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ABSTRACT

Traditionally, glass-ceramics are inorganic non-metallic materials obtained by the controlled crystallization of a glass. A modern definition has
widened this class of materials to solid materials containing at least one glassy and one crystalline phase. The glass is usually obtained by quenching
a melt. Re-heating it to a temperature slightly above the glass transition temperature allows nucleation while an often applied second annealing step
at a higher temperature causes most of the crystal growth. As in most materials, the composition and the microstructure of glass-ceramics widely
governs their properties. The morphology, i.e., size, and aspect ratio of the crystal phases is of special significance and depends on the crystal
structure and the occurring growth mechanism. The morphology is also affected by the chemical composition and the temperature/time schedule of
the crystallization process, here components of minor concentrations can have a great effect. This review addresses the effects of nucleating agents,
phase separation, crystal orientation alignment and stress introduction as tools to tailor the properties of glass-ceramic materials. Future de-
velopments in the field of glass-ceramics are discussed.

1. Introduction

Glass-ceramics [1] are solid materials containing at least one glassy and one crystalline phase. Extremes of this denomination are, e.
g., laser crystallized glasses, where the vol% of the crystalline phase can be minimal, or fully crystalline materials grown from bulk
glasses where an amorphous component, i.e., residual glass, has not been proven so far [2-13]. Since the pioneering work of Stookey in
the 1950s [14], glass-ceramics have continuously been developed into a versatile group of materials [1]. The more traditional group of
“classic glass-ceramics” are produced by first preparing a homogeneous glass, which is then heated to a temperature slightly above (up
to a few 10 K) the glass transition temperature (Tg) where crystal nucleation occurs in many cases and the nucleation rate is highest
[15,16]. The formed critical nuclei immediately start to grow [17-19] and the temperature is subsequently often increased to accel-
erate crystal growth. This temperature is either kept constant or undergoes further changes until the intended degree of crystallinity is
reached [15-17]. A temperature increase after the nucleation step also increases the radius of the critical nucleus, meaning any crystals
which did not grow beyond this radius are dissolved again [17,20,21].

The technologically most important variation of this process is currently to powder the glass, process the powder by, e.g., pressing it
into an appropriate shape, and then sintering the specimen to produce “sintered glass-ceramics” [22-28]. A related approach is to
produce glass microspheres, some of which show a nearly complete crystallization during production [22], and subsequently sinter
them together [22-25,29]. Sintering should lead to a first densification while further crystal nucleation and growth take place after a
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fully (or nearly) dense body is obtained. Producing sintered glass-ceramics requires a careful optimization of the chemical composi-
tion, the grain size and grain size distribution, the shaping procedure and the temperature/time schedule.

It is noteworthy that the early work of Stookey [14] already featured nucleation achieved by a photochemical process in which
Ce®* and Ag", both homogeneously dissolved in the glass, were irradiated by UV light and reacted to Ce** and metallic silver. The
applied thermal treatment then led to the formation of silver clusters which acted as nucleation centres throughout the glass.

Glass-ceramics have become widely used as low thermal expansion materials for various applications such as cook top panels,
telescope mirror blanks and various components in optics and photonics [30-33]. Machinable glass-ceramics, most of them containing
mica or other phyllo(alumo)silicates, have been commercially available for decades [34-36] and can be rapidly machined by con-
ventional diamond or hard metal tools. They are, e.g., utilized as rapid prototyping materials [37] or biocompatible bone replacement
materials in plastic surgery [38-40].

Other glass-ceramics are applied as tooth replacement materials with tailored optical properties (adaptable translucency and colour
to match the teeth of a patient) [41-44] and mechanical properties (high strength, high fracture toughness) [45-47]. In the past decade,
a large variety of optical materials based on glass crystallization have been reported showing interesting luminescence [48-52] and up
conversion [53-55] properties. The microstructure of these glass-ceramics was tailored using the formation of self-assembled diffusion
barriers which hinder the growth of crystals beyond diameters of more than few ten nm [56-62]. This can minimize light scattering and
the resulting glass-ceramics are transparent for visible and/or near infrared light [63,64].

Although not the focus of this review, an interesting field is the possibility to create anisotropic materials which show aligned
crystals [65-68]. Nucleation in only a small part of a glass, e.g., at a surface, enables not only highly anisotropic crystal growth but also
polarity selected crystal growth [69-75]. Among anisotropic growth, special attention must be paid to laser driven crystallization [76-
82].

Another interesting field are glass-ceramics with special coefficients of thermal expansion (CTE). These can, e.g., be used as seals to
join ceramics and/or metals stable at temperatures above 800 °C [83-88] and, e.g., applied in high temperature fuel cells [27,83-88].

The precipitation of crystalline phases whose CTEs do not match that of the residual glass enables the formation of internal stresses
during cooling after crystallization and may widely govern the mechanical strength and fracture toughness [89]. Here, crystalline
phases with CTEs much larger than that of the residual glass enable a tremendous improvement of the mechanical properties and even
the preparation of glass-ceramics with mechanical strengths of more than 1 GPa [46,47]. These effects can be enhanced further by
crystallizing phases which show phase transitions accompanied by a notable volume decrease during cooling [89]. This can increase
the tensile stresses caused by the crystalline inclusion even more than through a mismatch in the CTEs. Recent studies on solid so-
lutions whose phase transition temperatures and CTEs can be varied in a wide range through comparatively small changes of the
chemical composition [83,90-92] should enable a more accurate tailoring of such stresses and hence the mechanical properties or the
resulting glass-ceramics.

Tailoring glass-ceramics and their properties primarily depends on the glass composition, the crystallized phases and the formed
microstructure. The size and the morphology of the precipitated crystals play a decisive role; it is, e.g., essential whether nanocrystals
[49,56,57,59,60,62] are formed, the crystals assume approximately spherical, needle or plate-like shapes or the microstructure is
formed by viscous fingering or dendritic growth [93-98]. Of course, the formed crystal lattice and its properties play an important part,
but special attention must be paid to the morphology and the arrangement of the crystals amongst each other. Here interlocking also
plays a crucial role, e.g., with respect to crack propagation and fracture toughness [99-102]. One important advantage of glass-
ceramics over sintered ceramics is that the primary glass is usually transparent and hence can be inspected using optical/visual
methods, meaning defects can be identified before crystallization.

Up into the 1990s, it was often assumed that “controlled crystallization™ can only be achieved if a glass melt free of nucleation
agents first undergoes a phase separation [103,104], i.e., the homogeneous glass melt forms two liquid phases with different chemical
compositions. Such a phase separation indeed notably affects the crystallization process; first, the chemical composition changes and
hence, the glass forming ability in one of the two phases decreases, giving rise to nucleation and subsequent crystal growth in it.
Secondly, crystal growth usually stops or notably decelerates when the boundaries of the respective liquid are reached. Following this
mechanism, crystallizing droplets remain embedded in an amorphous matrix [105-110] and the size and shape of the crystalline body
are restricted to those of the former droplet [111]. If there is only one dominant nucleus per droplet, the crystal shape is nearly
spherical and almost independent from the occurring mechanism of crystal growth. Droplet phase separation can enable to precipitate
crystals which would not crystallize from the homogeneous parent glass according to the phase diagram. Nevertheless, nano crystals
can also be obtained in the case of phase separated glasses with interpenetrating structures [56].

