus, in Table 2, which lists the calculated elemental composition of a Purex HLW stream from recycling of 10-year
cooled CANDU™ fuel from the Bruce reactor after 685 GJ/kg U burnup, and
with 99.5% recovery of (U+Pu), the U content of the waste stream is ~ 43
vt.% (ignoring process contaminants).
When up to 2 mole % (~ 8 wt.2) of U03 is added to glass 33, using
an air-melting atmosphere, it is preferentially concentrated as U6+ in the
unmixed CaO, TiO2-rich glass phase formed during cooling (Vance et al.,
1984a). On reheating to ~ 900°C, crystallization initiates in this phase
to form pyrochlore- or fluorite-structured CaUTiO2O7+x (0 < x < 1).
Crystallization of wollastonite (CaSiO3) occurs at ~ 950°C, resulting from
the surplus calcium and silicon left in the glass phase by prior
crystallization of CaUTi2O7+x. During further heating to ~ 1000°C, these
crystalline phases combine with additional amorphous material to form
uranium-bearing sphene plus traces of residual pyrochlore-structured
CaUTi2O7+x. However, the major crystalline phases to form on reheating the
base glass doped with > 2 mole % U are those that can accommodate a greater
concentration of U than is possible in the calcium site of the sphene
structure, where it is limited to ~ 52, even at 1200°C (Vance and Agrawal,
1982). During these crystallization reactions, U 6+ is progressively reduced
to U4+, the latter being stabilized by incorporation in the fluorite- or
pyrochlore-structured phases or into sphene. The reduction process evolves
oxygen, according to the reaction: 2U6+ + 2O2" -> 2U4+ + 02t, with
consequent foaming in the final glass-ceramic.
The foaming may be prevented by preparing the precursor U-doped
glasses in a neutral or reducing atmosphere (e.g., N2 or 5% H2/95% N 2
mixtures), followed by reheating in the same atmosphere. X-ray absorption
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near-edge spectroscopy (XANES) of such glasses and glass-ceramics has
confirmed that U 4+ is the sole valence state in the precursor glasses under
these conditions, so that subsequent reduction on crystallization is
avoided (Crozier and Vance, work in progress).
The importance of the melting atmosphere in determining the redox
states of ions, such as U, is illustrated in Figure 3, which shows the
equilibrium phase boundaries of some important waste oxides as functions of
oxygen fugacity and temperature (calculated from the free energy data of
Robie et al., 1979), and serves as a useful guide to the redox states of
the equivalent ions in glass. Thus, a C0 2 atm>sphere for melting and
reheating of U-doped glass-ceramics has also been found to reduce foaming,
presumably through increased U 4+ formation during melting of the precursor
glasses.
Precursor glasses containing both U and RE ions also show initial
crystallization of pyrochlore- or fluorite-structured phases in the ummixed
CaO, TiO2-glass phase during reheating. As before, these phases combine
with further amorphous material at higher temperatures to form discrete
sphene crystals and a matrix of residual aluminosilicate glass. A typical
reaction sequence is shown in Figure 4(a) to (c) for a glass of similar
composition to glass 33, doped with 1 wt.% each of U0 3 , La2O3, SrO and Cs2O
(see Hayward et al., (1984b) for detailed composition). Note that the
final glass-ceramic has a different microstructure to that of undoped glass
33 after crystallization (Figure 2(d)). The final distribution of sphene
crystallites is controlled by the original distribution of the fluoritestructured phase, which, in turn, depends on the phase-separated microstructure of the precursor glass. Thus, in this case, the glass-in-glass
phase separation can be said to cause indirect bulk nucleation of sphene
via formation of an intermediate compound.
Palladium, Rhodium and Ruthenium: These elements constitute a
significant part of a Purex process HLW stream (Table 2 ) . Their solubilities in silicate-based glasses are very low, so that their precipitation
from melts as either metal or oxide particles occurs above a minimum
concentration, the particles coalescing to form optically visible aggregates (Liu et al., 1985). XANES studies of air-melted glass 33
individually doped with 0.08 wt.% Pd, 0.03 wt.% Rh or 0.09 wt.% Ru have
shown the precipitates to be, respectively, (1) > 1 nm Pd metal clusters,
with a trace of Pd oxide formation; (2) co-existing Rh metal and Rh2O3; and
(3) RuO2, together with traces of Ru metal (Seary and Crozier, unpublished
work).
Liu et al. (1985) have demonstrated that all three elements can
serve as nucleating agents for the growth of sphene crystals in air-melted
glass 33 and similar compositions. In the case of Pd, nucleation is via a
calcium-deficient perovskite, which forms (probably epitaxially) on Pd
droplets, and then converts to sphene within a few nm of each droplet. A
similar explanation is likely for nucleation of sphene by Rh. However,
the detailed mechanism in the case of Ru or Ru02 is not known.
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COMPOSITION OF HLW WASTE STREAM FROM PUREX RECYCLING OF CANDU™
BRUCE FUEL, 685 GJ/kg U BURNUP, RECYCLED AFTER 10 YEARS, AND WITH 99.5%
(U+Pu) EXTRACTED (SMITH ET AL., 1986)
Element

U02
NpO2
PuO2
Am 2 0 3
Cm2O3
La 2 0 3
CeO2
Pr
?°3
Nd 2 O 3
Pm2O3
Sm2O3
Eu 2 0 3
Gd2O3
Tb 2 O 3

BaO
Cs2O

wt.% as oxide
43.28
0.26
0.17
0.66
< 0.01
2.31
4.67
2.13
7.50
0.05
1.76
0.18
0.15
< 0.01
2.87
4.06

Element
TeO2
Sb2O3
SnO2
In2O3

CdO
Ag2O

Pd
Rh
RuO2
TcO2
Mo03
ZrO2
Y
2°3

SrO

Rb2O
SeO2

wt.% as oxide
0.99
0.02
0.10
< 0.01
0.12
0.18
2.24
1.12
4.73
1.84
8.15
7.57
0.86
1.38
0.56
0.12

Molybdenum; Molybdenum, a stable fission product of relatively
high abundance (Table 2), does not present a radiological or significant
chemical toxicity hazard in itself. However, in order to preserve the
structural integrity of a waste form, and to prevent formation of soluble
molybdates, such as Cs2Mo04, which may separate from a glass-based waste
form, it is important to obtain satisfactory immobilization of molybdenum.
Although the solubility of molybdenum in glasses is not high,
the Mo ion is known to exist in several oxidation states in glasses,
depending on the melting atmosphere and/or the presence of redox couples
(Camara et al., 1980; Schreiber and Balazs, 1985). The Mo 6+ ion is likely
to be fairly volatile in glass melts (Mo03 sublimes at ~ 1155°C), so that
melting atmospheres of lower oxygen fugacity may be preferred to promote
Mo 5+ or Mo 4+ formation. Figure 3 suggests that a C0 2 atmosphere may give
the desired oxygen fugacity at temperatures above ~ 1250°C, although this
awaits experimental confirmation. Reducing atmospheres, such as 5% H2/95JS
N 2 , cause reduction and precipitation of metallic Mo (Hayward et al.,
1986a).
Liu et al. (1985) showed that molybdenum had no influence on the
crystallization of air-melted glass 33 at concentrations up to ~ 0.6 mole %
(1.4 wt.Z) Mo0 3 . At concentrations of > 0.8 mole % (~ 1.8 wt.%), however,
powellite (CaMo04) is formed during crystallization (Hayward and Vance,
work in progress). This phase, which is isostructural with scheelite •»
(CaW04), has previously been suggested as a chemically durable host for
molybdenum in supercalcine ceramics (McCarthy et al., 1979).
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additions of < 0.8 mole X ZrO2, < 0.2 mole X Cr2O3 and < 0.7 mole X P 2 0 5
are soluble in glass 33, and do not act as nucleating catalysts for sphene
crystallization during subsequent reheating. Similarly, Hayward et al.
(1984a) demonstrated, from DTA, SEM and XRD studies, that individual
additions of < 2 mole % SrO and < 2 mole % Cs,0 have no detectable
influence on sphene crystallization during reheating of this glass.
Substitutions of up to 6 mole % BaO for 6 mole % CaO have been
made in the composition of glass 33, vith sphene being the sole crystalline
phase in the glass-ceramic after heating to 1100°C at 10°C/min (Hayward and
Vance, work in progress). However, for BaO substitutions in the range 2 to
6 mole X, minor quantities of fresnoite (Ba2TiSi208) and other unidentified
phases form, in addition to sphene, during reheating to temperatures in the
range 900° to 1000°C. Presumably these phases convert to sphene above
these temperatures.
The influence of other individual elements in an HLW stream on
glass-ceramic crystallization has not been investigated, since, with the
possible exception of technetium they are unlikely to be present in
sufficient quantity (Table 2) to exert any major effect.
2.3.4

Individual Waste Ion Partitioning Between Glass and
Crystalline Phases

The partitioning of individual waste ions between sphene and the
aluminosilicate glass matrix in numerous glass-ceramic samples doped with
individual ions has been studied by TEM/EDX, STEM/EDX, SAM and by Photoluminescent Spectroscopy (PLS). Unfortunately, only the PLS technique can
detect realistic concentrations (0.005 to 0.5 mole X) of waste ions, and
then only if the ions exhibit photoluminescence. The electron beam
techniques typically require a doping level of > 1 mole X before the ion in
question can be detected. At these higher concentrations, the glassceramics may contain additional crystal phases that also serve as hosts for
the dopant ion, making the partitioning results more difficult to
interpret.
In general, the partitioning results are found to depend to some
extent on the dopant ion concentration and on the heat treatment used to
induce crystallization. However, certain general trends are apparent in
these results. Thus, RE ions preferentially partition into the sphene
phase, suggesting that TRU ions would behave similarly (Section 2.3.3).
Strontium has little preference for either the glass or sphene phases,
whereas cesium, which is too large to be readily accommodated in the sphene
structure, partitions strongly into the glass phase. These trends are
shown in Table 3, which presents selected ion partitioning results for
various concentrations of individual waste ions (details of heat treatments
are given in the original references). The apparent preference of U for
the glass phase probably results from high U 6+ :U 4+ ratios in the air-melted
precursor glasses (Vance et al., 1984a), and may not be true for glasses
melted at lower oxygen fugacities.
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PARTITIONING OF INDIVIDUAL IONS IN SPHENE GLASS-CERAMICS
Ion and

Ion Partitioning
Rpfprpnrp

tion

Sphene

Glass

La 3 -,
2 mole %
La 3+ ,

> 10

1

SAM

Hocking et al., 1984

>

2

1

TEM/EDX

Hayward et al., 1984a

>

6

:

1

TEM/EDX

Hayward et al., 1984a

> 10

:

1

SAM

- 10

:

1

PLS

Hocking, unpublished
work
Simkin et al.,
unpublished work

~

1

:

3

TEM/EDX

Hayward et al., 1984a

~

1

:

1

TEM/EDX

Hayward et al., 1984a

1

:

<40

TEM/EDX

Hayward et al., 1984a

PLS

Simkin et al.,
unpublished work

0.1 mole %
Ce 3+ ,
0.1 mole %
Eu 2+ ,
2 mole %
Eu 3+ , Sm3+
and Gd 3+ ,
0.01 to 1 vt%
U6+,
0.5 mole X
Sr 2+ ,
0.1 to 2 mole %
Cs+,
0.1 to 2 mole %
Ni 2 + ,
0.01 to 1 wt%

2.3.5

strongly partitioned into
sphene

Crystallization of Base Glass Doped with Simulated HLW

To investigate the combined effects of multi-element doping and
the redox conditions prevailing during melting and crystallization, the
phase constitutions of titanosilicate glass-ceramics based on glass 33, and
containing 0 to 25 vt.% simulated high-level waste (SHLW) have been
investigated as functions of doping level, heat treatment, and melting and
reheating atmosphere. The composition of the SHLV, given in Table 4, was
based on the recycling of 10-year cooled Pickering reactor U02 fuel,
irradiated to a burnup of 650 GJ/kg U, and with 99.9% (U+Pu) extraction
(Clegg and Coady, 1977). The various substitutions made in the SHLW
composition, and details of sample preparation, are given by Hayward et al.
(1986a).
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CALCULATED COMPOSITION OF SIMULATED HLW AFTER CALCINATION
Oxide

wt.%

PdO

11.85
12.03
6.32
7.54
11.14
1.36
1.33
18.09

UO3
La 2 O 3
CeO2
Nd 2 O 3
Pr
2°3
Y
2°3
M0O3

Oxide

wt.%

ZrO2

8.95
7.72
2.13
4.12
0.31
3.41*
0.92*
2.79*

Cs 2 O

SrO
BaO
SnO2

Fe 2 O 3
Cr 2 0 3
NiO

* recycling contaminants from dissolution of stainless steel and/or redox
control additions.
The atmosphere employed in these experiments, varying from
oxidizing to reducing, were air, C0 2 , N 2 ,C/C0/C02 and 5% H 2 - 95% N 2 .
Three heat treatments were chosen to approximately represent possible
schedules for crystallization of a monolithic waste form, and involved:

(1)

programmed cooling at x°C min"1 (x = 5, 10, 20) from 1400°C to
room temperature, to investigate crystallization during cooling;

(2)

programmed cooling at x°C min"1 (x = 5, 10, 20) from 1400° to
800°C, followed by reheating at the same rate to 1050°C and
holding at this temperature for 3 hours, to investigate further
crystallization produced by reheating; and

(3)

rapid cooling from 1400°C to 1050°C (at SCC-min" 1 ), holding at
1050°C for 2 to 6 hours before cooling to room temperature, to
investigate crystallization produced by interrupted cooling.

In all cases, the products of these heat treatments were
characterized by XRD and SEM/EDX, with parallel DTA runs being performed
for each composition using air or N 2 atmospheres. The major findings may
be summarized as follows:
(1)

In all cases, metallic droplets of Pd (also used to simulate Rh
and Ru) were found to precipitate.

(2)

Reducing atmospheres (C/C0/C02 and 95% N 2 - 5% H,) produced
additional precipitation of Mo, Fe and Ni (usually as alloy
combinations). Using neutral (N 2 ) or oxidizing (C0 2 , air)
atmospheres, however, Mo, Fe and Ni were present as ions within
the melt, with Mo subsequently crystallizing as powellite,
CaMo04, during the heat treatments described above.