The bulk of the literature concerning crystal nucleation and growth in glasses is focused on the so called “Classical Nucleation
Theory” (CNT) [112,113], which is a purely thermodynamic approach and furthermore mostly related to isochemical systems where
the chemical composition of the glass and crystal are identical. By analogy, crystal growth kinetics have predominantly been reported
for isochemical systems. As all industrially produced glass-ceramics and most glass-ceramics with advantageous properties currently
result from non-isochemical compositions, the above-mentioned considerations are of limited value when designing glass-ceramics
with tailored properties. The isochemical systems considered by the classical theories common in glass science do not show phe-
nomena such as phase separation, chemical gradients or crystal growth velocities which depend on the crystallographic directions.

One huge field in glass-ceramics research are bioactive compositions for biomedical applications [114,115] based on silicates or
phosphates. These materials will not be discussed here as their microstructure is secondary to their application which mainly depends
on their chemical composition. There is much literature in this field including some recent reviews [114,115].

This review discusses tools useful when designing glass-ceramics with advantageous properties, many of which were developed in
the last two decades. A number of experimental/analytical methods were decisive for the progress in glass-ceramic research during this
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time. First, the improvement of transmission electron microscopy (TEM), especially with aberration corrected microscopes, enabled to
quantitatively analyse heterogeneities down to the sub nm range. This enabled to detect shells formed around growing crystals and the
epitaxial growth of crystals on nm sized nuclei [116] using selected area electron diffraction (SAED), energy dispersive X-ray spec-
troscopy (EDXS) and extended electron energy loss fine structure spectroscopy (EXELFS). It also enabled to lower the radiation damage
of sensitive, e.g., Li containing samples, which led to severe misinterpretations in the past. Second, the development of electron
backscatter diffraction (EBSD) up to fully automated indexing, predominantly carried out in a scanning electron microscope (SEM),
enables to scan samples and record millions of EBSD-patterns within one scan and a lateral resolution down to some ten nm. The
significant information depth of these measurements is usually less than 80 nm [117,118]. Every recorded pattern contains crystal-
lographic information concerning the analysed region, allowing, e.g., maps of the crystal orientations but also phase identification
[119]. This not only enables to visualize the distribution of different crystal phases, but also a very precise texture analysis, e.g., at
surfaces, and the proof of epitaxial relationships. Advanced electron microscopy is complemented by techniques using synchrotron
radiation: anomalous small angle X-ray scattering (ASAXS) enables conclusions on nm sized inclusions, core shell structures and the
attributed chemical compositions. X-ray absorption spectroscopy (XAS) allows conclusions, e.g., on the incorporation of all compo-
nents, and their coordination numbers, into the glass and can monitor changes during the formation of nuclei, hence contributing
towards understanding the nucleation process.

Abbreviations

AGSS &kermanite gehlenite solid solutions

ASAXS Anomalous Small Angle X-ray Scattering

B&W theory Brailsford and Wynblatt theory

BFDH law Bravais-Friedel-Donnay-Harker law

CNT Classical Nucleation Theory

CPR Coordination Polyhedra Rule

CTE Coefficient of Thermal Expansion

d distance from the centre of the particle

D diffusion coefficient

E Young’s Modulus

EBSD Electron BackScatter Diffraction

EDXS Energy Dispersive X-ray Spectroscopy

EELS Electron Energy Loss Spectroscopy

EiN Electrochemically induced Nucleation

EXELFS Extended Electron Energy Loss Fine Structure Spectroscopy

FEM Finite Element Method

h Planck’s constant

I steady state nucleation rate

IPF Inverse Pol Figure

kg Boltzmann’s constant

LAS lithium-alumo-silicate

LS; lithium disilicate glass

LSW theory Lifshitz, Slyozov and Wagner theory

N; number of structural units per unit volume in the melt

NMR Nuclear Magnetic Resonance

MAS magnesium-alumo-silicate

MAS-NMR Magic Angle Spinning Nuclear Magnetic Resonance

m* reduced fragility index

P stress inside the spherical inclusion

PBC theory Periodic Bond Chain theory

PTR glasses Photo Thermal Refractive glasses

r radius of the nucleus

R radius of the inclusion

r* critical cluster size

RT room temperature

SAXS Small Angle X-ray Scattering

SAED Selected Area Electron Diffraction

SEM Scanning Electron Microscopy

Tcurie Curie temperature

Ty glass transition temperature

T) liquidus temperature

T, phase transition temperature

TEM Transmission Electron Microscopy

TTT-curves Temperature Time Transformation -curves

U crystal growth velocity
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UV ultra violet

Vmn molar volume

XAS X-ray Absorption Spectroscopy

YAG yttrium aluminium garnet

AG Gibbs free energy for nucleus formation
AG, Gibbs free energy per unit volume

AGp Gibbs free energy for the transfer of a ‘structural unit’ from the melt to the crystal
AGnax Gibbs free energy of cluster formation
AGy Gibbs free energy change per unit volume
AH, enthalpy change per unit volume at T}
AV volume change between the two phases
AV, volume change due to a phase transition
¢, relative dielectric constant

o interfacial energy per unit area

o, radial stress

o tangential stress

1 viscosity

p Poisson’s ratio

p density

¢ structural order parameter

£, the equilibrium value of the structural order parameter

= é/ fe
2. Crystal Morphologies and Crystal Structure

Glass crystallization is often considered to be a two-step process composed of nucleation and crystal growth. Although this
approach is useful for many cases, it should always be kept in mind that these steps are not really separated processes. The number of
formed nuclei in a given glass composition during thermal treatment is a function of temperature and time. The highest nucleation
rates are usually achieved at temperatures 5 to 50 K above Tg. Sometimes, the nucleation rate is small during isothermal treatment, but
increases with time until a steady state value is reached. During subsequent crystal growth, usually carried out at higher temperatures,
the crystals often show very different crystal growth velocities along different crystallographic directions which leads to different
morphologies. The growth morphology is usually not determined by thermodynamics, i.e., the different interfacial energies of different
crystallographic planes (which would lead to the Wulff shape), but due to the growth kinetics. The morphology of the crystals is also
affected by spatial limitations set by phase separation or by the formation of core shell structures which function as growth barriers.

2.1. Classical Nucleation Theory (CNT) and Crystal Growth Velocity

Classical Nucleation theory

The CNT is based on the thermodynamic theory of heterogeneous systems developed by J. W. Gibbs [120] and later applied to
vapour condensation by M. Volmer & A. Weber [121,122] as well as R. Becker & W. Doring [123] and also to the formation of
crystalline nuclei by R. Kaishew & I. N. Stranski [124] as well as D. Turnbull & J. C. Fisher [125]. G. Tammann introduced a method to
determine nucleation rates applicable for glasses where nucleation is achieved during a first step of thermal treatment while a second
step at higher temperatures allowed the nuclei to grow to an “observable size” so that they can be counted using microscopic tech-
niques [126,127]. An overview on the application of the CNT to glass crystallization is given in Ref. [29], including a history of its
development. The CNT is based on thermodynamics and assumes that the nucleation rate is proportional to the driving force of glass
crystallization, i.e., the reaction transforming a glass melt (below its liquidus temperature Tj) to a crystal of the same chemical
composition, a.k.a. the Onsager Reciprocal Relation. The following assumptions are also made: The formed clusters/nuclei are
spherical, isotropic and have a discrete surface. The chemical compositions of the formed crystal and the glass melt are identical, hence
also match the residual glass, and thus composition changes do not occur during crystallization. The crystal structure of the nucleus is
assumed to match that of a defect free, macroscopic crystal of the same phase. Hence, the change of its Gibbs free melting energy per
unit volume AGy is also identical. The interface energy between crystal and melt affects the total Gibbs free energy. The Gibbs free
energy required for nucleus formation AG is then given by Eq. (1).

AG = %IZFSAGV+47IT‘20‘ )

with r is the radius of the nucleus, AGy is the Gibbs free energy change per unit volume and o is the interfacial energy per unit area.

The first term describes the thermodynamic driving force for an infinitely large crystalline phase while the second describes the
interfacial energy. The relation of AG, versus the radius of a small crystal shows a maximum; the attributed radius is denoted as the
critical cluster size r* in Eq. (2).
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20
= 2
r AG, (2)

If the cluster size exceeds r*, it will grow while smaller clusters will shrink. The Gibbs free energy of cluster formation AGp, attributed
to r* is the thermodynamic barrier for nucleation and given by Eq. (3):

161 ¢°
AGpex = — — 3
max 3 AQ 3)
Usually, AGy is estimated from AH,, the enthalpy per unit volume at Tj, as stated in Eq. (4) [128,129].
_ T Ti A T
AG, ZMJF / ACp(T)deT/ MT 4
T, T r T

Here, AC,(T) is the heat capacity difference between a crystal and a glass under a constant pressure as a function of the temperature.
While AHy and T can be measured, AC,(T) is usually unknown. Many publications dedicated to calculating nucleation rates usually
approximate AC,(T) using Eq. (5), but for some cases, like NaCa2Si3Og [129], ACp(T) has been determined and enabled to use Eq. (4)
[128].

AG, = w 5)
T,
The Gibbs free energy of cluster formation AGp,y is calculated using Eq. (6):
167 ¢°
3 (AG)?

The interfacial energy per unit area ¢ is currently very difficult to determine experimentally and hence usually unknown; it may
furthermore vary and depend on, e.g., the temperature as well as the nucleus size. The steady state nucleation rate I is given by Eq. (7):

2D/ ¢ \'? AGoax
’“:F<k7r) e"p{* kgr} @

Here “a” is the size of a structural unit, ky, is Planck’s constant and D the diffusion coefficient. For temperatures near and below T, the
structural relaxation of the nucleation process is no longer negligible and the Gibbs free melting energy per unit volume AGy should be
modified according to Eq. (8) [130,131].

AGV(C) = AGv.qu (8)

with ¢ = /&, and E=structural order parameter and é,=the equilibrium value of the structural order parameter. From the Egs. (7) and
(8) follows Eq. (9):

2D V2 A(;max T
Ist(T: t) = F (kBLT> exp |: — %} ©

A maximum in the dependency of the nucleation rate on temperature is usually observed somewhat above T,. At the temperature of
this maximum and above, the steady state nucleation rates do not deviate significantly from the CNT, if diffusion coefficients and
interfacial energies are fitted to the experimental data obtained at temperatures above the maximum [131]. Hence, stress relaxation
and any other possible effects do not play an important role above this maximum. There are numerous refinements of the CNT which, e.
g., take experimentally observed induction periods into account [29,112,127,132-137].

“Heterogenous nucleation” is a special topic as various phenomena are referred to by this term [138-140]. The first of these to be
mentioned is nucleation at the surface. Here recent analysis has shown that nuclei often show a preferred orientation, i.e., show
oriented nucleation [69]. Many glass systems solely show surface crystallization. Another type of “heterogeneous nucleation” is that
following a liquid-liquid phase separation. The interfacial energy between the two liquids is much smaller than that between a crystal
and a glass melt [110]. The subsequent crystallization is often reported to occur after nucleation at the glass/glass interface [110]. The
third type of “heterogeneous nucleation” occurs after nucleation agents were added to a glass, resulting in the crystallization of a
crystalline precursor on which the desired phase will grow. It has been proposed also to apply the CNT to heterogeneous nucleation by
replacing AGmax by AGmax® (with ®<1) [139].

Crystal growth velocity

Three principles of crystal growth are related to a certain growth model: the normal model (growth in all directions), 2D surface
nucleated growth and finally growth along screw dislocations (one dimensional growth) [141,142]. The following focus will be on the
normal growth and that along screw dislocations expressed by Eq. (10):
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with f~1 [142] for normal growth and 0<f<1 for growth via screw dislocations. A is the jump distance, i.e., the characteristic length of
the crystal building unit (usually the molecular diameter) and D(T) is the temperature dependent diffusion coefficient. Substituting D
(T) with Eq. (10) results in Eq. (11) where C is a constant described by C:fkb/(3ﬂ$7\2).

fkT AG CT AG
v=ge (oo xr) ) =5 (-eo(-50)
It should be noted that the Egs. (10) and (11) are not valid for growth via 2D nucleation on a “smooth” primary crystal.

Both the nucleation rate I, and the crystal growth velocity U show maxima at temperatures between the glass transition tem-
perature Ty and the liquidus temperature T; as schematically illustrated in Fig. 1 a). The most frequently investigated system with
respect to its nucleation rate and crystal growth velocity is the stoichiometric lithium disilicate system. Here, the experimental studies
of the groups associated with P.F. James [143,144], M.C Weinberg [145], E.D. Zanotto [146-148], K. Matisida [149] and J. Deubener
[150] are to be mentioned. Fig. 1 b) shows experimental nucleation rates and crystal growth velocities in a logarithmic plot for the
isochemical crystallization of glass with the stoichiometric composition of lithium disilicate (Li3SipOs) [143-146,150,151]. The
maximum of Iy is usually observed around T (-10 K below to some 10 K above Tg) [152]. The maximum of U is at a much higher
temperature but, of course, below T;. U can be notably positive at temperatures where I has not yet dropped to infinitesimally small
values. If the crystal growth velocities are noticeably high when nucleation occurs, the nuclei formed during cooling will notably grow.
This is generally relevant at small cooling rates and usually not desired for the preparation of glass-ceramics. U is negative above T; and
the crystals dissolve.

The literature concerning the CNT contains numerous alterations which, e.g., take induction periods for nucleation into account. A
more detailed description of the CNT is reported elsewhere (see, e.g., [29,112]) and beyond the scope of the work presented here. It
should be noted that nucleation and crystal growth can never be two separated steps because formed nuclei immediately start to grow
[17]. Furthermore, Eq. (11) assumes that crystal growth velocities are the same in all directions and can hence, strictly speaking, only
apply to spherical crystals. Furthermore, Eq. (11) assumes that the crystal growth velocities do not depend on time which is only valid
for melts of exactly the same stoichiometry as the formed crystal. Otherwise, i.e., in basically all real melts, the melt composition
changes during crystallization and with it the diffusion coefficient.

Progress in Materials Science 152 (2025) 101437

(10)

(11)

2.2. Spherical Crystal Volumes

There are two principal possibilities to obtain spherically shaped crystallized volumes: either the crystal growth velocity is the same
for all directions or the volume a crystal may occupy is limited to a sphere. The latter may, e.g., occur if crystallization takes place
inside a droplet resulting from phase separation [111,153] as outlined below or when crystals grow in melt droplets levitating in a gas
stream [154] or flying through air [22]. The CNT describes an initially formed nucleus to be spherical. It should be noted that it is
experimentally very difficult to distinguish whether a crystal only a few nm in diameter is spherical or faceted, i.e., shows a polygon
structure. The morphology of such crystals is best studied in glasses from which noble metal clusters such as gold or silver, typically
added in concentrations from 50 ppm to 1 %, can be precipitated to then form crystals smaller than 5 nm in diameter [155,156].
Although these metallic crystals have a cubic symmetry, they are already faceted and hence their crystal growth velocity was not
homogeneous in all directions. Such crystals usually assume polygon shapes during further growth, like cubes or octahedra, as it is to
be expected from cubic space groups. Ideally, a maximum crystal growth velocity along the <001> directions leads to a cube, while a
maximum growth velocity along the <111> directions, i.e., perpendicular to the most densely packed layers, leads to an octahedron.