(3)

With reducing atmospheres, the initial phases that formed during
cooling at 5°C min"1 included fluorite-, pyrochlore-, perovskiteand perrierite-structured types, as well as wollastonite and

- 16 anorthite (Hayward et al., 1986a). For compositions with up to
15 wt.% SHLW, these phases were found to recrystallize during
reheating or interrupted cooling to give a product in which
sphene was the major crystalline phase.
(4)

2.3.6

With neutral or oxidizing atmospheres, the precursor phase to
sphene during cooling was almost invariably a perovskitestructured phase, and powellite was also present. Upon
reheating, however, sphene was obtained as the major crystalline
phase, provided that the initial cooling rates from the melt were
> 10°C min"1 in the range 950°C to 1100°C. At slower (< 5°C/
min) cooling rates, the precursor perovskite-structured phase
consisted of micron-sized crystals, whose rate of reaction to
form sphene was sluggish (Hayward et al., 1987a).
Waste Ion Partitioning in Simulated HLW-Doped Glass-Ceramics

TEM/EDX analyses of numerous glass-ceramic samples produced by
the heat treatments described in Section 2.3.5 have been used to estimate
the degree of waste ion partitioning between the glass and crystal phases
(Hayward et al., 1986a, 1987a). The results have, in general, confirmed
the trends found with samples containing single dopant ions only, and are
in accord with crystal-chemical predictions. Thus, for samples where
sphene is the predominant crystal phase, RE, Y and Zr ions are
preferentially partitioned into sphene, while Ba and Cs are too large to be
easily accommodated in the sphene structure, and partition strongly into
the glass phase. Strontium exhibits little preference for either phase,
while hexavalent U is preferentially incorporated in the glass phase.
The major effect of a change in melting atmosphere from oxidizing
(air) to reducing (5% H2 - 95% N 2 ) is the precipitation of metallic Mo, Fe
and Ni; little change is seen in the partitioning of multivalent ions, such
as U and Ce. In the case of U, this observation reflects the relatively
low solubility of U 4+ in the sphene structure (Vance and Agrawal, 1982),
probably resulting from the additional charge-balancing requirement of U4+
in the Ca 2+ site in sphene, as compared to that of, e.g., RE 3 + . Since U 4+
is also much less soluble in glass than U 6+ (Schreiber et al., 1982), the
crystallization of U-bearing phases (pyrochlore, fluorite and perrierite)
is encouraged. Similarly, the partitioning of Ce into the Ca site in
sphene is less pronounced than for RE ions such as La 3+ , Nd 3+ and Pr 3+ ,
probably because these ions constitute the major replacements (along with
Na + ) for Ca, and effectively saturate the site. Thus, the effect of
Ce 3+ /Ce 4+ valence change on Ce partitioning is minimal.
For glass-ceramic samples containing more than ~ 15 wt.%
simulated HLV, the crystalline phases formed are mainly those in which RE
and U are essential (rather than substituted ions), such as perrierite-,
pyrochlore- or fluorite-structured phases; these phases (rather than the
glass matrix) are, thus, the main hosts for RE and U. At lower waste
loadings, for compositions where perovskite is formed in addition to, or
instead of, sphene, the preferential partitioning of the RE ions into the
phases is in the order: perovskite > sphene > glass.
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Implications for Waste-Form Production

The results of these studies have important implications for the
casting, cooling and reheating of a titanosilicate glass-ceramic waste
form. It is evidently necessary to crystallize the cast melt by rapid
cooling and subsequent reheating to ~ 1050°C, rather than by slow cooling
or by holding at ~ 1050°C, in order to achieve recrystallization of
precursor crystal phases to form sphene as the predominant crystal phase.
Furthermore, the rate of pouring from the melter into a container must be
sufficiently slow to allow the molten stream to cool rapidly (> 10°C min"1
in the range 1100°C to 950°C), to prevent significant crystallization of
perovskite. Alternatively, it may be more practical to opt for a faster
pouring rate, with the consequent retention of some residual perovskite in
the glass-ceramic; since the durability of perovskite is also extremely
high in most groundwaters (Ringwood et al., 1981), the resulting sphene,
perovskite glass-ceramic would still possess excellent chemical durability.
Melting atmospheres ranging from neutral to oxidizing have little
or no influence on the phase constitution of the final product with up to
20 wt.% SHLW, so that an air atmosphere would be both convenient and
suitable for melting. Foaming of the glass-ceramic, which is observed in
products doped individually with U or Ce (Section 2.3.4), is minimal in
products doped with up to 20 vt% of the full complement of simulated waste
ions. Since the Ca 2+ site in sphene and/or perovskite is largely
substituted by other RE 3 + ions, there is a corresponding reduction in the
amount of U 4 + or Ce 3 + incorporated in this site, and, thus, in the oxygen
produced by U 6 + to U 4 + and Ce4+ to Ce 3 + reduction during crystallization.
2.4

CHEMICAL DURABILITY OF SPHENE GLASS-CERAMICS

In the next five sections, the chemical durability of the glass
and sphene components of sphene glass-ceramics are discussed, both as
individual phases and as co-existing components in the glass-ceramics.
2.4.1

Thermodynamic Stability of Sphene

Recent surveys of deep boreholes and mines at numerous locations
across the Canadian Shield have shown that highly saline groundwaters of
the Ca-Na-Cl type occur widely at depths below ~ 500 m, the total dissolved
solids content increasing dramatically with depth (Frape and Fritz, 1981,
1982; Fritz and Frape, 1982; Frape et al., 1984). The trend is illustrated
in Figure 5, prepared from the mean analytical data given by Frape and
Fritz (1982) and Fritz and Frape (1982). At depths greater than ~ 500 m,
Ca 2+ and Na + are the dominant cations and Cl" is by far the dominant anion.
The dissolved silica concentrations do not vary significantly with depth
and lie between the saturation values for quartz and amorphous silica (log
H 4 Si0 4 molalities at 25°C of -4.0 and -2.7, respectively). Groundwater pH
values are generally in the range 5.0 to 6.8 (Fritz and Frape, 1982).
Thus, breaching of the engineered barriers within a deep HLW
disposal vault by groundwaters would ultimately bring the waste form into
contact with a solution rich in Ca 2 + , Na+ and Cl", and saturated or
supersaturated with respect to dissolved quartz. It is, therefore,
important to assess the stability of sphene with respect to the components
of representative groundwaters.
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to form rutile (or anatase, a TiO2 polymorph) and orthosilicic acid,
according to the equation
CaTiSiO5 + 2H+ + H20

Ca 2+ + TiO2 + H4Si04

(2.4.1)

The equilibrium constant, K, for this reaction is given by

or

[Ca2+] [B SiO.]
K =
-~
—
[H + ] 2

(2.4.2)

log K = log ([Ca2+]/[H+]2) + log [H4SiO4]

(2.4.3)

where square brackets denote activities.
Activity diagrams for the H+-H20-Ca0-Ti02-Si02 system at temperatures in the range 25° to 150°C have been published by Nesbitt et al.,
(1981a,b), Hayward and Cecchetto (1982) and Hayward et al., (1983). Figure
6 shows the activity diagram at 60°C, a mean temperature anticipated for
the waste vault, several hundred years after closure. Also plotted in
Figure 6 are groundwater compositions from various depths (interpolated
from Figure 5), and with an assumed pH of 7.0 and log[H4Si04] equivalent to
quartz saturation at this temperature. The positions of these groundwater
compositions straddle the sphene/rutile boundary. Thus, at constant
[H4Si04] values, the stability of sphene, relative to rutile, is determined
by the [Ca2+] and pH of a groundwater, with sphene stability being promoted
by increasing [Ca2+] and pH. This stability is extremely sensitive to
groundwater pH because of the [H + ] 2 term in the ordinate of Figure 6, so
that any increase in pH would rapidly increase the stability of sphene with
respect to rutile (and vice versa).
Vance (1987) has confirmed the general applicability of Equation
(2.4.1) for describing sphene dissolution in aqueous media, by performing
leach testing with natural and synthetic sphenes in a variety of media
whose pH values lay in the range 1 to 14. In acid (HCl) and neutral
solutions, proton-Ca2+ exchange and silica dissolution were the dominant
dissolution mechanisms, the leached surfaces being partially passivated by
formation of a layer of residual anatase (a polymorph of TiO 2 ). Strong
alkalis (NaOH, NH 4 0H), however, gave low dissolution rates, as would be
expected from the corresponding reduction in [H+J; this observation also
demonstrates lack of reaction between sphene and [0H~].
From the positions of the groundwater compositions in Figure 6,
it is apparent that sphene, rather than rutile, is the stable phase at >
600-m depth in groundwaters from the Canadian Shield, and would suffer no
net dissolution in groundwaters of pH > 7 from below this depth. For
groundwaters that plot within the rutile field, a reaction with sphene,
according to Equation (2.4.1), would occur; the resulting increase in
[Ca 2+ ]/[H + ] 2 in solution would progressively reduce the driving force for
reaction by moving the groundwater composition towards the sphene stability
field.
Two other reactions between sphene and the groundwater components
in Figure 5 are of possible significance. Reaction with SO2," can occur to
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CaTiSiO5 + 2H+ + S0^~ + 3H20

CaS04-2H20 + TiO2 + H4Si04
gypsum

(2.4.4)

Reaction can also occur with carbonate-type anions (CO2,-, HCO3 and H2CO|)
to form calcite and rutile, as in the equation
CaTiSiO5 + HCO3 + H+ + H20

CaCO3 + TiO2 + H4Si04
calcite

(2.4.5)

Hayward et al. (1983) performed solution equilibrium calculations
for the reactions of sphene with a Standard Canadian Shield Saline Solution
(SCSSS). The solution, which was a synthetic groundwater of the Ca-Na-Cl
type, with an ionic strength of ~ 1.45, was considered to be representative
of the saline groundwaters encountered in the Shield at depths below ~ 600
m. The calculations showed that sphene would be stable against reactions
with the concentrations of SOj" and carbonate-type anions expected in such
groundwaters at pH values > 6.5 and in the temperature range 25° to 150°C.
The overall conclusion of Nesbitt et al. (1981a,b) and of Hayward
et al. (1983), that sphene would be thermodynamically stable in typical
Canadian Shield groundwaters of the Ca-Na-Cl type with ionic strengths
greater than ~ 1.4, has been tested experimentally (Hayward et al., 1983).
During 360-day, 100°C experiments involving SCSSS groundwater, a Ca0-Ti02SiO2 glass frit, which served as a sparingly soluble source of Ca, Ti and
Si ions, was found to dissolve and reprecipitate as crystalline sphene,
thus confirming that the experimental [Ca 2+ ], [H+] and [H4Si04] values lay
within the sphene stability field at that temperature. In the same work,
no evidence for dissolution was found in samples of natural and synthetic
(ceramic) sphene after 360 days exposure to SCSSS at 100°C.
The above conclusion is not necessarily applicable to the sphene
phase in a glass-ceramic waste form, however, since it ignores (i)
stability-field changes due to incorporation of HLW ions, Na+, Al 3+ , etc.,
in the sphene structure; (ii) ion exchange between fission products in the
Ca 2+ sites of the sphene structure and groundwater components such as Ca 2+ ;
(iii) damage to the sphene lattice from radiation- and transmutationinduced metamictization;, and (iv) reactions with species (free radicals,
etc.) produced by radiolysis of groundwaters. The latter two items are
reviewed in Section 2.5, while the former two have been studied in
experiments with synthetic sphenes doped with simulated HLW or with
radionuclides, such as 22 Na and 45 Ca. Further experiments, designed to
establish a more general database for the leaching of sphene in a wide
range of aqueous media, are described by Vance (1987).
Earlier studies of the dissolution of sphene glass-ceramics in
deionized water and in groundwaters (Hayward et al., 1982; Hayward et al.,
1984b) led to the conclusion that the sphene and glass-matrix phases can be
considered, to a first approximation, as leaching independently of each
other, and with little localized change in pH. Consequently, much of the
subsequent research has focussed on the separate dissolution behaviour of
synthetic sphenes and of aluminosilicate glass, both being doped with
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these approximate to the low flow rates anticipated for groundwaters
percolating through a waste vault.
2.4.2

Dissolution of Sphene Containing Simulated HLW

Hayward et al. (1982) examined the early stages of dissolution of
a sphene ceramic doped with 1 vt.% each of U0 2 , CeO2 and La2O3, 0.5 vt.%
SrO and 0.8 vt.% of Cs2O, (the latter being based on erroneous evidence
(Hayward and Cecchetto, 1982) that sphene could accommodate a significant
Cs fraction. Static, unreplenished leach tests in Teflon™ containers were
used, the procedure being close to that of Harvey and Jensen (1982), and
similar to MCC1 test methodology (Mendel, 1983). After leaching for 10
days at 100°C in deionized water (DIW) or synthetic Ca-Na-Cl groundwater
(SCSSS), using a surface area to volume (S/V) ratio of 10 nr1, the samples
were examined using SEM/EDX and secondary ion mass spectrometry (SIMS)
depth profiling. Little change in elemental depth profiles were found in
the DIW experiments, except for a slight surface enrichment in lanthanum
and cerium. With SCSSS, a surface layer of a magnesium silicate phase
(subsequently identified as sepiolite) formed by precipitation, but no
evidence for leaching was observed. Values for solution pH in these
experiments remained in the range 6.0 to 6.5.
The experiments with SCSSS at 100°C were continued for 360 days,
during which time the solution pH remained in the range 6 to 7. Similar
experiments were also performed at 100°C in SCSSS for 360 days, using a 1-g
addition of powdered Ca0-Ti02-Si0, glass frit to buffer the solution pH at
8 to 9. During this time, the only sample weight changes recorded were
slight gains (from sepiolite precipitation) during the first 30 days; the
samples remained at essentially constant weights thereafter. These results
offered broad confirmation of the stability of the partially substituted
sphene matrix in SCSSS, although the lack, of solution analyses did not
permit release rates for the dopant ions to be determined.
In subsequent experiments (Hayward et al., 1986b), the dissolution of a sphene ceramic (containing oxides of Na, Y, La, Sr, U, Th, Al, Zr
and Sn) in DIW and in brines of varying strengths (representing groundwaters from 300- to 700-m depth in the Canadian Shield) and in DIW was
studied at temperatures of 25°C, 60°C and 100°C, using S/V ratios of 10 and
20 nr1. The results confirmed the thermodynamic prediction that there are
major differences between the mechanisms of dissolution in DIW and brines:
they also showed that the behaviour in brines was strongly dependent on
temperature, with little or no reaction below 60°C, and was insensitive to
Ca, Na and Cl concentrations in the brines above an undetermined minimum
value. Little release of any of the impurity ions, except for U, was found;
the latter formed isolated aggregates of uranophane (Ca(U02),(SiO3OH)2)
crystals at the specimen surfaces. The U mobility was attributed to the
presence of a minor unidentified U6+-rich phase (observed using XRD and
SEM/EDX) in the original ceramic, and to the formation of soluble U
complexes with carbonate anions in solution. Selected leaching experiments
are at present being repeated, using doped ceramics that have been fired at
lower oxygen fugacity in order to maximize the U*+/U6+ ratio, and, thus, to
allow for U incorporation in the sphene structure.
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Dissolution of Aluminosilicate Glass Matrix Containing
Simulated HLW

The dissolution of aluminosilicate glasses containing active HLU
(the "Chalk River Glasses") has already been the subject of considerable
study (Merritt, 1976; Melnyk et al., 1984; Tait et al., in press). The
results have shown the glasses to be significantly more durable than
typical waste-containing borosilicate glasses, usually by one or two orders
of magnitude, depending on the nature of the test. This fact, which has
been confirmed by Tait and Mandolesi (1983), was a major reason for the
original inclusion of A1 2 O 3 , rather than, say, B 2 0 3 , in the formulation of
a sphene glass-ceramic.
The glass composition used to represent the aluminosilicate glass
phase in a sphene glass-ceramic was derived from previous TEM/EDX analyses
(Hayward et al., 1986a) of this phase in a glass-ceramic containing 10 wt.%
simulated HLW. This glass, which was melted at 1400°C, had a mole %
composition: Na 2 0, 7.4; Al 2 0 3 , 9.3; CaO, 5.8; Ti0 2 , 2.1; Si02, 71.9; FeO,
0.4; SrO, 0.4; Y 2 0 3 , 0.1; ZrO2, 0.6; U0 2 , 0.6; Mo0 3 , 0.3; SnO2, 0.2; Cs 2 0,
0.3; BaO, 0.3; Nd 2 O 3 , 0.3. Dissolution experiments were performed with
this glass in DIW and SCSSS at 25°C, 60°C and 100°C, using a S/V ratio of
10 m"1 (Hayward et al., 1987b).
Figure 7 shows the release values per unit surface area of Ca,
Sr, Ba, Mo and Si (after normalizing by the method of Hayward et al. (1983,
to account for varying element concentrations in the initial leaching
samples) from this glass in DIW at 100°C as a function of time. Except for
sodium, all other elemental concentrations in solution were below
analytical detection limits, including cesium for which a 91-day leach rate
of < 5.3 x 10" 10 kg m" 2 s" 1 was deduced from the atomic absorption (AA)
spectroscopy detection limit. The Na release rose to ~ 21 x 10"3 kg m~2
within the first two days of leaching, and remained essentially constant
thereafter, implying rapid H+ - Na+ exchange at the sample surfaces and the
formation of a layer depleted in Na + . Of the other elements detected in
solution, Sr, Ca, Si and Mo are seen (Figure 7) to undergo near-congruent
dissolution, with Ba release occurring more slowly. All of the detected
elements appear to attain a constant concentration after ~ 60 days,
possibly due to solution saturation by alteration products, such as the
carbonates (from dissolved C0 2 ) of Ca, Sr and Ba.
Normalized elemental leach rates after 91 days in DIW at 100°C,
60°C and 25°C are given in Table 5, together with bulk leach rates,
calculated from weight-loss measurements. Comparison of the results
confirms that Na+ release is the predominant dissolution mechanism. During
the course of 91 days, the leachant pH remained within the range 5.8 to
6.5, probably due in part to buffering by dissolved C0 2 •
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10 1 0 x NORMALIZED ELEMENT AND BULK LEACH RATES
FOR ALOMINOSILICATE GLASS MATRIX AFTER 91 DAYS IN DEIONIZED
WATER, S/V = 10 nr1"
"Less than" figures are derived from inductively coupled Plasma (ICP)
emission spectroscopy detection limits. Quoted errors are standard
deviations from triplicate experiments.
Element

100° C

60° C

25°C

4.5 + 1.0

3 .1 + 0.5

Na

20.5 + 4.9

Ca

8.5 + 0.0

< 0.02

< 0.02

Si

7.8 + 0.6

0.8 + 0.2

0 .2 + 0.0

Sr

6.6 + 0.1

0.5 + 0.1

< 0.02

Ba

2.9 + 0.8

0.6 + 0.1

< 0.4

Mo

7.3 + 0.4

< 0.3

< 0.3

Bulk

7.6 + 1.0

0.7 + 0.1

0 .2 + 0. 1

Parallel dissolution experiments with this glass have been
performed in the range 25°C to 100°C, using a modified SCSSS composition
(in which Sr 2+ was replaced by Ca 2+ on a molar basis) as the leachant, and
a S/V ratio of 10 nr 1 . Here, chemical analysis for Na, Ca and Si could not
be used to monitor the dissolution process, since these ions were major
components of the leachant. Of the remaining elements, only Ba, Mo and Sr
were found to be above ICP and AA detection levels. The normalized release
values for these elements per unit surface area at 100°C are shown in
Figure 8, together with Ca values deduced for this glass from separate
experiments with 45Ca-doped glass (described in Section 2.4.5). The trends
of these curves are similar to those in Figure 7, and the apparently
constant values obtained after 30 to 60 days are within a factor of 5 of
those obtained in DIV. During the course of these experiments, the
solution pH values remained in the range 6.2 to 6.9. Normalized elemental
leach rates at 100°C after 91 days were (2.0 + 1.0) x 10" 1 0 , (1.3 + 0.2) x
10"9 and (1.5 + 0.2) x 10" 9 kg-nr^s" 1 for Sr, Ba and Mo, respectively. As
with the DIV experiments, the progressive decrease to zero of the slope of
the elemental loss curves with increasing time is probably the result of
solution saturation by low-solubility alteration products.
2.4.4

Dissolution of Sphene Glass-Ceramics Containing Simulated HLW

Dissolution experiments using representative sphene glassceramics doped with up to ~ 5 wt.% of simulated waste ions have been
performed at 100°C in DIW and SCSSS, using static tests and a S/V ratio of
10 or 1 (Hayward et al.r 1982; Hayward et al., 1984b). Normalized leach
rates in DIV are given in Table 6. The low rates of Ca and Ti, compared to

- 23 those for Na, Al and Si, indicate preferential dissolution of the glass
phase. This preferential dissolution was also confirmed using SIMS depth
profiling, where the samples were found to have undergone sodium depletion
to greater depths than for calcium depletion. Cesium had a leach rate
comparable to that of sodium, in contrast to the results found with the
glass matrix (see previous section). The relatively high leach rate for
strontium, compared to that for calcium, is attributed to the strontium
fraction partitioned into the glass phase. The low rates for Ti, La and U
are almost certainly due to formation of low-solubility alteration
products. These conclusions were verified by SEM/EDX analyses of leached
surfaces and by SIMS depth profiling, as discussed in the original cited
work. No significant solution pH departures from 6.0 to 6.5 were observed
during these experiments.
TABLE 6
NORMALIZED LEACH RATES FOR A SPHENE GLASS-CERAMIC
IN DIW AT 100°C.
Element

Leach rate, 10

30d
Ca

Na
Al
Ti
Si

Zn
Cs
Sr
U
La
Bulk, (weight loss)
Bulk (from analyses)

0.9(0.1)
14.6(2.5)
6.1(1.7)
< 0.7
4.8(1.0)
0.5(0.1)
8.6(1.7)
6.9(3.3)
< 0.4
< 4.5
8.0(0.2)
4.1(0.5)

x kg.m" .s

60d
0.9(0.1)
13.8(0.6)
3.6(0.3)
< 0.2
8.7(0.6)
0.5(0.1)
10.2(0.1)
5.2(0.3)
< 0.2
< 2.3
4.6(0.1)
5.7(0.2)

90d
0.8(0.1)
10.9(2.1)
4.7(1.6)
< 0.1
8.7(0.4)
0.1(0.1)
11.9(0.1)
5.3(0.2)
< 1.5
< 0.7
4.6(0.4)
5.6(0.5)

Standard deviations of triplicate results in parentheses,
for Ti, U and La are derived from ICP detection limits.

Rates

Studies of sphene glass-ceramic dissolution at 100°C in SCSSS
plus crushed granite were restricted to weight-change measurements, SEM/EDX
analyses and SIMS depth profiling experiments. Again, no significant pH
changes from -6.5 were recorded during 360 days of leaching. In some
experiments, the pH was buffered at ~ 8.0 using a CaO-TiO2-SiO2 glass frit.
Surface analyses and SIMS depth profiles showed that dissolution of the
sphene phase in the glass-ceramic was greatly reduced or eliminated by the
use of SCSSS, rather than DIW, as leachant. The leach rates of the glass
phase were deduced from weight-change measurements as ~ 1.6 x 10" 10 and
3.8 x 10" 1 0 kg-nr^s" 1 for the pH 6.5 and pH 8.0 experiments, respectively.
The observation that the dissolution rate of the aluminosilicate glass
phase is increased at pH values > 7 has been subsequently confirmed by
Vance (1987) with experiments at a pH value of ~ 12.

- 24 2.4.5

Dissolution Experiments Using

22

Na- and

45

Ca-Doped Samples

In order to directly measure the release to solution of matrix
elements in the glass and sphene phases of a sphene glass-ceramic, static
dissolution experiments in SCSSS at 100°C and 25°C have been performed with
aluminosilicate glass and sphene ceramic samples doped with 22 Na (tVz = 2.6
a) or 45 Ca (t% = 163 d), with periodic analysis of the leachant for gamma
or beta activity, according to a replenished test schedule (Hayward et al.,
1987b). Similar experiments with 22 Na- or 45Ca-doped sphene glass-ceramics
containing 5 wt.% simulated HLW are also in progress. The measured
activities in the leachant samples were converted to normalized Ca and Na
losses per unit surface area of the glass and sphene specimens, and are
shown in Figures 9 and 10, respectively, for the 100°C experiments.
The normalized leach rates for Na from the glass and sphene
specimens after 90 days in SCSSS at 100°C were (4.8 + 0.3) x 10"9 and (3.8
+ 0.6) x 10"9 kg-m~2<s"1, respectively; these values are a factor of ~ 4
Higher than the corresponding Na leach rate for a sphene glass-ceramic in
DIV (Table 6), and the Na leach rate for the glass in SCSSS is a factor of
~ 2.3 higher than the corresponding rate in DIW (Table 5). The enhanced Na
leach rates for the glass in SCSSS are probably due, in part, to matrix
dissolution via H+ - Na+ exchange, but will also contain a contribution
from ion-exchange between the 22Na-doped sample surfaces and Na+ in the
leachant, which would not be detected in inactive leaching experiments.
The relatively high Na release rate from the sphene (in which 10% of Ca 2+
had been replaced by charge-balanced substitutions of Na+ + La3*) is
ascribed mainly to ion exchange between Na+ in solution and Na+ in the
ceramic.
The normalized leach rates for Ca from the glass and sphene
specimens after 90 days in SCSSS at 100°C were (6.1 + 0.1) x 10 10 and (2.5
+ 0.1) x 10~ 10 kg-nr^s" 1 respectively; the former value is close to the
<Jl-day leach rate at 100°C for Ca from the glass in DIW (Table 5). The Ca
release rate from the sphene samples is attributed to ion exchange with
Ca 2+ in solution, since sphene is a stable phase in SCSSS at neutral pH
values (Section 2.4.1). The higher Ca release values from the glass are
probably due, in part, to matrix dissolution, but will also contain a
contribution from ion exchange. Note that the high Ca 2+ content of SCSSS
ensures that the calculated Ca release rates, determined from 4S Ca activity
in solution, are not depressed by mechanisms such as CaC03 precipitation or
Ca 2+ sorption onto surfaces, since 45 Ca represents an insignificant
fraction of the total Ca in solution. These mechanisms may, however, be
operative in dissolution experiments using Ca-free leachants, such as DIV.
In summary, Na and Ca have been shown to undergo incongruent
release to solution from 2z Na- and 4SCa-doped samples of aluminosilicate
glass and sphene ceramic in Ca-Na-Cl brine. The results are consistent
with a model for leaching of the sphene phase involving surface ion
exchange only, and with a model for glass leaching involving matrix
dissolution plus surface ion exchange.
2.4.6

Interactive Systems Tests

Samples of a representative sphene glass-ceramic, containing
5 vt.% simulated HLW, have been included in the Materials Interface
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site in the salt dome at Carlsbad, New Mexico (Wicks, 1985). In these
tests, which are coordinated by the U.S. Savannah River Laboratory, cored
circular slices ("pineapple slices") of waste forms, container materials
and rock salt have been stacked in contact with each other, with a
cylindrical heater at the centre of each stack, and are being subjected to
in situ leaching in brine, with or without bentonite-based buffers, for
time periods of 6 months, 1, 2 and 5 years. A detailed materials
evaluation program is planned for the end of each period. Studies of the
interactions between sphene glass-ceramics, groundwaters and candidate
buffer materials have also commenced at WNRE in a series of laboratory
experiments with 22 Na- or 45Ca-doped glass-ceramic, SCSSS, and kaolinite or
Na- or Ca-bentonite as buffer materials (Tait et al., work in progress).
2.5

RADIATION EFFECTS

The effects of radiation damage in glass and ceramic nuclear
waste forms, and the laboratory techniques used to simulate them, have
recently been reviewed by Weber and Roberts (1983), Weber (1983) and Vance
(1982). The major effect is generally acknowledged to be from the alpha
decay of actinides, each decay involving the ejection of a high-energy
(~ 4-6 MeV) alpha particle, and an accompanying recoil of the nucleus
(~ 0.1 MeV), both of which produce displacement damage in the atomic
structure of the waste form. Beta decay, involving production of highenergy beta particles and gamma rays, is associated more with ionization
processes than with displacement damage, and is more likely to influence
the chemical durability of a waste form via radiolysis of adjacent
groundwaters than from any structural damage.
Vance et al. (1984b) used 3-MeV Ar+ ion bombardment to simulate
alpha decay in powder samples of ceramic sphenes and sphene glass-ceramics.
They deduced that a fluence of ~ 7 x 10 18 <x/g was required to produce
complete metamictization of sphene, in good agreement with the fluence
value of ~ 5 x 10 18 <x/g deduced from a study of partially metamict natural
sphenes (Vance and Metson, 1985). However, leaching experiments in
deionized water and in synthetic Ca-Na-Cl brine showed that severe
radiation damage did not enhance the dissolution rate of sphene in
deionized water by more than a factor of 5. These results suggest that,
although the sphene structure is more susceptible to damage from a
radiation than the zircon structure (Vance and Metson, 1985), the resulting
increase in dissolution rate is less than in the case of zircon (Ewing et
al., 1982). Severe damage from a radiation had no discernible effect on
the leaching behaviour of the glass-ceramic in deionized water.
These results afford a useful simulation of the alpha decay
process in sphene glass-ceramics. Probably the greatest uncertainty in
their interpretation lies in correlating the number of atomic displacements
produced per alpha recoil event and per 3-MeV Ar+ ion impact. A more
accurate simulation, involving a study of the effects of 2 vt.% 238 Pu
doping on the properties of glass-ceramic No. 33, is currently underway at
Chalk River Nuclear Laboratories (Burrill and Vance, work in progress).
The dose rate involved in these experiments is ~ 5.8 x 10 17 a g~1a"1, and
thus the sphene phase in the glass-ceramic should be fully metamict after 10 years storage if equal partitioning of Pu between the sphene and glass
phases is assumed.
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radiation on a natural sphene sample, using a 200-keV electron beam to
simulate 3 decay. No structural effect was found after irradiation to a
fluence of 2 x 10 27 e/m2. The corresponding ionization dose (~ 10 14 Gy) is
much higher than that which would be encountered in a waste form, and these
authors conclude that ionization effects may be discounted in assessing the
influence of solid-state radiation damage on sphene.
A series of leaching experiments in the presence of a gamma field
have been performed on glass-ceramic samples containing 1 vt.% each of U,
La, Cs and Sr in order to examine the influence of solution and atmosphere
radiolysis on the rate of dissolution of the glass-ceramic. The samples,
together with either deionized water or synthetic brine, were sealed in
fused silica ampoules under an atmosphere of air or argon, and were then
leached for 485 days at 100°C while being subjected to a dose rate of
(4 Gy/h from a used-fuel gamma-ray sources, similar to that expected for
reference waste form conditions (Tait and Hayward, work in progress). A
leach rate in the deionized water experiment of 2 x 10" 11 kg#m~2«s~1 was
calculated from the weight change measurement, lower by a factor of ~ 5
than the value of ~ 1.0 x 10~ 10 kg'nr^s" 1 reported by Hayward et al.
(1984b) for 360-day leaching at 100°C of the same material with no gamma
field. No differences in the surface alteration phenomena in deionized
water or brine between the irradiated and unirradiated samples were
observed using SEM. These results suggest that gamma-radiolysis effects
under these leaching conditions do not significantly affect the durability
of the glass-ceramic. Further work, using different glass-ceramic
compositions and higher gamma doses (~ 1000 G y h " 1 ) , is in progress to
confirm this conclusion.
2.6.