In principle, a spherical morphology is favourable if a crystal is only a few nm in size, as a sphere minimizes the interfacial energy
between the crystal and its matrix. With an increasing size, and hence a decreasing percentage of surface atoms, this interfacial energy
plays a decreasingly important part. Noble metal nanoparticles embedded in glass are of high importance because they act as effective
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Fig. 1. Steady state nucleation rate and crystal growth velocity a) Schemmatic illustration of the steady state nucleation rate, Iy, and crystal growth
velocity, U, as a function of the temperature. Please note that nucleation is possible below T, while crystals always dissolve above T; where they
show a negative growth velocity. b) Logarithmic plot of experimental nucleation rates and crystal growth velocities in glass with the stoichiometric
Li»Si»Os composition summarized from the Refs. [143-146,150,151]).
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nucleation agents in many systems and may hence trigger the volume crystallization of desired phases [155,156].

Crystallization within droplets of a phase separated glass may follow a different mechanism: many nuclei may initially form within
one droplet and then grow to numerous crystals which all occur within the boundaries of the former amorphous droplet. Alternatively,
only one nucleus is formed inside a droplet and rapidly grows until a notable part of the droplet is occupied [16,157,674], as shown in
Fig. 2. The size of such crystals is limited by the droplet size which can be tailored by modifying the time and temperature schedule
applied to achieve phase separation, further details are presented in chapter 3.4.

It should be noted that spherulites may also appear to be spherical crystals in microscopic images. They are, however, composed of
numerous individual crystals with different morphologies and orientations (see Chapter 2.3.3).

2.3. Polygon Crystals

The growth of crystals with a polygon (multi-cornered) shape is often observed and most widely associated with the term “crystal”
outside of the scientific community. Ideally, these shapes should be called polyhedra (multi-faced), but rounded features frequently
occur or the corners extend to form tips. As they all show corners, but not only faces, “polygon” best describes their geometric
morphology. In the case of cubic crystals or structures with only a small tetragonal distortion, the growth of cubes or octahedra are the
most common cases. All crystal classes may exhibit a polygon growth morphology which may easily become rather complex due to
growth defects such as twinning. Traditional polygons form if the crystal growth velocities along the main (low indexed) crystallo-
graphic directions are similar. Extremely different growth directions along low indexed directions lead to the formation of needles (one
very fast direction) or plates (one very slow direction). Examples are presented in Fig. 3. The hematite hexagon in Fig. 3 b) is slightly
darker on the bottom side because this area is covered by a thin layer of glass [158]. The needles featured in Fig. 3 d) are also polygon
as they appear rhombical/ rectangular in a cross section unless they are cut almost parallel to their fast-growing c-axis [159].

Elongated morphologies of free growing crystals can have two principal reasons.

(i) If the interfacial energy varies along different crystallographic directions, those planes perpendicular to the directions of fast
crystal growth should have a smaller interfacial energy. Then the equilibrium shape of the formed crystals is that attributed to a
minimum energy related to a constant volume, a.k.a. the Wulff shape.

(i) If the morphology is controlled by kinetics, symmetry elements such as glide planes and screw axis play an important part and
growth may be affected by the formation of diffusion barriers in the matrix [159]. Differing crystal growth velocities depending
on the crystal lattice are explained by the periodic bond chain (PBC) theory [163-165] and the Bravais-Friedel-Donnay-Harker
(BFDH) law [166]. Once crystals or their growth fronts interact and hinder each other during growth, their morphology usually
changes.

2.3.1. Needle-Shaped Crystals

So far, there are comparably few examples for needle-shaped growth from glass melts, the best investigated case being the growth
of mullite from aluminosilicate melts. Mullite (Al412x)Si(2-2x)0(10-x) With 0<x<1) is not a stoichiometric compound, but shows a large
variation in the chemical composition and crystallizes with the space group No. 55 (Pbam) [167]. The by far fastest growing axis is the

Fig. 2. SEM micrograph of apatite crystals grown in phosphate glass droplets, reprinted from Ref. [674] with permission from Elsevier.
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a)

Fig. 3. Polygon crystals precipitated from glasses: a) SEM micrograph of hexagonal p-cordierite at the immediate surface of a stoichiometric glass
assumes a hexagonal shape if their c-axis is oriented perpendicular + ca. 30° to the surface [160]. b) SEM micrograph showing platelets of hex-
agonal hematite which appear as rods in a cross section unless they are oriented almost parallel to the surface [161]. ¢) Large hematite crystals show
hexagonal plates at their boundaries in an optical micrograph where the transparent glass matrix allows a 3D impression [161]. d) Optical
micrograph of mullite needles with a polygon cross section [159] crystallized from a 56.1 Si02020.9 Al,03e15.7 MgOe7.3 TiO200.03 Fe;03 melt,
reprinted from Ref. [162] with permission Elsevier.

crystallographic c-axis. An optical micrograph of a glass-ceramic with mullite needles crystallized from a glass with the composition
56.1 Si02020.9 Alp03e15.7Mg0e7.3 TiO200.03 Fe,O3 is presented in Fig. 3 d). Aspect ratios beyond 1:90 have been reported for the
growth of mullite [168].

For the Wulff shape, the distances of certain crystallographic planes from the center of a crystal (strictly spoken, the lengths of the
crystal plane normals passing the center) should be proportional to the respective specific interfacial energies [169]. Hence kinetic
reasons must cause the extreme aspect ratios observed in mullite needles, because the interfacial energies crystal/surrounding glass
melt were reported to be in a very narrow range from 0.2 to 0.4 N/m [29]. These cannot justify the differences in the crystal growth
velocities necessary for the high aspect ratios observed after growth, illustrating why needle-shaped crystal growth cannot be
explained by the Wulff shape. For the case of mullite growing in a glass melt, crystal growth is severely affected by the formation of
SiOs-enriched diffusion barriers in their matrix [159].

Needle-shaped growth was also described for tetragonal crystals of the rutile type, e.g., from a glass in the system MgO/Al,03/
Si0y/TiO; containing 4 mol% P05 [170]. The crystals were 300 nm long and 20 nm wide as is discernible in Fig. 4. Another example
is the crystallization of SnO, from alumoborate glass melts [171]. In both cases, tetragonal crystals with a rutile structure (space group
P4,/mnm (136)) [172] grow fastest along their crystallographic c-axis reaching aspect ratios of up to 1:100.

Another case of needle-shaped growth is the crystallization of fluorapatite from melts in the systems SiO2/Al;03/Ca0/P20s5/Na0/
F and SiO2/Al;03/Ca0/P20s5/K20/F described, e.g., in the Refs. [39,111,151,173,174] and [175]. Fluorapatite has the hexagonal
space group P63/m (176) [176] and shows rod- to needle-shaped growth where the crystallographic c-axis grows fastest [111]. It can,
however, assume spherical shapes when grown inside phase separated droplets [111].

Fig. 4. TEM HAADF micrograph of  rutile needles precipitated from a glass with the composition
5 Li;Oe8 MgOe11.5 Al;03056.5 SiOze4 TiOye4 P,Os. Reprinted from Ref. [170] with permission from Elsevier.
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Further cases of glass-ceramics containing needle-shaped crystals are LiSioOs [177,178] and powellite (CaMoO4) [179], which
was crystallized from a glass in the system SiO3/B203/Nay0/Ca0/Al,03/Mo0O3/Gd203 intended for the vitrification of nuclear waste.
Needle-shaped Mg petalite (2 SioN2O-MgO-Al,03) was reported to crystallize from an oxynitride glass containing ZrO- as a nucleation
agent [180].