NATURAL ANALOGUES

The use of natural analogues to predict the behaviour of various
components within an underground waste vault over geologic periods of time
is an important method for helping to justify models derived from shortterm laboratory experiments. Studies of natural analogues of waste form
materials, such as basalt glass (an analogue for borosilicate glass) and
natural zirconolite (representing the synthetic zirconolite phase in
SYNR0C-C), have proved especially valuable in this respect (see, for
example, Lutze et al., 1985, and Oversby and Ringwood, 1981). Recent
studies of natural sphene (Vance and Metson, 1985; Gascoyne, 1986; Fleet
and Henderson, 1986; Vance, 1987) have examined the influence of radiation
self-damage (mainly alpha-particle emission and nucleus-recoil damage from
the decay of U, Th and their daughter products, contained in the sphene
structure) on metamictization and/or radionuclide migration (leaching).
Vance and Metson (1985) studied 15 sphene samples, from different
localities, that had undergone various degrees of metamictization. The
samples, which contained < 0.1 wt.% equivalent uranium (i.e., the
concentrations of natural uranium that would produce the actual alpha
activities of the samples), were > 109 a in age. Estimates of the extent
of damage in these samples were made from X-ray diffraction measurements of
peak broadening by comparing them with the degree of broadening in X-ray
patterns of damaged zircons that had previously been studied by singlecrystal X-ray methods (Vance et al., 1980). The results showed that a
fluence of ~ 5 x 10 18 a/g is required for complete sphene metamictiza-
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a-fluence value is in good agreement with the value of ~ 7 x 10 1 8 a/g
previously obtained from 3-MeV Ar + ion irradiation studies of radiation
damage in synthetic sphenes (Vance et al., 1984b), confirming sphene to be
two to three times more sensitive to oc-decay damage than zircon. The
results of subsequent work by Fleet and Henderson (1986) are in essential
agreement with these conclusions. From the results of Vance and Metson
(1985), it was calculated that the sphene phase in a sphene glass-ceramic
waste form containing 102 HLW from the recycling of CANDU™ fuel would
require ~ 106 years storage to be rendered completely metamict.
Evidence for the stability of sphene over geologic times from UTh-Pb isotopic age dating results has been examined in a comprehensive
review by Gascoyne (1986). The technique relies on age determinations of
U- and/or Th-bearing minerals using two or more independent methods. Close
agreement ("concordancy") of ages determined in this way demonstrates that
the mineral in question has remained a closed system, i.e., has not
suffered subsequent loss of the radionuclides used in dating. If the
pressure and temperature history of the mineral is known from petrographic
or other studies, then concordancy of ages also indicates the stability of
the mineral to such conditions. The age-dating technique has been commonly
used on zircon grains isolated from a whole-rock sample, with other
minerals, such as sphene, monazite and apatite, being examined for
agreement with the zircon ages.
Gascoyne's review compared the U-Th-Pb isotopic ages reported for
68 sphene samples from numerous localities with the U-Th-Pb ages determined
for co-existing zircons, and with the K/Ar and Rb/Sr ages determined for
the host-rock formations. In general, greater concordancy was found for
the sphene ages than for the zircon ages, indicating a superior ability of
sphene to retain U, Th and daughter products for periods of up to 3 x 109a.
Excellent agreement was also observed between sphene ages and the estimated
age of host rock crystallization, except for cases where subsequent
metamorphic events, involving temperatures in excess of ~ 500°C for many
thousands of years, had reset the sphene ages by loss or exchange of
radionuclides.
One drawback with the use of the age-dating techniques described
above to assess radionuclide migration is that they often cannot be used to
estimate recent losses of a daughter radionuclide by a mechanism such as
leaching. An example is provided by the 2 3 S U decay series, which
terminates at 2 0 6 Pb (stable) via long-lived daughter radionuclides
including 2 3 4 U (half life, t% = 2.5 x 105 a ) , 2 3 0 Th (t% = 7.5 x 104 a) and
226
Ra (t% = 1.6 x 103 a ) . If a 238U-bearing mineral is subjected to a
leaching process that selectively removes a daughter radionuclide, such as
226
Ra, then the 2 3 8 U/ 2 0 6 Pb ratio will remain unaffected initially.
However, since 2 2 6 Ra is a precursor of 2 0 6 Pb, the ratio value will, during
the course of time, progressively depart from the value corresponding to an
unleached sample of the same age. Thus, there would be a period of time
(determined by the analytical sensitivity for 2 0 6 Pb) where loss of a
daughter radionuclide, such as 2 2 6 Ra, could not be detected by 2 3 8 U/ 2 0 6 Pb
ratios.
To obtain information on the recent leaching of U-bearing
minerals, uranium-series disequilibrium analyses, involving separate
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to indicate radionuclide migration over the last 1.5 x 106 a, 3.5 x 105 a
and 3 x 103 a, respectively (Schwarcz et al., 1982). Gascoyne (1986)
performed uranium series analyses for 21 sphenes whose ages ranged up to
2.7 x 109 a and which had received up to ~ 30% of the a fluence required
for amorphization. Seventeen of these samples, including the most metamict
sphenes, were found to be in secular equilibrium with respect to 2 3 e U,
234
U, 2 3 0 Th and 226 Ra. In these samples, therefore, proximity to nearsurface weathering conditions had not resulted in differential loss of
these radionuclides. The remaining four samples were in disequilibrium,
having suffered varying degrees of radionuclide migration. However, there
was no correlation between the extent of migration and the degree of
metamictization, indicating varied exposure of these samples to leaching
conditions.
Vance (1987) has compared the leach rates at 90°C in deionized
water and in a synthetic brine of a natural sphene that had received ~ 20%
of the a fluence required for amorphization, both before and after the
damage was removed by annealing at 900°C. In deionized water, annealing
was found to reduce the leach rate by a factor of » 3 to a value of ~ 1 x
10~ 10 kg-nr1-s""1. In the brine experiments, there were no discernible
differences in SEN micrographs of the surfaces of damage and annealed
samples after 90 days of leaching; both showed precipitation of sepiolite
from the brine, as reported by Hayward et al. (1984b), with no visible
evidence for leaching.
The above results, while not conclusive, strongly support the
contention that the sphene phase in a sphene glass-ceramic would be a
durable host for radioactive-waste ions, and that a emission and recoil
damage within the sphene lattice do not seriously diminish chemical
durability.
2.7

PHYSICAL AND MECHANICAL PROPERTIES OF SPHENE GLASS-CERAMICS

While the most important properties of a waste form are
undoubtedly its resistance to aqueous dissolution and its ease of
fabrication, a knowledge of the physical and mechanical properties of the
waste-form material is also required to fully assess manufacturing and
transportation risks, and to enable the thermal characteristics of a waste
vault to be predicted. A testing program for sphene glass-ceramics is
currently in progress at VNRE, and the results to date are summarized in
this section.
2.7.1

Influence of Microstructure on Properties

As mentioned in Section 2.3, several types of microstructure have
been observed in sphene glass-ceramics. Waste-free formulations are
characterized by domains of elongated sphene crystals, ~ 1 micrometre in
diameter and hundreds of micrometres in length, and with parallel or
dendritic alignment, occupying 40 to 50 volume % of the solid. Compositions with up to 15 vt.% (simulated) HLV exhibit bulk nucleation during
reheating as a result of the formation of precursor crystalline phases in
the CaO-TiO2-rich unmixed glass, followed by subsequent recrystallization
to form micrometre-sized sphene crystals with near-random orientation,
again occupying 40 to 50 volume % of the solid. Finally, for compositions
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slow cooling rather than by rapid cooling and reheating, the presence of
additional or alternative phases to sphene causes further variations in
microstructure.
The physical and mechanical properties of the resulting glassceramics will undoubtedly depend to some extent on microstructure, and thus
on the waste content and heat treatment. The properties listed below are
for samples of glass 33 + 0 to 10 wt.% simulated HLV that have been
converted to sphene glass-ceramics by reheating to 1050°C for 1 to 3 hours
(except where otherwise stated). Where possible, a comparison is made with
typical silicate glasses, including waste glasses.
2.7.2

Density and Porosity

The densities of precursor glass 33 and of the corresponding
glass-ceramic, measured by Archimedes method, are 2.73 and 2.78 g*cm~3
respectively. However, glass-ceramics containing 5 wt.% and 10 wt.% of
simulated HLW have measured densities of 2.91 and 2.95 g*cm~3,
respectively. The non-linearity between the density increase and the waste
content reflects the microstructure differences referred to above.
The total porosity of a waste-containing glass-ceramic can vary
from zero to quite high values (~ 10 vol.%), depending, in part, on the
length of time the material is held at high temperatures to allow the
residual glass phase to relax around the newly formed sphene phase. Also,
redox reactions involving reduction of multivalent waste ions, such as U 6+
and Ce 4+ , during crystallization can generate oxygen bubbles (Vance et al.,
1984a; Hayward et al., 1984a). However, typical products have only < 2
vol.% closed pores, and all are impervious to water, i.e., have no open
porosity.
2.7.3

Mechanical Strength

The relationship between microstructure, surface treatment and
cross-breaking (or flexural) strength in glass-ceramics have been discussed
by McMillan (1979). In general, sphene glass-ceramics possess crossbreaking strengths comparable to other glass-ceramics, and significantly
higher than those of typical silicate glasses. Thus, samples of a sphene
glass-ceramic containing 10 wt.% simulated HLW gave values of 109 ± 14 MN
m~2 when tested in a 4-point bending jig. For comparison, samples of wellannealed soda-lime-silica float glass subjected to similar surface grinding
and testing gave values of 68 ± 15 MN-nr2. These figures lie within the
general range of values for silicate glasses (55 to 70 MN*m~2) and glassceramics (70 to 350 MN'nr2) quoted by McMillan.
2.7.4

Elastic Modulus

The elastic properties of a material are of great importance in
determining its behaviour when subjected to deformation. For example, the
elastic modulus, E, of a waste-form material, together with its thermal
expansion coefficient, determines the levels of stress resulting from a
steady-state temperature gradient across a waste form. In general, glasses
have lower elastic moduli than crystalline oxide ceramics, with values for
glass-ceramics falling between the two (McMillan, 1979). The results of

- 30 four measurements on a sphene glass-ceramic containing 10 vt.% SHLV, using
a four-point beam bending method, gave E as (10.27 ± 0.02) x 104 MN-nr2.
For comparison, typical commercial glasses and glass-ceramics have E values
at room temperature within the range (6 to 7) x 104 MN*m~2 and (8 to 14) x
104 MN-nr2, respectively.
2.7.5

Indentation Hardness and Fracture Toughness

The results for measurements of the diamond pyramid (Vickers)
hardness of glass-ceramic 33 containing 5 vt.X simulated HLW as a function
of applied load are shown in Figure 11. A significant dependence of
hardness on load is seen, especially for low loads. Figure 12 shows an SEM
micrograph of a typical indentation pattern obtained under a 0.2-kg load.
The cracks emanating from the indentation corners are characteristic of
brittle materials, and have been shown to be a measure of the propensity of
the material under test to permit crack propagation (Weber et al., 1984).
This property may be expressed in terms of the fracture toughness of a
material, K IC , defined by
K IC = Ha1/2 (E/H) 2 / 5 [0.057 (c/a) " 3 /2]

(2.7.1)

where H = Vickers hardness and E = elastic modulus (both with units of
MN>m~2), a is the half-diagonal indentation length and c is the distance
from the centre of the indentation to the crack tip.
A series of 12 measurements at 1.96-N load on the material used
in the Vickers hardness tests gave a mean K lc value of 1.41 ± 0.14
MN*m~3/2. This value is higher than the range quoted by Veber et al.
(1984) for nuclear-waste glasses of 0.9 to 1.1 MN-m~3//2, indicating a
superior resistance to crack propagation. On the basis of high-resolution
SEM micrographs, however, the cracks produced during indentation hardness
testing are seen to go across, rather than go around, individual crystals
within the glass-ceramic matrix. This is in contrast to behaviour observed
in other glass-ceramic systems, where crystal boundaries can be seen to
terminate or deflect cracks (McMillan, 1979).
2.7.6

Thermal Expansion

The thermal expansion coefficients of precursor glass 33, glassceramic 33, and glass-ceramic 33 + 10 wt.% simulated HLV have been measured
in the range 10 to 750°C using a differential dilatometer, a sapphire
standard and a heating rate of 2°C per minute. The results are shown in
Figure 13. Linear thermal expansion coefficients (x 10~6 "C"1) for the
three materials, calculated from these results in the range 20° to 300°C,
are 7.6, 6.4 and 6.5, respectively. For comparison, the linear thermal
expansion coefficients (x 10"6 "C"1) of the candidate container materials
Ti code 12, Hastelloy C, Inconel 690 and copper are 9.9, 11.3, 12.1 and
16.7, respectively, within this temperature range. Thus a sphene glassceramic waste form would be put under a compressive stress during cooling
from its heat-treatment temperature, with a corresponding tensile stress
being generated in the container. Since glasses and glass-ceramics usually
fail under tension rather than compression, the thermal expansion mismatch
would give a reduced probability of waste-form fracture during cooling.
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Specific Heat

The specific heats of glasses and glass-ceramics do not vary
greatly with composition (McMillan, 1979). Determinations of the specific
heats of glass-ceramic 33 containing 0, 5 and 10 vt.X simulated HLV have
been made at 50°C, using differential scanning calorimetry and a sapphire
standard, each giving an identical result of 0.71 ± 0.08 J-g" 1 - 0 ^ 1 . Thus
the addition of waste to the glass-ceramic composition appears to have
negligible effect on specific-heat values.
2.7.8

Thermal Conductivity

Data on thermal conductivity are required to assess the surface
temperature of a waste form and mean vault temperatures. In general,
glass-ceramics have thermal conductivities somewhat higher than those of
typical glasses (~ 1.7 W'nr 1 '^" 1 ) but lower than those of typical oxide
ceramics (- 10-30 W-m" 1 -"C" 1 ). The thermal conductivity of a sphene glassceramic containing 10% simulated HLV was measured as 2.2 W-m" 1 - 0 ^ 1 in the
range 50°C to 150°C (Kroeger and Schankula, work in progress).
2.8

WASTE FORM FABRICATION

Although fabrication of an engineering-scale waste form (i.e., a
full-sized canister of sphene glass-ceramic) has not yet been attempted,
much of the basic research necessary to design a suitable melting facility
has been performed, and a small demonstration melter for producing ~ 8 L
canisters of glass-ceramic is currently being operated (Section 2.8.4). The
following sections summarize the criteria for melter design that have been
established.
2.8.1

Melt Viscosity/Temperature Behaviour

The results of viscosity determinations (Tait at al., 1986a;
Hayward et al., 1987c) for glass 33 melts containing 0 and 5 vt.X simulated
HLW are shown in Figure 14, together with those for the viscosity standard
used, NBS-710 container glass. The titanosilicate melts were prone to
crystallize when cooled to temperatures < 1175°C, giving rapid increases in
viscosity at or below this temperature. The results show that addition of
waste causes only a slight decrease in melt viscosity, of little
consequence in melter design.
For each composition, the viscosity data as a function of
temperature were fitted by non-linear regression techniques to the Fulcher
equation
T = To + B/(log ll + A)

(2.8.1)

where A,B and To are empirical constants (T and To in °C), and where the
viscosity, t], is in dPa*s. The optimized equations for the melts with OX
and 5% simulated HLV are, respectively
T = 499 + 2894/(log n + 1.57) ± 5°C
and

(2.8.2)
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(2.8.3)

If an upper viscosity limit of 100 dPa-s is selected for melting
and for glass removal from the melter, it may be shown from Equations
(2.8.2) and (2.8.3) that the corresponding melting temperatures are
~ 1310°C for glass 33 and ~ 1255°C for the 5 wt.X waste-loaded melt.
However, because of the risk of devitrification occuring in cold spots
within a melter, the recommended melting temperature for a waste-loaded
composition would be > 1300°C. While this is relatively high for a
nuclear-waste glass, it is lower than typical melting temperatures for
commercial glasses, and is easily attainable with appropriate electrodes
and refractories (see below).
2.8.2

Refractory Corrosion Tests

Static corrosion tests with candidate refractory materials have
been performed in order to rank them for possible use in melters for
titanosilicate compositions and as electrode materials (Hayward et al.,
1987c). In these tests, rods of the refractory materials were suspended
for 10 days in glass-33 melt, containing 5 vt.% simulated HLW, at
temperatures in the range 1100 to 1500°C, and then drained, removed and
assessed for flux-line corrosion. The assessment was made by measuring
diameter reduction at the flux line, and by SEM/EDX examination of the
flux-line areas.
In general, the flux-line corrosion resistance increased with
increase in Cr 2 0 3 content of the refractories, so that sintered,
isostatically pressed or slip-cast materials with > 922 Cr 2 0 3 gave the
lowest corrosion rates. These refractories would be the preferred choice
for a resistance-heated melter; however, their electrical conductivities
would be too high to allow their use in a joule-heated melter (Figure 15).
Monofrax K3, the preferred glass contact refractory in joule-heated melters
for nuclear-waste borosilicate glasses (Rankin, 1984; Wicks, 1979; Chapman,
1976) was also found to perform well in the titanosilicate melt. Stannex
tin oxide (an electrode material) showed better corrosion resistance than
Monofrax K.3 to both titanosilicate and borosilicate melts, demonstrating
its suitability for joule-heated melter electrodes at temperatures above
the range of use of refractory metals, such as Inconel 690. Thus the
recommended glass-contact refractory would be Monofrax K3 (or SEPR 2161, a
similar fusion-cast refractory), with Stannex tin oxide electrodes.
2.8.3