2.3.1.1. Plate-Shaped Crystals. Plate-shaped growth is frequently observed if, e.g., mica and related crystal phases, such as fluo-
rphlogopite or muscovite crystallize [34-37,181-185]. To the best of our knowledge, the first glass-ceramics based on mica were re-
ported in 1972 by G.H. Beall from Corning [186]. Later, strontium fluoro mica (G.H. Beall, 1973 [187]) and tetrasilic mica (D.
Grossman, 1972 [36]) were described.

These layered phases also occur as natural minerals which usually incorporate OH (often denoted as “water”) into their crystal
lattice. Fig. 5 a) shows fluoromica plates in a glass matrix while Fig. 5 b) presents hematite crystals, one of which is almost parallel to
the surface [161] and hence discernible as a hexagonal plate.

Plate-shaped crystals frequently grow if the crystals have trigonal or hexagonal space groups [181] and the c-axis is usually
perpendicular to the plate surface. Then the crystal growth velocity is large along the crystallographic a- and b-axes but small along the
c-axis [182]. The aspect ratios may reach 1:100 [181] and depend on the chemical composition and the supplied temperature and time
schedule. This has purely kinetic reasons and is not related to differing interfacial energies of various lattice planes. A highly distorted
mica precipitated from a glass of the composition 57.3 SiO2e11.5 Al;03014.8 MgOe2.6 NayOe2.5 K;0e10.2 F'el.1 CI” first predomi-
nantly grows along the a- and b-axes during thermal treatment [182]. Much less distorted crystals subsequently grow rapidly at both
plate surfaces. The large crystals have the same orientation as the highly distorted mica, implying an epitaxial relationship, but show a
lower frequency of 100-twinning [183]. After some time of thermal treatment, the volume concentration of these crystals no longer
increased, but their shapes continued to change. They became thicker, i.e., grew along the c-axis, but shrank along the a- and b-axes so
that the crystals approached a blocky shape. This was denoted as a “crystallization pendulum” [184] and considered to be a type of
“intracrystalline Ostwald ripening”, because the crystal arrangement changes its shape to minimize the interfacial energy, while the
volume remains approximately constant. This is denoted as “intracrystalline” because only one crystalline body is involved in contrast
to conventional Ostwald ripening although, strictly speaking, two mica phases are involved in the process. It can be assumed that the
morphology of the crystals ultimately approaches an overall energetical minimum, i.e., their Wulff shape.

One of the first commercial phlogopite glass-ceramics was called MARCOR™ (Corning). The phlogopite composition does not form
a glass using technically suitable cooling rates, which is why some excess SiO, and B;O3 were added [188]. The resulting crystalli-
zation process is fairly complex: first chondrodite (2Mg,SiO4eMgF5) is precipitated and subsequently transforms to norbergite
(MgSiO4eMgF5). Norbergite then reacts with the residual glass to form phlogopite and small quantities of mullite.

Other examples for plate-shaped growth are the hematite featured in Fig. 3 [161] and the negative thermal expansion phase
BaAl;B,07 [189] which has the trigonal space group R32 (155) [190] and also grows fastest along its a- and b-axes [191].

2.3.1.2. Spherulitic Crystals. If multiple polygon crystals grow radially outwards from a common centre, they can form superstructures
denoted as spherulites [192-196]. Here all crystals are initially oriented with the same crystallographic axis pointing away from the
centre. If these structures grow homogeneously in all directions, they form a sphere. If, however, growth is inhomogeneous, the
spherulite morphology can first become oval and then evolve into a dumbbell. Schematic 2D illustrations of such structures are
presented in Fig. 6: a) ideal, b) ideal adjacent to, e.g., a surface or ¢) the dumbbell. If a 3D dumbbell [197,198] is cut along the line L1 in
Fig. 6 ¢) and viewed perpendicular to its main growth direction, it looks just like an ideal spherulite. These cases can, however, be

Fig. 5. a) Fluor mica crystallized from a 57.3 SiO3e11.5 Al;03014.8 MgOe2.6 Na,Oe2 K,0e10.2 Fel.1 Cl melt. Based on Ref. [182]. b) Hematite
plates in a glass-ceramic, reprinted from Ref. [161] with permission from Elsevier.
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a)

L1

Fig. 6. Schematic illustrations of 2D spherulitic growth: a) ideal in free space, b) ideal adjacent to a surface and c¢) a dumbbell formed by asym-
metric growth velocities. If a 3D dumbbell is cut along the cross section L1, it looks just like the ideal case featured in a). Based on Ref. [199].

separated by analyzing the crystallographic texture of the cross section using EBSD.

Examples of such non-ideal spherulitic structures in glass-ceramics are presented in Fig. 7. Fig. 7 a) shows the micrograph of a
8-Y,Si;07 dumbbell cut parallel to it fastest growth direction [195]. Such structures can be difficult to recognize if the prepared cross
section is unfavourable as is the case in Fig. 7 b). As noted above, local orientation analysis can provide the necessary insight to identify
the spherulitic superstructure.

Spherulitic morphologies are frequently observed in crystallized glasses, e.g., after the crystallization of 3 PbO-2 SiO; by Carr and
Subramanian [200] or a-SrB4O; by Zaitsev et al. [201]. Spherulites of the barium silicates Ba;Si3Og were reported by Rouxel et al.
[202]. Spherulites of Ba;SiOs grew in glasses of the BaO/SiO3 system with a small amount of additive of Al,03 observed by Lewis and
Smith [203]. Surface crystallizing willemite (ZnySiO4) also formed spherulites [204]. A challenging technique is the surface crystal-
lization of devitrite spherulites from commercial soda-lime-silicate glasses, which may act as optical diffusors as reported by Butt et al.
[205]. The formation of LiNbOg3 [206] spherulites from melts with the composition 35 Li;O-25 NboOs5-40 SiO, was observed by
Vigouroux et al.

2.4. Viscous Fingering and Dendrites

The mechanisms leading to viscous fingering and dendritic growth are quite different from those described in the chapters 2.2 to
2.3.3 where the kinetics of crystal growth define the growth morphology. For viscous fingering and dendritic growth, diffusion and
heat transfer are more decisive for the growth morphology than, e.g., the lattice symmetry. These mechanisms occur if a crystalline
phase is precipitated and the growth front becomes instable. In glass-ceramics, a phase with another chemical composition is usually
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Fig. 7. Spherulitic ~ growth: a)  SEM-micrograph ~a  dumbbell-shaped  &-  Y,Si;O;  spherulite  grown from a
17 Y503-33 Al503-40 SiO5-2 AlF3-3 Nap0-2 CeF3-3 B;O3 mol% glass [195]. The red line is a guide for the eye to mark the spherulite perimeter. b)
Phase map of an EBSD-scan performed on part of an alumina spherulite grown in an AZS-melt [196] and superimposed onto an SEM-micrograph of
the area.
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formed at the same time [94-98].