Electrical Resistivity of Titanosilicate Melts

Electrical resistivities as functions of temperature have been
measured for glass 33 containing 5 wt.% simulated HLW and for a
borosilicate glass of composition (wt.%) 15.0 Na20, 16.7 B 2 0 3 , 58.3 Si02,
and 10.0 simulated HLW. Measurements were made by K.T.G. Ltd. of
Sheffield, England, using a platinum/alumina conductivity cell over the
temperature range of 900 to 1450°C, after prior calibration with KC1
solutions. The results are shown in Figure 15, together with
manufacturer's results for Monofrax K3 and Corhart C1215 (a high-chrome
material). The conductivity results for the titanosilicate melt, measured
during cooling from 1450°C (curve a(ii)) were found to depart progressively
from the results measured during heating to 1450°C (curve a(i)) below ~
1200°C, almost certainly as a result of partial crystallization during
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1200°C should be discounted. Above this temperature, the resistivities of
the two glasses appear to converge; at 1300°C, the titanosilicate:
borosilicate resistivity ratio is ~ 3, whereas at 1450°C it is ~ 2.
2.8.4

Demonstration Melting

The preparation of inactive sphene glass-ceramic waste forms is
currently being demonstrated, using an electric melter and a vacuum removal
system similar to those already used for joule-heated melting of
borosilicate glass (Saunders, 1986). The melting chamber, constructed of
Monofrax K3, has inner dimensions of 300 mm x 300 mm x 250 mm high. Six
Stannex electrodes, each of 120 mm x 100 mm cross section, are used to
power the melter, together with Inconel 690 start-up heaters. The
electrodes, each extending ~ 25 mm into the melting chamber, are used in
groups of 3, connected in parallel, in two opposing walls. Power
consumption to maintain the titanosilicate at 1300°C is found to be ~ 3 k.W,
close to estimates that were based on prior experience and on the measured
melt resistivities.
After melting, the glass is transferred to evacuated stainless
steel containers, each of ~ 8 L capacity, using an insulated Inconel 600
siphon tube of ~ 25-mm inner diameter. The simulated waste forms are
crystallized by reheating the containers and contents to 1050°C for three
hours in a clam furnace. Each waste form will be the subject of extensive
product evaluation.
2.8.5

Alternative Fabrication Techniques

Sphene glass-ceramics may also be prepared by sintering. Here,
the starting materials may be either the milled product of sol-gel
preparation techniques (Vance, 1986) or a finely ground glass frit (Vance
et al., 1986c). In the latter case, an undoped precursor glass frit is
prepared by melting in an inactive facility (e.g., a conventional frit
melter), followed by milling and blending with suitable binders and
plasticizers prior to pressing. Sintering is accomplished by slow heating
to a maximum temperature of ~ 900°C. The HLW may be added during the
milling stage, in concentrations of up to - 10 vt.%. During heating, the
glass compact initially consolidates by liquid-phase sintering at 720 to
750°C to give a nearly impermeable body (< 1% open porosity). At
temperatures above 750°C, crystallization occurs together with partial
incorporation of the encapsulated wastes in the glass and sphene phases.
An alternative approach, using glass frit, is to pre-sinter the
pressed body at ~ 720°C to produce a partially sintered glass compact with
an open porosity of - 25£. This compact may then be used to absorb liquid
HLW, followed by drying and slow heating to ~ 900°C. However, problems
have been encountered with migration of the liquid wastes during drying, so
that freeze drying could be required to prevent a grossly uneven
distribution of HLW ions in the final glass-ceramic. Also, high localized
concentrations of HLW ions have been found to prevent satisfactory
sintering.
The sol-gel approach involves the premixing of acidic nitrate
solutions of Na, Al and Ca, together with tetraethylorthotitanate and
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scale. After drying and calcination, the gel is milled to produce a highly
reactive powder, which may then be blended with up to 10 vt.% HLW calcine,
pressed and sintered by slow heating to ~ 900°C. The final body is
virtually impermeable (< 1% open porosity), and consists of aluminosilicate
glass and crystalline phases (sphene plus undissolved waste). However, as
in the case of the glass-frit product, highly localized HLW concentrations
are found to interfere with the sintering mechanism.
These techniques show promise for yielding a durable waste form
at relatively low temperatures, thus minimizing radionuclide volatilization
and eliminating problems associated with high-temperature melters, such as
refractory corrosion and unwanted "cold-spot" devitrification. However,
the problems alluded to above require satisfactory solutions before the
fabrication methods could be considered suitable for scaling up to produce
a full-sized waste form.
Sphene glass-ceramics have also been produced from the melting
and subsequent crystallization of suitable pre-mixed inorganic ion-exchange
materials. A method in which a bed of pre-mixed zeolite (mordenite),
sodium titanate (NaTi2O5H), hydroxyapatite (Ca5(P04)30H) and wollastonite
(CaSiO3) is used to decontaminate waste solutions has been described by
Speranzini and Hayward (1984).
After the bed is exhausted, it is dried
and then heated to ~ 1350°C to melt the bed components in their Inconel
container, followed by cooling and reheating to 1050°C to produce a sphene
glass-ceramic. The advantage of this technique is that it provides a large
volume reduction of the original waste solution without the need for
calcination or a liquid-fed melter. However, it is unsuitable for use with
wastes containing actinides or REs since these ions precipitate as
insoluble hydroxides because of pH increase during ion exchange, and flow
through the bed is eventually blocked. Thus the method is probably
restricted to neutral or alkaline wastes.
2.9

SUMMARY

The research described in the preceding sections has confirmed
that sphene glass-ceramics afford a highly durable medium for the
immobilization of fuel-recycle wastes, by virtue of the superior durability
of the aluminosilicate glass matrix, as compared with borosilicate waste
glasses, and the even more durable sphene phase. Although designed for the
Canadian waste disposal scenario, in which sphene would be a thermodynamically stable phase, the glass-ceramics should also show excellent
resistance to dissolution in the vault conditions projected for the
disposal of fuel-recycle wastes in other countries. Matrix dissolution
rates are, typically, two orders of magnitude below those of many
borosilicate waste glasses.
A further reason for predicting high matrix durability in almost
any geochemical environment is that the matrix elements Al and Si are
abundant components in nearly all rock formations and buffer materials.
Thus, a percolating groundwater would be already saturated, or nearsaturated, with respect to these elements prior to its contact with the
waste form. Titanium oxide shows extreme lack of solubility or reaction in
all natural waters. In contrast, the boron component of borosilicate
glasses is relatively soluble, and, since boron is a less abundant element
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with respect to boron.
Fabrication of the glass-ceramic requires the use of a higher
melting temperature (~ 1300°C) than for most borosilicate waste glasses,
but this is still well within the range of modern electric melters, as has
been demonstrated by the all-electric melting of iron-enriched basalt (IEB)
glass-ceramics (Section 3.4) at 1500°C. Although increased losses of
certain volatile fission products, notably Ru, Mo, Cs and Tc, at higher
temperatures would be expected for the titanosilicate melts, preliminary
(unpublished) experimental results indicate that the losses per hour of Cs
and Mo are only a few (< 5) vt.% of each ion at 1400°C. These low
volatilization rates may be due to the absence of boron in the melt
compositions, so that carry-over of fission products by boron
volatilization is avoided (see also the low rates of Cs volatilization
reported for IEB melts at 1500°C, Section 3.4). Nevertheless, the question
of fission-product volatilization at ~ 1300°C from the precursor melts
requires further investigation.
Crystallization of the precursor glass after casting is rapidly
accomplished by heating to ~ 1050°C and holding at this temperature for 1
to 3 hours. Because of the increased mechanical strength of the glassceramic, the need to anneal the product is reduced, so that the additional
heat-treatment step permits faster cooling rates for the waste form, and
reduces cracking tendencies.
The main advantage of a glass-ceramic waste form over a purely
ceramic (i.e., glass-free) waste-form material, such as Synroc or other
tailored ceramic assemblages, lies in its production via well-established
glass-melting technology rather than by the use of powdered starting
materials and elaborate consolidation techniques, such as hot isostatic
pressing. Thus, production rates and costs are likely to be lower for the
glass-ceramic product. A further advantage, however, lies in the general
insensitivity of the properties of a glass-based product to variations in
waste composition. To successfully immobilize wastes of differing
compositions, a tailored ceramic product may require changes in its
formulation to retain a specified phase assemblage, and avoid grainboundary segregation of waste ions. Finally, laboratory studies and
examinations of natural analogues indicate that the influence of radiation
damage on the release of waste elements from a sphene glass-ceramic is
relatively inconsequential (Sections 2.5 and 2.6).
The optimum waste loading for production of a glass-ceramic with
sphene as the major crystalline phase is < 15 vt.%. At higher waste
loadings, other crystalline phases, especially RE- and U-based titanates,
may form in addition to, or instead of, sphene. While these phases may
prove to be equally good as hosts for waste ions, their durability,
although probably high, has not been fully characterized. This restriction
to waste loadings of < 15 wt.% is not likely to be a serious difficulty,
however, since waste loadings in any waste form of fixed geometry will be
limited by the heat output that a disposal vault can safely tolerate.
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CURRENT AND FUTURE RESEARCH

Current research underway at the AECL laboratories at WNRE and
CRNL includes further study of the influence of gamma radiolysis of
groundwaters on the dissolution of sphene glass-ceramics doped with
simulated HLW; preparation and leach-testing of 238Pu-doped glass-ceramics
to investigate the effect of accelerated radiation damage on dissolution
and waste-form integrity; continued measurements of the dissolution rates
of 22 Na- and 45Ca-doped glasses, sphene ceramics and sphene glass-ceramics
in Ca-Na-Cl synthetic groundwaters, some of these experiments being
performed in the presence of bentonite-based buffer materials. Results
from the latter tests will be used to assess a conceptual model for the
leaching of a sphene glass-ceramic waste form, namely, that the release
rates of component waste ions will be simple functions of the separate
rates of matrix dissolution and/or surface ion exchange of the aluminosilicate glass and sphene phases, and of the partitioning of each
radionuclide between these phases.
The Canadian assessment of the feasibility of geological disposal
of nuclear-fuel wastes is largely based on use of the SYVAC computer code
(Rosinger et al., 1985) to model the migration of radionuclides in the
waste vault, the geosphere and the biosphere. This code requires a
submodel to describe the release of radionuclides from candidate waste
forms by contact with groundwaters percolating slowly through the vault.
An important task, therefore, will be to formulate a mathematical model for
the dissolution of a sphene glass-ceramic waste form, based on the
conceptual model outlined above.
As mentioned in Section 2.8, the small-scale production of
inactive sphene glass-ceramic waste forms using an electric melter, is
currently being demonstrated. This demonstration is required to investigate any possible problems with the scaling up of laboratory preparations.
It has also been proposed to prepare fully active samples for dissolution
testing, via melting and recrystallization in crucibles in a hot cell,
using wastes from a recycling experiment with used Pickering CANDU™ fuel.

3.

OTHER GLASS-CERAMIC DEVELOPMENT PROGRAMS

In this section, glass-ceramic waste forms developed in other
national waste management programs are briefly reviewed.
3.1

CELSIAN GLASS-CERAMICS

The study of glass-ceramics for immobilizing nuclear wastes
originates from pioneering work at the Hahn-Meitner Institut (HMI) in
Berlin on the controlled devitrification of borosilicate-based waste
glasses to improve the thermal stabilities and mechanical properties of the
products (De et al., 1976a,b). The compositions investigated included
those that yield (separately) celsian (BaAl2Si20g), perovskite (CaTi03),
diopside (CaMgSi2O6), or eucryptite (LiAlSi2O6) as major phases after
crystallization, together with other minor crystal phases and residual
glass. Melting temperatures for the precursor glasses are within the range
1100 to 1400°C. Typical nucleation temperatures of 3 to 5 hours at 530° to
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necessary to give the required degree of crystallization (usually ~ 50% by
volume). Of these, the most suitable for ease of processing and for
product performance have been the celsian-based glass-ceramics, and,
consequently, these are still being studied.
The range of compositions for producing celsian glass-ceramics
are shown in Table 7, together with appropriate nucleation and crystallization schedules and the phase constitutions of the final products (Lutze
et al., 1979). Also shown in the table are the equivalent data for two
reference celsian glass-ceramics that have been used extensively for
comparative leaching studies and mechanical property measurements by
various members of the European Atomic Energy Community (compositions taken
from Marples et al., 1980; heat-treatments and phase constitution from De
Batist et al., 1983, and Malow et al., 1980).
TABLE 7
COMPOSITIONS, MELTING, NUCLEATION AND CRYSTALLIZATION TEMPERATURE
AND PHASE ASSEMBLAGES OF CELSIAN GLASS-CERAMICS
Celsian
Glass-Ceramics
SiO2
A1 2 O 3

28-38
10-13

2°3
CaO

2-7
0-6

B

BaO

13-16

Na 2 0
Li20
TiO2

0-2
1-3

ZnO
PbO

3-5
0-3
_
20

ZrO2
As 2 0 3

MgO
Waste Oxides

3-4

1175 + 50
Melting Temperature °C
Nucleation Schedule
625 + 25°C/3 h
Crystallization Schedule 825 ± 25°C/10-15 h
Crystal
Phases

Celsian
Pyrochlore
Scheelite
Pollucite

Bl/3
28.00
12.80
6.40
4.00
14.80
1.60
2.40
4.56
3.60

C31/3
34.75
10.28
4.14
3.84
14.48
1.12
0.98
2.80
4.88

_

_

0.80
0.40
1.20
19.40

0.80
0.46
1.44
19.98

1200
610°C/3 h
800°C/10 h

1250°C
610°C/3 h
800°C/10 h

Celsian
Pyrochlore
Scheelite
Mo-nosean
Pollucite

Celsian
Pyrochlore
Scheelite
Pollucite

Celsian, monoclinic or hexagonal BaAl2Si208; pyrochlore RE2Ti,07;
scheelite, BaMo04; Mo-nosean, Na8AlMo04(Si04)6; pollucite, CsAlSijOg,
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leachants has been extensively studied at HMI and other European centres
(De et al., 1976a, 1976b; Lutze et al., 1979; Malow and Ewing, 1981; Van
Iseghem et al., 1982; Marples et al., 1960; Oe Batist et al., 1983; Malow
et al., 1985). Celsian glass-ceramics have also been employed in the U.S.
for comparative waste-form studies (Rusin et al., 1980; Rusin, 1981) and
comparative assessments of glass-ceramic dissolution (Lokken, 1981).
In general, the types of test used have been Soxhlet tests and
boiling tests using powdered samples and distilled water, or tests on
monolithic specimens under static or slow-flow conditions using distilled
water, tap water or brines. The lack of a standardized testing procedure
has made intercomparison of results difficult, and the reader is referred
to the original references for further details. However, a few generalized
conclusions are possible. The glass-ceramics are of comparable durability
to their precursor glasses, and give 3-day Soxhlet leach rates of ~
8 x lO"8 kg-m-^s" 1 and - 4 x 10"9 kg-nr^s" 1 at 100°C and 50°C (under
reduced pressure), respectively (Harpies et al., 1980). These rates are
similar to rates found for leading candidate borosilicate waste glasses.
In slowly flowing waters of varying pH, minimum leach rates occur at pH
values close to 7 (Marples et al., 1980). Scanning electron microscopy of
leached glass-ceramic surfaces shows that preferential leaching of the
glass phase occurs (Lokken, 1981; Van Iseghem, 1982). It may be surmised
that crystallization of BaAl 2 Si 2 0 t , CsAlSi2O6 and RE 2 Ti 2 0 7 depletes the
residual glass matrix in the glass-ceramic of elements, such as Al, Si and
Ti, that enhance glass durability, so that the final glass matrix is
relatively rich in boron and alkali ions; thus, on balance, there is little
or no increase in overall durability compared with the precursor glasses.
Rusin et al. (1980; see also Wald et al., 1980) performed static
leach tests on a variety of candidate waste-form materials, including a
celsian glass-ceramic. The tests covered a time-temperature span of 1 to 9
days between 30°C and 200°C.
The surface area to volume (S/V) ratios were
in the range 60 to 0.6 nr 1 , and deionized water, a brine and an acid
buffered solution were used as leachants. The results of these tests
indicated similar durabilities for the glass-ceramic and U.S. reference
borosilicate glass PNL 76-68, with normalized elemental
leach rates for 8 the
1
glass-ceramic
after
3
days
at
90°C,
S/V
=
6
nr
,
ranging
from - 9 x 10"
kg'iir^'S"1 for Mo and B to ~ 2 x 10~ 8 and ~ 1 x 10~8 kg-nr^s" 1 for Si and
Al, respectively.
Lokken (1981) performed MCC-1-type leach tests on celsian glassceramics containing 20 vt.% simulated waste oxides,
using deionized water
1
at 90°C as leachant and an 8 S/V ratio of
0.1
cm'
.
Leach
rates after 9 28
1
days ranged
from
~
1
x
10"
kg'nr^s"
for
Mo,
B
and
Li
to
~ 2 x 10~
kg-nr^s" 1 for Ba and Si, with leachant pH values remaining in the range
6.9 to 7.9 during the tests. Slightly lower leach rates were found in
similar tests using a NaHC03-H4Si04-based leachant of pH 7.5.
The effects of a-par tide emission and nucleus recoil on the
dissolution of Bl/3 celsian glass-ceramic
have been studied using glassceramic samples doped with 2.5 vt.% 2 3 8 Pu, with a half life (t%) of 87.7a
(Malow et al., 1980; Burns et al., 1982; De Batist et al., 1983). After
receiving doses of 0, 1.1 x 10 1 8 and 2.07 x 10 1 8 a/g,7 the samples gave
14-day Soxhlet leach rates of 1.4 x 10" , 1.1 x 10" and 1.2 x 10" 7