First the case of diffusion should be considered: if a residual liquid phase is formed along with the crystal, components forming the
crystal must diffuse through an amorphous diffusion layer to attach to the crystal. This should decelerate crystal growth, especially at
some distance from the site of nucleation where one-dimensional diffusion is predominant. If instabilities at the growth front occur, the
crystal growth mechanism changes and a thin branch can rapidly grow through the diffusion layer. The thickness of this small branch
subsequently either increases by radial diffusion or it remelts to minimize the surface. This may lead to hierarchical structures where
some segments separate from the main dendrite, either by mechanically breaking off or re-melting [207]. Fig. 8 a) shows a dendritic
structure formed by a (cubic) Fe3O4 crystal precipitated from a 11.2 NagOe7.0 MnOe51.8 SiO2e30 Fe;O3 glass [93]. The framed area is
presented in greater detail in Fig. 8 b) to show the polygon origin from which thin branches grew outwards. The superimposed
orientation map shows that all crystal segments show the same orientation, i.e., are connected, which only changes by up to 8° near a
neighbour. Continuous orientation changes can result from overlapping thermal fields at the growth front [208] or crystal collisions
during growth and may also be affected by mechanical deformation during cooling.

Dendritic structures are not always as easy to recognize as in Fig. 8, especially in the cross sections usually featured by SEM mi-
crographs. In polished samples, dendritic structures are arbitrarily cut and sometimes the observed structures are difficult to attribute
to one dendrite. While such morphologies have been erroneously denoted as “skeletal growth” or “cellular structure of growth” in the
past [75], it must be acknowledged that dendritic morphologies have been recognized in crystallized glasses [209] long before their
orientational connection was proven using EBSD [75]. Failing to recognize dendritic structures can cause extreme errors in micro-
structure analysis if, e.g., nucleation rates are based on treating each dendritic segment as an independent crystal representing a
nucleation event. If dendritic structures occur, the different branches of the crystals ideally have the same orientation but many
versions of disturbed dendritic growth have been described [210,211]. Hence orientation maps or Inverse Pol Figure (IPF) maps of
EBSD-scans usually show a homogenous colour which may only change continuously as grain boundaries cannot occur within a
dendrite. This allows a clear attribution of various crystal segments to one dendrite. Fig. 9 a) shows an IPF map superimposed onto an
SEM micrograph of YAG crystals precipitated from a 28.8 SiO3041.2 Al;03e9 Y;03e1 CeF3020 CaO glass [212]. Differing dendrites
have different orientations and hence appear in different colours, the interlocking of dendrites is clearly discernible. If dendrites are
limited to a spherical volume like the microsphere featured in Fig. 9 b) [22] they can quickly fill the available space. This introduces
the possibility of producing spheres containing a single crystal orientation without the necessity of extreme chemical purity as it is
likely to be required for single crystals resulting from flash crystallization [154]. Drawing dendrites from a melt can allow the pro-
duction of macroscopic single crystals [213].

Denderitic structures have been reported in glass-ceramics from various glass systems. They were, e.g., often reported for magnetite,
e.g., by R. Harizanova et al. [93,161], X. Wang et al. [214-216], X. Wence et al. [217] and Romera and Rincon [218]. Apart from
dendritic fresnoite [75] and YAG [212,219], the precipitation of dendritic Pb; 4SryNboOg and (Ca,Na)(Nb,Ti)oNdg ¢,06F were
described by D.F. Han et al. [220] and K. Wu et al. [221]. Dendritic growth of tetragonal ZrO, was described by A.H. Heuer et al. [222]
and J.C. Mauro reported LiNbO3 dendrites [223]. Furthermore, the crystallization of dendritic quartz solid solutions was reported by
AX. Xu [224], that of Li;SiOs by D.U. Tulyaganov et al. [225] as well as that of diopside [226,227], SroMgSi2O; [228] or
Zny7Mgp 3Al04 [229] from silicate melts of special compositions. Lij 4Al 4Ti; 6(PO4)3 and fluoroapatite of dendritic morphology
were crystallized from phosphate melts as reported by C. Davis et al. [230] and R. Hill et al. [231].

Viscous fingering is even less known in the glass-ceramics community and can be very difficult to recognize. It is well known from
liquid-liquid interactions when a low viscosity fluid is pushed against a high viscosity fluid and the crystallization of organic
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Fig. 8. Dendritic magnetite crystals precipitated from a 11.2 NayOe7.0 MnOe51.8 SiO,e30 Fe,O3 glass. a) Orientation map of an EBSD-scan
superimposed onto an SEM-micrograph. b) The framed area in greater detail. Based on Ref. [93].
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Fig. 9. YAG crystals precipitated from a 28.8 SiO,041.2 Al;0309 Y,03e1 CeF3020 CaO glass. a) IPF+IQ map of an EBSD-scan superimposed on an
SEM micrograph, based on Ref. [212]. b) SEM micrograph of a microsphere containing YAG dendrites crystallized at high temperatures, based
on Ref. [22].

compounds. Instabilities at the growth front are decisive for the morphology evolution in analogy to dendritic growth. Structures
described as “flower like” in 1990 by W. Vogel [209] almost perfectly match the morphologies of viscous fingering in the Saffman-
Taylor Experiment performed in a Hele-Shaw cell [95]. Whether these are indeed crystalline is currently unknown as neither the
performed X-ray diffraction and nuclear magnetic resonance spectroscopy have the necessary spatial resolution [209] and the
measured signal may originate from the dendrites also observed in the microstructure. Other glass-ceramics contain blackberry-shaped
structures [209,232] resulting from a phase separation, i.e., a classic liquid-liquid interaction as for example featured in Fig. 10 a).
Fig. 10 b) presents a cross section through such a structure and the morphological similarity to viscous fingering is apparent. BaTiO3 of
most likely plate-shaped morphology crystallized inside this structure and EBSD was used to prove that its fingers show differing
crystal orientations [232]. SEM-micrographs of structures with related morphologies in phosphate glass-ceramics have been published
[233-236].

Viscous fingering as an actual crystal growth mechanism is another matter, but the link to dendritic growth was proposed based on
simulations by J. Nittman and H.E. Stanley in 1986 [237]. Later, applying EBSD to surface crystallizing Sr-fresnoite [208] showed a
texture in a nm-scale microstructure that could result from a plane growth front of viscous fingering passing through a material. The
expected effect that this growth mechanism occurs at slower growth velocities and shows different orientation relationships than
dendritic growth of the same phase was later confirmed experimentally [94]. Comparable observations have only been made for the
crystallization of Srg 75Al; 5Sip.504 [12] to the best of our knowledge.

The formation of the connected microstructures resulting from dendritic growth or viscous fingering can have a tremendous effect

Fig. 10. Morphologies possibly resulting from viscous fingering: a) 2D image of silica-rich phase separations amongst dendritic powellite recon-
structed from nano-computer tomography data reprinted from Ref. [676]. b) SEM-micrograph of a cross section through a crystallized
blackberry-shaped phase separation containing BaTiO3, based on Ref. [232].
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on physical properties like the electric conductivity of, e.g., magnetite containing glass-ceramics [238]. Interconnected crystals in-
crease the electric conductivity by several orders of magnitude. Large dendritic structures have predominantly been observed in glasses
and their melts when comparatively few nuclei are present, the period of time enabling crystal growth is sufficiently large and the
concentrations of the components to be crystallized is not too small [93]. Dendrites generally coarsen with time to minimize their
surface energy [239], an effect also observed when annealing fresnoite dendrites in a glass melt [213].

Dendrite formation has been the subject of numerous review papers [239-242] which also explain when dendrites are formed and
when viscous fingering occurs [243]. The formation of dendrites from glass melts, however, was only mentioned casually in the
literature apart from their analyses by EBSD and has not been reviewed so far. It seems likely that dendritic growth at comparatively
low temperatures, i.e., not far above T, is triggered by the hindered diffusion. By contrast dendritic growth at high temperatures near
T}, where the viscosity is some orders of magnitude lower, is probably triggered by the limited heat transfer. As a general rule large,
coarse dendrites form at higher temperatures and growth velocities than small, fine-branched dendrites.

2.5. Nano Crystals

The formation of nanocrystals from glass melts was achieved centuries ago, for example to prepare the well-known “gold ruby
glasses” [244-246]. Of course, the origin of their red colour was not understood at the time as it is caused by a precipitation of nano-
sized metallic Au crystals and was later explained by the Mie Theory. These glasses contain Au, which is homogeneously dissolved in
the glass melt. The glasses usually also contain Sb>*, As®* or Sn?* which are polyvalent, i.e., occur in glass melts in different oxidation
states. This leads to the redox equilibrium shown in Eq. (12) for the example of Sb where decreasing temperatures shift this equilibrium
to the right. Hence, the formation of metallic Au is favoured during cooling and forms clusters either spontaneously or by specific
thermal treatments at temperatures around Tg [244].

2Au’ + Sb>" —2Au + Sb>* (12)

In analogy, glasses containing Ag [247] or Cu [248] show the same phenomenon and respectively show yellow or red colours.
Other examples for nano-sized precipitations are so called “striking glasses™ which contain CdS, CdSe, CdTe or solid solutions of them
[249-252], respectively causing yellow and orange to red colours. In analogy, photochromic or other photosensitive glasses also show
nanocrystals of silver halides or copper halides [253-256]. All these examples result from adding small concentrations of the respective
elements (50 to 1000 ppm) which then form nano crystals ranging from 5 to 50 nm in size. The preparation and chemical reactions
leading to the formation of such nano-crystals are widely understood. In most cases, the as melted glasses are colourless and the colours
develop during thermal treatments at temperatures in the range from their respective T, to few ten K above it.

Precipitating silver halide or copper halide nano crystals, i.e., crystals based on AgCl, AgBr [257,258], CuCl or CuBr [259-261],
enables to produce photochromic glasses which show reversible darkening when illuminated and are usually based on borosilicate
glasses. Their preparation route is similar to the precipitation of noble metal or CdS and related crystals: the glass is thermally treated
slightly above Tg. However, the silver halides are liquid at this point as their melting points are <500 °C and their melting point

Fig. 11. TEM micrographs of fluoride nano crystals precipitated from glass. a) KLaF, crystals precipitated from a glass with the composition
70 SiO5e7 Al;03016 K;0e7 LaF,, based on Ref. [62]. b) NaLaF, crystal precipitated from a 70 SiOe7 Al,O3e8 K;Oe8 Na,Oe7 LaF, glass in a higher
magnification, reprinted from Ref. [61] with permission from Elsevier.
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decreases with decreasing inclusion size following the Gibbs-Thomson Eq. (13) [260,262]:

AT (20Vy)
Tp ~ (rAHy) (13

where AT is the decrease of the melting temperature, Tp,, Vi, and Hy, are the respective melting temperature, molar volume and
melting enthalpy of infinitely large crystals and ¢ is the surface energy. In the case of copper halides, the effect can be measured using
high temperature UV-vis spectroscopy because the exciton bands disappear above the melting point [260,261].

If larger concentrations of nanocrystals are to be precipitated, the situation is quite different. According to Chapter 2.1., the for-
mation of comparatively high quantities of nano-crystals is possible if the nucleation rate is maximum while the crystal growth velocity
is still low at the chosen temperature. As the crystal growth velocity cannot be negligible at temperatures slightly above Tg, the formed
nuclei immediately start to grow. Hence, the nuclei formed first grow to a larger size than later formed nuclei, causing a fairly broad
crystallite size distribution. It becomes broader with increasing nucleation time if the crystal growth velocity is time independent and,
in most cases, does not lead to satisfying results as the largest crystals scatter light even when crystal volume concentrations only reach
a few percent.

After some time, the volume concentration of the precipitated particles approaches a maximum. Then Ostwald ripening causes
small particles to shrink while large particles grow further, leading to a particle size distribution matching the well-known theory of
Lifshitz, Slyozov and Wagner (LSW theory) [263]. If the crystalline volume concentration exceeds 1 % in such a system, the size
distribution becomes broader than the LSW distribution and better matches the Brailsford and Wynblatt (B&W) theory [264].

Hence other strategies must be utilized to achieve a narrow crystal size distribution and a comparatively large crystal volume
concentration. If diffusion barriers homogeneously form around all directions of a growing crystal, its growth velocity will drastically
decrease and effectively stop. Fig. 11 a) shows KLaF; nano crystals precipitated from a melt with the composition
70 SiOze7 Aly03016 KoOe7 LaF4 [62]; some of these crystals (white arrow) show an elongated shape. Fig. 11 b) shows a high-
resolution TEM  micrograph of a NalaF4 crystal crystallized from a glass with the composition
70 SiOge7 Al;0308 KoOe8 NayOe7 LaF, with discernible lattice planes. It is surrounded by a thin layer enriched in SiOy (not
discernible in Fig. 11), which acts as a diffusion barrier [61] as will be explained in detail in chapter 3.5.

Glasses have also been reported to contain heterogeneities with diameters < 2 nm. ASAXS measurements performed on an oxy-
fluoro silicate glass showed two types of heterogeneities to occur after thermal treatment, both surrounded by a silica enriched shell
[265]: CaF; crystals of about 25 nm in diameter as well as tiny heterogeneities with diameters of 1.6 nm enriched in CaF,. ASAXS
studies of a multi component lithium aluminosilicate glass with TiOy and ZrO, as nucleating agents revealed heterogeneities with
diameters of 0.8 nm enriched in both TiO3 and ZrO immediately after cooling the melt [266]. Further thermal treatments enriched the
heterogeneities in TiO3 and ZrO, and led to crystallization detected using XRD in both cases stated above. However, these XRD results
do not prove that the initial heterogeneities were crystalline.

Another notable case is a microstructure stated to be composed of “paracrystals” formed by cooling a glass with the composition
Ca3Al,Siz0;2 melted at 1000 °C, all under a pressure of 15 GPa [267]. TEM studies showed these “paracrystals” to have diameters from
1 to 2 nm. It seems likely that the high pressure and temperature led to the crystallization of a phase later transformed to one or more
crystalline phases once the pressure was removed for sample preparation. Another group reported the ,,...transient appearance of a
crystalline nucleus with a size of ~1 nm over a few seconds* detected by high temperature TEM in a glass of the system SiO5/TiO5
prepared by a sol-gel method [268]. Although the Refs. [267] and [268] report cases where the glasses did not pass the status of a
thermodynamically stable state (i.e., the melt above Tj) at ambient pressure, the observed crystal sizes may be viewed as hints towards
the appearance of clusters with a sub-critical size.
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Fig. 12. Comparative overview of the technologically most relevant crystal growth morphologies in glass-ceramics.

14



C. Riissel and W. Wisniewski Progress in Materials Science 152 (2025) 101437
2.6. Comparison of growth morphologies

The technologically most important crystal growth morphologies in glass-ceramics are compared with each other in Fig. 12. As
outlined above, all crystal phases can show all presented morphologies given the right conditions. Polygon growth can be recognized
by polyhedra, rods and needles or plates. Polyhedra form when all growth occurs along all crystallographic axes with similar velocities.
The much/extremely faster growth of one crystallographic axis leads to the formation of rods/needles. If, however, one crystallo-
graphic axis grows much slower that the others, the resulting crystal forms a plate. The outer boundaries of these polyhedra can reflect
the unit cell, but twinning, 3D diffusion at tips versus 2D diffusion at faces and unfortunate cross sections can severely modify their
visual impression in micrographs.