- 39 kg«m -2.C-1 respectively, indicating that ct-particle damage had no
significant effect on chemical durability. The densities of the doped
samples decreased slightly, according to an exponential lav, reaching a
maximum decrease of ~ 0.5% at doses of 2.0 x 10 18 a/g.
Turcotte et al. (1982) studied the effect of a-particle damage on
a celsian glass-ceramic, using samples containing 14 wt.% simulated waste
oxides that had been doped with 1 wt.% 244 Cm (t% = 18.1 a). The observed
density decrease achieved a saturation value of ~ 0.5% at a dose of
- 1.6 x 10 18 a/g, in excellent agreement with the results of the 2 3 8 Pudoping experiments. The density decrease was attributed to amorphization
of the crystalline phases and further disordering of the ~ 58 volume %
residual glass phase.
The crystalline phases identified in celsian glass-ceramics are
listed in Table 8. The pyrochlore phase has been shown to host RE ions,
selected actinide ions and Sr (Lutze et al., 1979; Malow, 1979). The main
crystalline host for Cs and Rb is pollucite, while scheelite-structured
BaMo04 also accommodates some Sr. The predominant crystalline phase,
celsian (BaAl2Si208), contains few solid-solution impurity ions, but
transforms from the metastable hexagonal to the stable monoclinic form
after heating for 100 days at 700°C (Malow, 1979). Similar prolonged
heating also causes crystallization of Mo-nosean and a general coarsening
of the microstructure. Noble metal fission products (Ru, Pd, Rh, Te)
precipitate as metallic droplets in the glass-ceramics (Malow, 1979).
TABLE 8
PHYSICAL PROPERTIES OF CELSIAN GLASS-CERAMICS
Value

Property
100 dPa s viscosity
temperature

1075 to 1200°C

Electrical resistivity
at preparation
temperature

0 .04 to 0.09 ohm cm"1

Thermal conductivity,
225° to 625°C

1 2 to 1.4 W m-1 "C"1

Thermal expansivity,
20° to 400°C

79

Density

to 10.8 x 10"6 C
- 3.1 g cm"3

Figure 16 shows a representative SEM photomicrograph of glassceramic Bl/3, doped with 17.2 wt.% simulated waste oxides, after nucleation
and crystallization schedules of 3 h at 625°C and 20 h at 850°C, respectively, and illustrates the typical microstructure found for celsian glassceramics.
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Richter and Offermann (1982), Wald et al. (1980) and Ross et al. (1982,
1983), and are summarized in Table 8.
Richter and Offermann (1982) measured the fracture toughness and
crack-growth parameters for glass-ceramic Bl/3 and for several nuclear
waste glasses, using the Hertzian indentation method. A fracture toughness
value of 0.95 MN'm~3/2 was found for the glass-ceramic, compared with
values of 0.5 to 0.76 MN»m"3/2 for the glasses, indicating a greater
resistance to crack propagation in the glass-ceramic. Similarly, the
fracture stress of Bl/3 was measured as 558 MPa, compared to values of
< 425 MPa for glasses, again using the Hertzian indentation method.
Routbort et al. (1983) examined the influence of a decay on the
mechanical properties of Bl/3, using samples doped with 1 wt.% 244 Cm and
stored for 5 years. The accumulated dose of 4.8 x 10 18 a/g produced a
~ 50% increase in Pc, the critical load giving a 0.5 fracture probability,
and a corresponding increase of ~ 25% in the fracture toughness. The
authors attribute this increase in toughness to a buildup of internal
stresses due to radiation damage. Annealing of damaged samples at 600°C
and 700°C produced spontaneous fracture from coalescence of He bubbles in
the samples.
3.2

FRESNOITE GLASS-CERAMICS

In order to produce a glass-ceramic waste-form material of
greater chemical durability than the celsian-based materials, which contain
a boron-rich glass phase, researchers at HMI developed a series of
fresnoite (Ba2TiSi208)-based glass-ceramics that were essentially boronfree. The composition ranges, production temperatures and phase
assemblages of these glass-ceramics are summarized in Table 9 (data from
Lutze et al., 1979). Also included in the table are details for a
representative HMI composition.
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COMPOSITIONS (wt.*) MELTING, NUCLEATION AND CRYSTALLIZATION TEMPERATURES
AND PHASE ASSEMBLAGES OF FRESNOITE GLASS-CERAMICS
Fresnoite
Glass-Ceramics

BTO4 (HMI)

Oxide
SiO2
A1 2 O 3
B2O3
CaO
BaO
TiO2
ZnO
MgO
Waste oxides

22-28
0-2
0-3
0-4
28-36
14-23
0-6
20.0

27.2
3.2
30.4
18.0
1.2
20.0

Melting
temperature

1200° + 25°C

Nucleation
schedule
Crystallization
schedule
Crystal
phases

700° ± 25°C/3 h

1200°C
700°/3 h

900° ± 50°C/10-15h 960V12-15 h
Fresnoi te
Ba-priderite
Pyrochlore
Scheelite

Fresnoi te
Ba-priderite
Pyrochlore
Scheelite

Fresnoite, Ba 2 TiSi 2 0 8 ; Ba-Priderite, BaFe 2 Ti 6 0 16 ; Pyrochlore, RE 2 Ti 2 0 7 ;
Scheelite, BaMo0 4 .
The main crystalline phases and solid-solution substitutions
found in these glass-ceramics are fresnoite (Ba,Sr), priderite (Ba),
pyrochlore (RE, actinides, Sr) and scheelite (Ba,Sr). Noble metals (Rh,
Ru, Pd, Te) form metallic precipitates, while Cs remains essentially in the
residual glass-phase. The crystal content of these glass-ceramics is ~ 50
volume X. A representative SEM photomicrograph of glass-ceramic BT04 is
shown in Figure 17 and illustrates the typical microstructure of fresnoite
glass-ceramics.
The limited published data on the physical properties and
chemical durabilities of HMI fresnoite glass-ceramics is summarized in
Table 10 (Lutze et al., 1979). As with celsian glass-ceramics, the main
advantages of the fresnoite glass-ceramics over borosilicate glasses lie in
their improved mechanical properties and thermal stabilities, rather than
in significantly improved chemical durabilities. In the view of HMI
workers, these advantages are more than outweighed by the additional
reheating step required to form a glass-ceramic; as a consequence, further
development of celsian and fresnoite glass-ceramics has been abandoned.
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PHYSICO-CHEMICAL PROPERTIES OF FRESNOITE GLASS-CERAMICS
Property

3.3

Value

100 dPa s viscosity temperature

1125 to 1225°C

Thermal conductivity, 225° to 625°C

1.2 to 1.4 W m"1 K"1

Thermal expansivity, 20° to 400°C

8 to 10 x lO" 6 ^" 1

Density

~ 3.7 g cm"3

Soxhlet leach test, 3 d

10"8 to 10"9 kg nf V

1

BASALT GLASS-CERAMICS

As part of the Rockwell Hanford Basalt Waste Isolation Project
(BWIP), R.0. Lokken and co-workers at Battelle Pacific Northwest Laboratory
(PNL) have developed a series of basalt-based glass-ceramics, following
previous work at Corning Glassworks (Beall and Rittler, 1976). The glassceramics are prepared by remelting and recrystallization of natural
basaltic rock, together with waste calcine, and are considered by the PNL
workers to be chemically compatible with a basalt waste isolation vault
(Lokken, 1981; Lokken et al., 1982; Chick et al., 1983).
The basalt composition used, Pomona basalt, has a vt.X composition of SiO2, 52.4; Ti02, 1.6; Na20, 2.7; CaO, 10.3; MgO, 6.8; Fe,03, 11.9;
Al20,, 14.1; Mn02, 0.2. The waste calcines incorporated have included
simulated Purex wastes (PW-9, PW-4b and PU-8a; compositions given in IAEA
Technical Report No.176, 1977) at 20 vt.X loading (Lokken, 1981), and
transuranic (TRU)-contaminat<?d wastes, with > 370 Bq-g"1 of a-emitters, at
various loadings (Lokken et al., 1982; Chick et al., 1983; Ross et al.,
1982, 1983). Typical melting temperatures are 1300 to 1400°C, and
nucleation and crystallization schedules are 670 to 700°C for 0.5 to 1 hour
and 900 to 950°C for 4 to 8 hours, respectively.
The primary crystallization products in the glass-ceramics
containing the Purex wastes were augite [(Ca,Mg,Fe2+)2Si2O6 with many
possible cation substitutions], powellite [(Ca,Sr)Mo04], and a NiFe,04
spinel, with a substantial amount of glass remaining. Crystallization of
glass-ceramics containing TRU wastes (a blend of process sludge and
incinerator ash) produced ~ 20 wt.% of pyroxenes close to the augite
composition, ~ 15 vt.X of Ti-rich Fe2O,, and traces of other phases, again
with a substantial quantity of residual glass (typically 55 to 65 vt.X).
The chemical durabilities of the basalt/PV glass-ceramics have
been studied using MCC-1 tests (90°C, S/V 10 m" 1 ) in deionized water and
NaHC03-H4Si04 "silicate water". Normalized elemental leach rates after
28 days in deionized water ranged from ~ 1 x 10"9 kg'nr^s" 1 for Na, and
~ 5 x lO"10 kg'm-^s" 1 for Si, Cs, Sr and Ba, to ~ 2 x 10" 11 kg»nr2«s-a for
Al.
Solution pH values showed a rapid decline to ~ pH 4 after 28 days.
Subsequent SEM examination demonstrated preferential leaching of the
residual glass phases in all cases.
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with the precursor glasses demonstrated a decrease in release rates for all
elements from the glass-ceramics. The high durability of the residual
glass phase was attributed to depletion of this phase in Ca, Mg and Fe from
crystallization of pyroxene, povellite and spinel.
A similar improvement in glass-ceramic durabilities compared to
those of the precursor basalt glasses was found with TRU wastes (Lokken et
al., 1982; Chick et al., 1983). Table 11 lists the normalized 28-day
elemental mass losses from MCC-1 type tests for basalt glasses and glassceramics containing 35 wt.%, 50 wt.% and 63 wt.% TRU waste (the waste
composition approximated that of basalt, being rich in Si, Fe, Ti, Al and
Ca). In all cases, crystallization of the precursor glass reduced the
elemental losses, except for Fe, by factors of 3 to 20,2 3and
lowered the pH
change during leaching. However, since the release of 9 Pu (from TRU
waste) is governed by pH/solubility controls, being higher at low pH
values, it was found that basalt glass-ceramics gave higher Pu-release
rates than other candidate TRU waste-form materials (cement, glass etc.)
where the leachant pH values increased significantly (Chick et al., 1983).
This observation may not be important, however, since mean pH values in a
waste vault would be controlled by many factors, rather than by the wasteform dissolution process alone.
TABLE 11
NORMALIZED 28-DAY ELEMENT MASS LOSSES AND SOLUTION pH
VALUES FOR BASALT (BG) AND BASALT GLASS-CERAMIC (BGC)
CONTAINING 35, 50 OR 63 wt.% TRU WASTES.
MCC-1 TEST AT 90°C, S/V = 10 nr1 (Lokken et al., 1982)
Material
and TRU
wt.% Content
BG-35
BGC-35
BG-50
BGC-50
BG-63
BGC-63

10 x Normalized Elemental Mass Loss (kg m

)

Al

Fe

Ca

Mg

Na

Si

pH

4.52
1.09
5.05
0.54
8.64
0.85

0.01
0.05
0.02
0.01
0.01
0.02

4.97
0.99
5.13
0.43
4.03
0.53

2.91
0.86
3.65
0.36
2.63
0.38

6.30
1.32
5.78
0.73
8.02
1.42

6.56
1.39
7.08
0.35
7.18
1.04

8.22
7.07
8.47
7.16
8.64
7.41

Ross et al. (1982, 1983) performed a comparative assessment of
cements, glasses, sintered ceramic and basalt glass-ceramic as potential
TRU waste forms. Although the basalt glass-ceramic showed the highest
chemical durability (except for Pu, as discussed above), and the best
mechanical strength, it was rejected by these authors on the grounds of
high process cost and difficult quality assurance.
3.4

IRON-ENRICHED BASALT GLASS-CERAMICS

Workers at the Idaho National Engineering Laboratory (INEL) have
developed iron-enriched basalt (IEB) materials for immobilizing both U.S.
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ceramic prepared from oxides of Si, Al, Fe, Ca, Mg, Ti, K and Na, together
with simulated or real wastes. The wastes used have included defense TRU
from the Rocky Flats Plant (RFP), and simulated Idaho Chemical Processing
Plant (ICPP) and Savannah River Plant (SRP) defense wastes (Welch et al.,
1982a,b). IEB has also been investigated as a potential host for the
zeolites used for decontamination of Three Mile Island (TMI) containment
water, and for the immobilization of TMI core debris (Owen et al., 1983;
Kelsey et al., 1982). Finally, a series of revised IEB compositions with
TiO2 and ZrO2 additions have been developed to encourage the formation of
zirconolite, CaZrTi2O7, during crystallization (Conley et al., 1984).
The fusion-cast material is prepared by melting the starting
materials at 1400° to 1500°C for 1 to 2 hours, using a joule-heated
electric melter, followed by casting the melt into cylindrical metal
containers, and subjecting them to controlled cooling and/or a holding
period of 16 to 24 hours at 10006 to 1100°C to allow for partial
devitrification (Welch et al., 1982a,b; Flinn et al., 1981). Typical
crystalline products include Fe304-rich spinel, Ca-rich plagioclase
(NaAlSi30.-CaAl2Si208 solid solution), augite ((Ca,Mg,Fe)2Si20£),
fluorapatlte (Ca5(P04)3F), zircon (ZrSiO4), fluorite (CaF2), cristobalite
(SiO2), mullite (Al6Si20i3) and residual aluminosilicate glass.
The exact
phase constitution depends on the waste composition and loading, and also
on the cooling schedule. The compositions of typical IEB glass-ceramics
containing 30 vt.X and 50 wt.X of inactive Rocky Flats Sludge (RFS) is
given in Table 12, together with cooling schedules and devitrification
products (Welch et al., 1982a).
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CALCULATED wt.% COMPOSITIONS, BEAT-TREATMENTS AND OBSERVED PHASES IN IEB
GLASS-CERAMICS CONTAINING 30 wt.* and 50 wt.* OF INACTIVE ROCKY FLATS
SLUDGE (Welch et al., 1982a)
Waste Loading
Oxide
VAIUC
SiO2
Al 2 O 3
Fe2O3
Cr2O3

CaO
MgO
SrO
Na2O

K2O
P

2°5

S03

Preparation
Schedule

Phases

30*

50*

47.8

47.8

0.6

0.7
5.9

10.5
19.3

0.1
6.7
1.9
0.1
3.7
0.4
1.6
0.6
1500°C/l h
1000°C/18 h
Fluorapatite
Fe-spinel
aluminosilicate glass
(with Ca,Fe > Na,K)

17.6

0.2
10.8

4.6
0.1
7.1
1.6

3.0
0.5
1500°C/l h
1100°C/20 h
Fluorapatite
Fe-spinel
augite
aluminosilicate glass
(with Ca,Fe > Na,K > Mg)

Leach tests carried out over a 28-day period at 90°C in deionized
water, S/V = 10 m"1 (MCC-1) gave bulk leach rates for these glass-ceramics
of ~ 10~ 10 kg-nr^s" 1 , and a normalized Na leach rate of ~ 6 x 10" 10
kg i m" 2 *s" 1 . Similar leach rates for samples containing active RFS,
including 241 Am rates, are also quoted by Welch et al. (1982a,b). The bulk
leach rates did not significantly decrease as a result of crystallization,
since the residual glass phase was then depleted in Al. For this reason,
crystallization was regarded as an optional additional step.
Fracture toughness values for the IEB glass-ceramics increased as
the percentage of residual glass decreased, with a maximum value of 1.77
MN-nr3/2 being quoted for a devitrified IEB containing 30* ICPP Al-calcine
(for comparison with values for typical glasses, see Section 2.7.5).
Volatility tests for Cs and Sr were performed by heating 85 Srand 137Cs-doped samples to 1500°C for 1 h. No 85 Sr volatility was
observed, while only 0.3* of 137 Cs was lost (Welch et al., 1982a). This
result is, perhaps, surprising when compared with volatility studies
performed on borosilicate glasses (Gray, 1980; Kamizono et al., 1986).
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Sr- and 137Cs-contaminated zeolites from TMI clean-up operations into
IEB. Leach rates for these radionuclides (28-day MCC-1 tests on IEB) were
6.6 x 10" 10 and 6.8 x 10" 10 kg-nr^s" 1 , respectively. Castings of up to 75
kg were made using an electric melter, the phase assemblages in these
castings being similar to those observed in laboratory experiments. Cesium
losses due to volatility were less than 10%. These authors also
incorporated TMI core debris (principally U0 2 , zircaloy and type 304
stainless steel) in IEB melts, where bubbling of air through the melts was
found to greatly reduce dissolution times for the debris components,
particularly for stainless steel.
85

Flinn et al. (1981) used electromelting to make 90-kg castings of
IEB that approximated the compositions of slagged INEL wastes. The
castings formed augite, Fe-rich spinel and hematite (Fe203) as major
crystalline phases during air-cooling. Bulk leach rates from MCC-1 type
tests on the products were 1 to 4 x 10~9 kg-nr^s" 1 . However, all samples
were found to be extensively microcracked, giving relatively poor
mechanical properties.
Conley et al. (1984) added ZrO2 and TiO? to IEB formulations to
encourage formation of the SYNROC phase, zirconolite. The precursor
compositions lay within the range (wt.2): SiO 2 , 36.7 to 41.0; A1 2 O 3 , 7.4 to
8.3; Fe3O4, 14.1 to 15.8; CaO, 7.9 to 11.8; MgO, 2.6 to 2.8; Na20,~2.3 to
2.5; K 2 0, 1.8 to 2.1; TiO,
2 , 8.0 to 17.9; Zr02, 3.4 to 4.0, Ce0 2 , 0.7 to
0.8; Gd,O3> 0.7 to 0.8; U0,, 1.7 to 2.0. The compositions were also doped

with 2 3 7 Np, 2 3 9 Pu, 241 Am, J 4 4 Cm and 1 3 7 C s . The glass-ceramics were
prepared as 10-kg castings by electric melting at 1500°C, casting and
holding at 1200°C for 16 hours to produce a partially devitrified product.
The crystalline phases identified by XRD and SEM included pseudobrookite
(Fe 2 Ti0 5 ), zirconolite (CaZrTi 2 0 7 ), augite ((Ca,Mg,Fe) 2 Si 2 0 6 ) and
chevkinite (Ce 4 Fe 2 Ti 3 Si 4 0 2 2 ). The zirconolite phase was found to incorporate all the actinides except Np, as demonstrated by leach testing. Table
13 shows the results of 28-day MCC-1 leach tests at 90°C, S/V = 10 m" 1 ,
using deionized water, silicate water and brine as leachants (see Mendel,
1983, for compositions).
TABLE 13
28-DAY MCC-1 LEACH-TEST RESULTS FOR IEB + TiO, ZrO,, xlO" 10 kg«m~ 2 -s' 1
Leachant

137

Cs

244

Cm

24

iAm

239p u

237

Np

DIW

86

0.02

0.03

0.02

Sii'cate
water

64

0.3

0.03

0.1

1.5

0.02

1.6

0.01

4.3

Brine

25

The relatively high values for 2 3 7 Np are attributed to formation
of higher Np oxidation states during fabrication of the glass-ceramic,
leading to its exclusion from the zirconolite structure. Cesium was not

- 47 detected in any of the crystal phases, so that its higher leach rate is
indicative of preferential leaching of the vitreous phase.

3.5

DIOPSIDE GLASS-CERAMICS

In Japan, a joint research program between the Power Reactor and
Nuclear Fuel Development Corporation (PNC) and the Nippon Electric Glass
Company has been undertaken to develop glass-ceramic materials as alternative products to glass for immobilizing high-level fuel-recycle wastes from
the PNC plant in Japan (Oguino et al., 1979). Following the original HMI
work, in Germany (De et al., 1976a, 1976b), glass-ceramics loosely based on
diopside-, celsian-, perovskite- and eucryptite-producing systems have been
investigated. Simulated waste loadings of 20 to 30 wt.% have been used,
with maximum melting temperatures of the parent glasses being < 1300°C.
The products differ from the German glass-ceramics in two ways: firstly,
the crystallization was usually achieved by slow cooling from the melt and,
secondly, the Na2O concentration in the initial wastes (~ 30 vt.%), and
hence in the final products (~ 6 to 9 vt.%), was unusually high for a
fuel-recycle waste stream. Compositions and properties of the best
products obtained from each class of glass-ceramics are summarized in Table
14. The diopside-type glass-ceramics gave the lowest leach rates (24-hour
TABLE 14
Wt.% COMPOSITIONS AND ARRESTED COOLING SCHEDULES FOR
CRYSTALLIZATION OF PNC GLASS-CERAMICS

D62

C27

P50

CaO
BaO
MgO
ZnO

6.8
_
6.8
_

4.0

25.0

13.3

Fe

9.5
_

2.7
5.0

_
5.0

6.8

15.0

2.7
47.5

5.0

Oxide
Li20

2°3
2°3
Al 2 O 3
TiO2
SiO2
Simulated
B

20.0

35.0
20.0

10.0
10.0
30.0
20.0

E63

P71

7.5
_
_
-

10.0

4.0
_
12.5

6.0

_
_
3.5
6.5

50.0
20.0

10.0
40.0
30.0

LiAlSi2O6
Li2Si03

CaTiSiO5
CaMo04

HLV
Main Crystal
Phases

Melting
Temperature
Crystallization

CaMgSi2O6
Fe3O4
CaMo04
CaTiOj

BaAl2Si208
CaMo04
CaTi03

CaTiO3
CaSiO3
CaTiSiO5
CaMo04

1300°C

1300°C

1300°C

1300°C

1300°C

1100°C/lh

850°C/lh

900°C/3h

800°C/2h

900°C/lh

- 48 static test in distilled water at 90°C, unspecified S/V ratio) of 5 x 10"9 kg-nr^s" 1 for bulk, Cs2O and SrO losses, although all products
had leach rates of 10~8 to 10~9 kg#m~2-s~1. The D62 diopside product was
preferred by the authors because of its fine microstructure, good thermal
stability, high mechanical strength and thermal conductivity, and its rapid
crystallization during cooling.
A 65-kg batch of the D62 parent glass was inductively melted at
1300°C and cast in a 300-mm diameter, 350-mm tall, thermally insulated
stainless steel cylinder. Slow cooling from 1050°C to 750°C produced a
glass-ceramic of relatively coarse microstructure and containing voids (due
to contraction of the inner glass during crystallization after the outer
skin had crystallized). The authors consider this a suitable product for
HLV immobilization, although there are no plans to bury any immobilized
wastes in hard rock or other disposal vaults, i.e., these glass-ceramics
have not been developed or tested with an ultimate disposal environment in
mind.
3.6

SWEDISH GLASS-CERAMIC DEVELOPMENT

The KBS (Nuclear Fuel Safety) Project to demonstrate the safe
disposal of used nuclear fuel is based on the concept of deep burial in a
hard rock disposal vault (granite, gneiss, etc.) after a cooling period of
approximately 40 years (KBS-3 report, 1983). The project is currently
focussed exclusively on the disposal of used fuel, with no consideration
being given to the option of fuel recycling.
In an earlier KBS report (KBS-1, 1977), however, the disposal of
vitrified fuel recycle wastes was considered. For the KBS-1 study, the
reference waste content of the vitrified waste form was set at a maximum of
9% fission products in order to limit the maximum vault temperature to ~
80°C. It was assumed that recycling and waste immobilization would be
contracted to a French fuel-recycling facility, and that technology similar
to that presently employed at the Marcoule vitrification plant in France
would be used to fabricate the waste form.
It was considered, however, that the durability of French glasses
from the Marcoule vitrification process would be lowered if the waste
content was reduced to - 9%. Consequently a small research program for
development of improved borosilicate glasses and calcium aluminosilicate
glass-ceramics that would still be compatible with the Marcoule vitrification process was undertaken at the Swedish Glass Research Institute at
Vaxjo (Lakatos, 1979).
The Marcoule process requires that the glass be capable of being
melted and poured (viscosity < 40 dPa*s) at temperatures < 1ZOO°C. The
parent glasses of the CaO-Al2O3-SiO2 glass-ceramics were modelled on a
commercial fibreglass formula, but with additions of Li,0, Na,0, ZnO and
TiO2 to reduce melting temperatures and viscosities. The following vt.%
composition ranges were investigated: Na20, 0 to 4.0; Li20, 3.8 to 4.0;
CaO, 5.3 to 16.0; BaO, 0 to 3.4; MgO, 0 to 10.0; ZnO, 0 to 6.0; Fe20,, 0.6
to 8.0; Cr2O3, 0 to 2.0; B 2 O 3 , 0 to 3.6; Sn02, 0 to 5.0; Zr02, 0 to 2.0;
A1 2 O 3 , 7.0 to 16.0; Ti02, 4.6 to 6.6; Si02, 40.7 to 49.7; simulated HLV,
10.7. Melting temperatures were ~ 1200°C, and crystallization of 400-g
melts was induced by reheating the precursor glasses to 900°C and holding
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titanates, (Cs,Na)AlSi2O6 and BaAl2Si208. Preliminary results of leach
testing indicated that the glass-ceramics gave lover bulk leach rates than
Marcoule-type borosilicate glasses when grains were autoclaved at 121°C for
2 h in distilled water. Compressive strengths were also found to be
superior.
3.7

KARLSRUHE, FRG, GLASS-CERAMIC DEVELOPMENT

Guber and co-workers at Karlsruhe have developed a series of
lower melting (< 1200°C) glasses that readily devitrify after suitable
heat-treatment to give multiphase glass-ceramics (Guber et al., 1978,
1979). The preferred composition, known as VCP-15, has a wt.% formulation:
Na2", 4.25; K 2 0, 4.25; Li2O, 8.5; CaO, 4.25; MgO, 4.25; B,0 3 , 4.25; A1 2 O 3 ,
8.5; TiO2, 4.25; SiO2, 42.5; simulated HLW, 15.0. 'This glass is relatively
easy +o process (low viscosity, high electrical conductivity and rapid
dev' ifification rate), and nucleation and crystallization are achieved at
430°C and 630°C, respectively (times unspecified). Crystallization
products include CaTiO3, CaMgSi2O6, CaTiSiO5 and CsAlSi2O6.
Leach tests with this glass-ceramic in distilled water (Soxhlet,
100°C) and brines (107°C to 118°C) gave leach rates in the range 10"8 to
10" 10 kg-rn"2'S-1. Active samples containing up to 20X fission products
(3.3 x 10 13 Bq/dm3) or 20% fission products + 10* Gd2O3 (1.7 x 10 14 /dm 3 )
have also been prepared as cylinders 5.2-cm in diameter and approximately
16-cm tall. Leach testing with distilled water (Soxhlet, 100°C) gave leach
rates for total a, total 3, 1 3 4 Cs + 137Cs/Ba, 144Ce/Pr, 125 Sb, 1 5 2 - 1 5 4 Eu
and 241 Am all in the general range 10"9 to 10 ~12 kg-nr^s" 1 . Other
actinides were below detection limits. Storage at normal and elevated
temperatures in air and in dry salt for up to three years is reported to
produce no major changes in structure or properties of the glass-ceramic.
3.8

SLAG-SITALLS

Studies in the USSR on the incorporation of HLV into glasses and
ceramics have included the development of basalt-like glass-ceramics that
are based on blast furnace slags, and known as slag si tails. There is a
long history of research in the USSR on the adjustment of industrial slag
compositions for the production of durable and inexpensive constructional
materials (Berezhnoi, 1970; Bondarev, 1971; Veasey, 1973). The experience
gained has been used to develop slag ceramics suitable for immobilizing HLV
that are prepared by crystallization of co-melted slag and HLW calcine
(Kulichenko et al., 1979). The products contain phases from the CaO-MgOFe2O3-Al2O3-SiO2 system, such as diopside (CaMgSi2O6), monticellite
(CaMgSiO4) and fayalite (Fe2Si04). Loadings of up to 50* calcined
simulated waste co-melted with the slag have been reported to produce finegrained, predominantly crystalline materials after prolonged (50 to 100
hours) heating at 900°C. Leach rates of ~ 10" 10 kg-nr^s" 1 for sodium and
cesium and ~ 10" 11 kg•m~2•s~* for strontium are quoted, although the leach
test details are not given.
The main drawbacks
nuclear-waste immobilization
(50 to 100 hours at 900°C).
is usually used hot from the

of the slag-si tall type of product for
seem to be the lengthy crystallization times
In industrial slag-sitall production, the slag
blast furnace, and elaborate waste-heat
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slag would probably not be available in a waste immobilization plant.
However, induction heating to melt the raw materials may be a viable
technique for hot-cell operation. The lengthy crystallization times would
probably necessitate intermittent, rather than continuous, processing.
3.9

CORNING, U.S., GLASS-CERAMIC DEVELOPMENT

The development of basalt glass-ceramics by Beall and Rittler at
Corning Glassworks led to the development of the Battelle PNL basalt glassceramics for HLW immobilization (Section 3.3). These authors have also
developed glass-ceramics from the system SiO2-Al,O3-Cs2O-(La,Ce)2O3-P2O5ZrO, for the specific purpose of HLW immobilization (Beall and Rittler,
1982). The main crystalline products include monazite ((La,Ce,Th)P04),
mullite (Al 6 Si,0 13 ), zirconia (ZrO2) solid solution and pollucite
(CsAlSi,06) solid solution, and the glass-ceramics all exhibit good
chemical durability in autoclave tests at 300°C. However, the melting
temperatures of > 1600°C and crystallization temperatures of 1250° to
1550°C probably preclude their use for waste-form fabrication, since the
losses of volatile fission products (Cs, Tc, Mo, Ru etc.) from the melts
and the rates of refractory corrosion in the melter would almost certainly
be unacceptably high.

4. GENERAL CONCLUSIONS ON THE USE OF GLASS-CERAMICS
FOR HIGH-LEVEL WASTE IMMOBILIZATION
4.1

PROCESSING FEASIBILITY

In many ways, glass-ceramic processing would be a straightforward
extension of glass-melting procedures used or being developed for waste
immobilization, namely, in-can melting, joule-heated electric melting or
induction melting. A conceptual flowsheet is shown in Figure 18. Final
heat treatments of the glass would be performed on an intermittent basis
directly after melting and/or casting into the waste-form container.
Alternatively, it may be possible to produce a smaller-sized waste form,
such as glass-ceramic marbles, suitable for incorporation in a composite,
multibarrier waste form, e.g., by encapsulation in a low melting point
metal or alloy, such as a lead-based alloy. In this case, the choice of a
glass-ceramic, rather than a glass, would allow the use of higher melting
point alloys, since the glass-ceramic would have the higher softening
point.
However, before any glass-ceramic production process could be
selected, more knowledge concerning the viscosity-temperature behaviour of
the waste-loaded glass system would be required, together with testing of
the corrosion behaviour of the melts towards available refractories and
electrodes. Melter designs developed for use with borosilicate or
phosphate glasses may require modification for glass-ceramic production to
avoid premature crystallization at "cold spots" within the melter.
The 0.1 to 5% contraction that usually accompanies the conversion
of a glass to a glass-ceramic should not present any serious processing
difficulties, although some pulling away of the glass-ceramic from the
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anticipated.
As mentioned previously, conversion of a glass to a glass-ceramic
via cooling, reheating to nucleate, then reheating to crystallize requires
that the glass be sufficiently stable to withstand cooling to nucleation
temperatures without crystallizing. In most cases this will require the
network-forming ions, especially Si 4+ , to be present in the glass at
greater concentrations than are stoichiometrically required to form the
crystallizing species. The resulting glass-ceramic may then have a
relatively high vitreous content (50% or more). The alternative processing
scheme, which could be used for a rapidly crystallizing glass, such as the
Japanese diopside-based glass or the INEL iron-enriched basalt melts, is
crystallization by controlled cooling from the melt. The product
microstructure would usually be fairly coarse, however, since, at high
temperatures, the density of nuclei within the melt would be relatively
small, while the crystal-growth rates would be relatively rapid.
Typically, the predominant crystallization mechanism would be via surface
nucleation, so that crystallization would commence at the waste-form
margins, proceed inwards to the centre line, and possibly create large
voids in the interior. The mechanical properties of such a product would
be expected to be relatively poor.
Volatilization of fission products (Cs, Ru, Tc, Mo etc.) during
melting of precursor glasses could be significant, especially for some of
the higher melting point compositions. However, the exclusion of B 2 0 3 in
the formulations for sphene-, fresnoite- and basalt-based glass-ceramics
should give reduced losses of volatile fission products that otherwise
could be carried over with volatilized B 2 0 3 and/or alkali borates.
4.2

PRODUCT PERFORMANCE

The choice of a glass-ceramic waste form would represent a
compromise between a purely vitreous and purely crystalline ceramic
product, and, as such, would reflect the benefits and deficiencies of both.
They may be summarized as follows:
4.2.1

Ease of Waste Incorporation

During crystallization of a glass-ceramic, waste ions that could
not be incorporated in the crystalline phases would concentrate in the
glass matrix. For some ions (including Pd, Ru, Rh), the solubility limits
in glass could be exceeded, so that enriched zones or pockets of exsolved
material would form. The likelihood of this occurrence, however, would be
less than for a purely crystalline ceramic, where the stoichiometric
requirements for phase formation would be more stringent. Thus, for
example, exsolution of some Cs in SYNROC C ceramics has been observed at
grain boundaries (Myhra et al., 1986), whereas in glass-ceramics the Cs is
either accommodated in crystal phases, e.g., pollucite, or concentrates in
the residual glass.
4.2.2

Susceptibility to Radiation Damage

The possible effects of radiation damage in glass, glass-ceramic
and ceramic waste form materials were referred to in Section 2.5, with
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observed in crystalline phases, where the atomic displacements that result
from alpha-particle emission and recoil of nuclei can lead to dilation and
loss of crystallinity (metamictization), creation of internal stresses and,
ultimately, fragmentation (see, for example, Clinard and Rohr, 1981, where
these effects were observed in 2 3 B Pu0 2 ceramics as a result of selfheating, radiation-induced lattice strain and helium deposition).
Although glasses and glass-ceramics have been found to undergo
volume changes at a doses of up to 2 x 10 18 g"1 (Section 3.1), these
changes may be positive or negative, since the glass structure is already
disordered, and are comparatively small. In general, no significant change
in leach rates is observed for glass-based products after <x irradiation
(Weber, 1983; Vance, 1982). It is possible that extremely slow viscous
flow of the glass at ambient temperatures could help to relieve the buildup
of internal radiation-induced stresses, although this hypothesis would be
extremely hard to verify. Similar statements will apply to glass-ceramic
materials containing significant (~ 50 vol.2) quantities of residual glass.
Gamma irradiation can be detrimental to the chemical durability
of a waste form, mainly from the production of corrosive species in
groundwaters by solution radiolysis. Although nitric acid formation has
been observed from y-radiolysis of air/water mixtures (McVay and Pederson,
1981), it is unlikely that groundwaters in a deep waste vault would have
such a high oxygen content. Groundwaters that occur at depth in granitic
rocks have their oxygen contents buffered by Fe 2+ /Fe 3+ redox reactions
(Tait et al., 1986b; Tait and Johnson, 1986), and similar redox control may
be operative in other rock formations. Tait and co-workers (Tait et al.,
1986b; Hayward, 1986) found no significant effect from y radiolysis of deaerated leachants on the leaching of glass and glass-ceramic waste forms.
4.2.3

Thermal Properties

By definition, a glass-ceramic would have a thermal stability
superior to that of its precursor glass. Thermal conductivities of
ceramic-type materials are generally in the order: glass < glass-ceramic <
ceramic. As discussed earlier, the thermal-shock resistance of a glassceramic, which is a function of thermal expansion, elastic modulus,
mechanical strength and thermal conductivity, would usually be higher than
for a glass, providing that the individual expansion coefficients of the
component phases are reasonably well matched. These considerations also
apply in the case of a typical ceramic, where the grain size and microstructure can also be important.
4.2.4

Leaching Resistance

Numerous studies of the dissolution of glass and crystalline
waste-form materials (e.g., Shade, 1981; Metson et al., 1982) suggest that
the leaching mechanisms may be initially similar, usually commencing with a
cation -H+ or cation -H 3 0 + ion exchange. After a short time, however, a
layer depleted in exchangeable cations builds up on a glass surface, and
may act as a diffusion-controlling barrier that limits the rate of further
cation release. Leaching must then take place by dissolution of the
cation-depleted surface layer. In crystalline materials, elements tend to
be released from surface sites of high energy, such as crystal defects and
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by the nature of the surface rather than by a diffusion-limiting protective
barrier, and typical crystal leaching tends to produce crystallographically orientated surface etch pits.
Analyses of solutions from long-term leach tests indicate that
glasses rarely suffer congruent dissolution under conditions of intermediate pH and relatively low temperature, whereas crystalline materials
often approach congruent or stoichiometric dissolution under these
conditions. Thus, the long-term aspects of leaching for glasses and
crystalline ceramics may be entirely different, although the rates may be
of the same order of magnitude.
In most nuclear waste glass-ceramics, it is the durability of the
vitreous matrix that appears to be the controlling factor in overall
dissolution rates. For glass-ceramics with high alkali and/or boron
contents in the glass phase (e.g., celsian glass-ceramics), these rates are
often similar to those of borosilicate waste glasses. However, the release
rates of waste ions will depend, in part, on their relative concentrations
in the glass and crystalline phases, and also on the relative durabilities
of these phases, so that bulk leach rates derived from weight-loss
measurements or major element (e.g., Na, B, Si) leach rates are potentially
misleading.
There has been little attempt to maximize the durability of the
glass phase in glass-ceramics, although the formulation of boron-free
compositions is an obviously important step. One advantage that is found
for sphene- and basalt-based glass-ceramics is that the crystallizing ions
(Ca, Fe, Ti, etc.) are excellent fluxes, and allow the production of
materials with relatively durable aluminosilicate glass matrices at
temperatures far lower than those required for melting the equivalent
aluminosilicate glasses. However, control of the final glass composition
is made extremely difficult by the numerous crystallization reactions that
occur when waste is included in the compositions. Nevertheless,
aluminosilicate-based products are typically 10 to 100 times more durable
than borosilicate waste glasses.
4.2.5

Helium Buildup

Helium would be formed in a waste form as a esult of electron
capture by alpha particles colliding with adjacent atoms. The consequences
for a glass waste form have been discussed by several authors (Turcotte,
1976; Malow and Andresen, 1979) and the general conclusion is that the
majority of helium atoms would be retained in the glass with little or no
effect on mechanical integrity. The pertinent experiments were based on
accelerated tests using glasses doped at appropriate concentrations with
alpha-emitters (242Cm, 244 Cm and 2 3 8 P u ) . In a real waste-immobilization
situation, where the alpha-decay rates are low, it is possible that the
relatively high diffusion rates of He in borosilicate glasses may nearly
equal the rate of He formation, allowing much of the He to escape.
In purely crystalline materials, such as a 238 PuO, ceramic, He
bubbles have been observed to form along grain boundaries, leading to early
mechanical failure (Clinard and Hurley, 1979; Clinard and Rohr, 1981).
Celsian glass-ceramics containing 1 wt.% 244 Cm that were used for
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during annealing of the damaged specimens at 600°C and 700°C; the fracture
vas attributed to coalescence of He bubbles (Routbort et al., 1983), and
may have been produced by the high dose rate in these experiments.
However, He diffusion in silicate glass-ceramics occurs via the glass phase
(Shelby, 1981) so that, as with borosilicate glasses, long-term buildup
would likely not be a significant problem at more typical dose rates for a
waste form.
4.2.6

Thermodynamic Stability

The general principles governing the relative thermodynamic
stabilities of glass, glass-ceramic and ceramic waste forms were briefly
outlined in Section 1. Two types of equilibrium need to be considered for
a waste form material: internal equilibrium (i.e., the stability of
component phases against further reaction with each other), which leads to
a thermally stable material, and external equilibrium (i.e., the stability
of component phases against reaction with chemical species present in a
waste vault). The distinction is important, since proponents of crystalline waste forms have in the past claimed that glass-based materials are
unsuitable for waste immobilization because of their inherent internal
metastability (e.g., Guber, 1979; Ringwood, 1978). The assumption these
authors make is that partial devitrification is detrimental to glass
durability. However, there is no a priori reason why a devitrified glass
should be less chemically durable than a fully vitreous one; in many cases,
the converse will be true.
Whereas glass-ceramics and ceramics are usually closer to
internal equilibrium than a glass, it should be emphasized that the
crystalline phases formed at high temperatures may not constitute an
equilibrium assemblage at lower temperatures. Thus, for example, the
metastable persistence of cristobalite in silica-based ceramics and glassceramics is well known. Similarly, the metastable occurrence of perovskite
in titanosilicate glass-ceramics has been observed (Section 2.3).
Furthermore, solid-solution solubilities of impurity ions, e.g., HLW ions,
in the crystal phases will generally be decreased at lower temperatures,
leading to possible ex-solution of the impurity ions at phase boundaries.
Nevertheless, devitrified glasses will always be in a lower internal energy
state than their precursor glasses.
4.2.7

Final Conclusions

Glass-ceramic waste-form materials offer the prospect of improved
thermal stability and superior mechanical properties, compared with
borosilicate waste glasses. Their fabrication is similar to that of a
glass, differing only in requiring a final heat treatment, so that many
aspects of waste-glass melting technology are equally applicable to glassceramic production. The chemical durabilities of glass-ceramics that
contain a borosilicate glass matrix are comparable to those of borosilicate
waste glasses, while those that contain an aluminosilicate glass matrix
(sphene and basalt glass-ceramics) are, typically, 10 to 100 times more
durable. Sphene glass-ceramics are formulated around a phase (sphene) that
has been demonstrated to be thermodynamically stable in Ca-Na-Cl-rich
brines, and that is capable of hosting a significant fraction of the HLV
ions from U02 fuel recycling.

- 55 Borosilicate glasses have been accepted in most national waste
management programs as the preferred waste form materials for present day
fuel recycle operations. However, if future safety assessments should
indicate that there is a need for improved waste form materials, there
would be an excellent case for regarding the more chemically durable glassceramics as leading candidates.
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Figure 2

Scanning Electron Micrographs Shoving Typical Microstructures
of Base Composition.
(a) Phase-separated glass, rapidly cooled.
(b) Phase-separated glass, cooled at 9O°C/h.
(e) Crystallization of sphene in the CaO-, TiO2-rich "droplet"
phase at 860°C.
(d) Fully crystallized sphene glass-ceramic (1 h at 1050°C)
shoving elongated mode of crystal grovth.
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Figure 3

Equilibrium Oiagraa of Logarithmic Oxygen Fugacity Versus
1000/T(K) for Selected Redox Reactions of Waste Ions
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Figure 4

Stages in Crystallization of a Titanosilicate Glass-Ceramic
Containing 1 vt.X each of U0 2 , La 2 O 3 , SrO and Cs 2 0.
(a) After cooling of the melt, shoving phase separation.
(b)
After 1 hour at 800°C, shoving crystallization of
fluorite-structured phase (F).
(c)
After 1 hour at 1050°C, shoving sphene (S)
crystallization.
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Figure 5

Concentrations of Major Cations and Anions with Depth in
Groundvaters of the Canadian Shield (Frape and Fritz, 1982)
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Figure 6

Activity Diagram for the System H + -H 2 0-Ca0-Ti0 2 -Si0 2 at 60°C.
Data points represent mean groundvater compositions at various
depths (from Figure 5 ) .
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Normalized Release per Unit Surface Area for Ca, Sr, Ba, Mo
and Si in Glass Phase Versus Leaching Time in Deionized Water
at 100°C, S/V Ratio 10 m" 1 . Error bars from triplicated
experiments not shown for clarity
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Figure 8

Normalized Release per Unit Surface Area for Ca, Ba, Mo and Sr
in Glass Phase Versus Leaching Time at 100°C in Ca-Na-Cl
Groundwater. Error bars for Ba, Ho and Sr represent a (a *
standard deviation of triplicate results)
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Figure 9

Normalized Na Release per Unit Surface Area Versus Leaching
Time at 100°C for Sphene and Glass Phases in Ca-Na-Cl
Groundvater. Error bars represent ranges of duplicated
results.
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Figure 10

Normalized Ca Release per Unit Surface Area Versus Leaching
Time at 100°C for Sphene and Glass Phases in Ca-Na-Cl
Groundwater. Error bars represent ranges of duplicated
results.
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Plot of Vickers Hardness Versus Indentation Force for GlassCeramic 33 Containing 5 vt.X Simulated HLW
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Figure 12

Scanning Electron Hicrograph of Diamond Indentation at 1.961 N
Indentation Force
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Thernal Expansivity Curves for (a) Precursor Glass 33, (b)
Glass-Ceramic 33, (c) Glass-Ceramic 33 Containing 10 wt.X
Simulated HLV.
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Melt Viscosity - Teaperature Curves for (a) Glass 33, (b)
Glass 33 • 5 vt.Z Simulated HLV, (c) NBS-710 Soda-Lime-Silica
Glass
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Electrical Resistivity-Temperature Curves for (a) Glass 3 3 + 5
vt.X Simulated HLV, (b) Borosilicate Glass + 10 vt.X Simulated
HLW, (c) Honofrax K3 Refractory, (d) Corhart C1215 Refractory

Figure 16

Scanning electron micrograph of Celsian Glass-Ceramic Bl/3
after crystallizing for 20 hours at 850°C. Fracture surface,
etched in IX HF, shoving celsian (C) and Ba-scheelite (S).
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Figure 17

Scanning Electron Micrograph of Fresnoite Glass-Ceramic BT04
after crystallizing for 20 hours at 960°C. Fracture surface,
etched in IX HF, shoving fresnoite (F), Ba-priderite (P) and
Ba-scheelite (S).
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