Dendrites form when the growth fronts become instable at higher growth velocities. “Slow” dendritic growth leads to fine dendrites
whereas “faster” dendritic growth leads to coarser dendrites. Cross sections where all the features of one dendrite are connected with
each other are extremely rare as the cut plane must almost perfectly aligne with one dominant growth direction. They are, however,
easily identified by EBSD (see Fig. 9 a)) as they are single crystals, meaning all segments of one dendrite show the same crystal
orientation. Crystallization inside droplets after phase separation leads to crystals matching the shape of the droplet. Spherical or
polygon growth completely fill the droplet, but if a sphere is large enough, the right conditions can also cause a dendrite to form with
an overall droplet shape as shown in Fig. 9 b). The highly viscous shell formed during the growth of core/shell nano crystals limits the
growth velocity at a very early stage, so that these crystals generally assume a spherical morphology before their growth is effectively
stopped.

3. Tools to Tailor the Microstructure

This chapter describes tools which enable to tailor the microstructure of glass-ceramics and hence have an important effect on the
resulting physical properties. There are multiple principles how the microstructure can be affected by the chemical composition and
the supplied preparation techniques. Various additives in relatively small concentrations may promote or suppress phase separation or
nucleation and can lead to the formation of diffusion barriers. The applied temperature/time schedule is decisive for both nucleation
and crystal growth, for the volume concentration of the crystalline phases and in many cases also affects the type of phases formed. The
crystallization of glass melts always occurs at an elevated temperature requiring subsequent cooling. Most glass-ceramics are multi-
phase materials composed of at least one crystalline and one amorphous phase with differing CTEs. Hence internal stresses form during
cooling and cannot relax below the T of the residual glass. These stresses may reach even higher values if the crystalline phase shows
phase transitions below Ty accompanied by a volume effect [46,84,89,269,270], which widely affect the mechanical properties of such
glass-ceramics [89]. However, too high stresses lead to the formation of cracks and must hence be avoided. Last but not least, tech-
niques leading to, e.g., localized nucleation or the viscous deformation of a melt, during or after crystallization, can provide very
special structures such as a crystal orientation and even polarity alignment. However, they are of limited technological relevance so far
and hence beyond the scope of this review.

3.1. Chemical Composition, Phase Diagrams and Glass Formation

Most commercial glass-ceramic compositions are systems containing 7 to 14 components, which is why phase diagrams for them
are not available. In some cases, useful information can be extracted from related three-component phase diagrams, but the phases
which should crystallize from a thermodynamic point of view often fail to form in experiments where thermodynamically less ad-
vantageous phases sometimes crystallize. The simplest examples feature high temperature modifications precipitated at temperatures
where the low temperature phases should still be stable, as, e.g., observed during the crystallization of BaSi>Os glasses [271,272].
Another example is the formation of various Y5SizO7 polymorphs from glasses within the basic system Y203/Al503/Si05 [119,195,273-
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Fig. 13. Schematic TTT-diagram to judge the cooling rate necessary to avoid crystallization which occurs if the supplied temperature -time schedule
enters the crystallization range, e.g., follows the red curve. Based on Ref. [287].
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276] all crystallized at approximately the same temperature. Most notable is the almost simultaneous but independent formation of
four Y,Si»07 polymorphs at the immediate surface of a glass annealed at only 900 °C [277] although a-Y5SizOy7 is the only thermo-
dynamically stable polymorph below 1225°C according to the literature [278] which was critically evaluated in Ref. [277].

Some phase diagrams contain stable miscibility gaps above Tj as, e.g., observed for rare earths/SiO; or alkaline earths/SiO5 [278-
282]. Metastable phase separations, i.e., phase separations where two liquid phases of different chemical compositions are formed
below Tj, do not describe a thermodynamically stable state and hence do not appear in most phase diagrams. Nevertheless, metastable
phase separations are drawn into special diagrams to visualize the compositions formed at the respective temperatures. This can be
helpful and also provides hints whether droplet or interpenetrating structures may be formed. However, the latter information is not
beyond doubt because the structures may change with time or upon cooling.

Phase diagrams are a description of thermodynamically stable phases. As glass is not thermodynamically stable, it is not surprising
that a strict correlation of phase diagrams and glass formation does not exist. Strictly speaking, phase-diagram based conclusions on
the general chemical compositions possibly formed in a glass using suitable cooling rates cannot be drawn. Nevertheless, the tendency
for glass formation within a given chemical system is comparatively high for near eutectic compositions where the T} is comparatively
low and hence the viscosity at a temperature slightly above the Tj is relatively high.

A melt may crystallize during cooling depending on the cooling rate. A smaller cooling rate generally narrows the range of chemical
compositions allowing glass preparation in a system. This behaviour is sometimes visualized in so called temperature-time-
transformation (TTT)-curves, where the temperature is plotted against the time [283-285]. Fig. 13 presents a schematic TTT-curve
where the gray region marks the crystallization range, which is specific to each glass composition. If the cooling rate exceeds a
certain limit, the time dependence of the temperature (blue lines) does not enter the grey region in Fig. 13 and the melt does not
crystallize.

For many glasses, the temperature attributed to the so called “nose” in Fig. 13 is about 0.78 of the liquidus temperature, i.e. Tpose =
0.78 Ty [286]. The critical cooling rate required to obtain a glass is then given by Eq. (14) [286]:

dr Tl — Tnoxe
— | r— 1
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In simple glass compositions, i.e., where the coordination numbers of each component neither depend on their concentration nor on
the temperature, the cooling rate above which a glass is obtained becomes higher if the network connectivity decreases. Then the grey
region in the TTT-diagram of Fig. 13 becomes larger. Si atoms in oxidic glasses prepared under ambient pressure are always coor-
dinated fourfold with bridging and/or non-bridging oxygens. The established nomenclature denotes such Si atoms coordinated with
four bridging oxygens as Q*, while Si atoms coordinated with 3, 2, 1 and 0 bridging oxygens are respectively denoted as Q®, Q2, Q' and
QO [288]. In simple alkali silicate glasses, the arrangement of the non-bridging oxygens is approximately distributed randomly.
Increasing temperatures shift the distribution even closer to the model of random distribution [289-292]. This means that the
probability of an additionally introduced alkali ion causing a non-bridging oxygen coordinated to a Q°, Q!, Q% or Q unit is pro-
portional to the respective Q" concentration. This structural concept is in agreement with the viscosity depending on the network
modifier concentrations [292] as well as with solid state NMR investigations [289-292] which enable to quantify the Q" units. It has,
however, not been proven for all possible network modifying components and it does not apply to other glass systems, e.g., alkaline
earth meta phosphate glasses. In the latter glasses, nearly all PO4-groups are linked to two other PO4 groups, i.e., PO4 groups linked to
three or only one other PO4 group are scarce and long chain structures [293,294] with only very few crosslinks are formed. The
formation of chain structures can also be observed in the rheological behaviour as shear stress leads to shear thinning due to an
alignment of the chains [295,296]. In the statistic arrangement described for meta silicate glasses such as Nay0-SiO2, numerous Q1 and
Q® units also exist next to the Q2 units. Here the chains are highly cross-linked and are not as long as in meta phosphate glasses.

A statistic arrangement of the non-bridging oxygens enables to calculate a mean network connectivity. These considerations were
first applied by M. B. Myers and E. J. Felty as early as 1967 [297] to chalcogenide glasses [298-301], later to amorphous Si and Ge
[302], but can generally be applied to any glass network. One of their main applications was the explanation of the glass transition
[302-304] and the ionic conductivity [299,305-308,437,473]. The chemical durability, especially of bioglasses, was also correlated
with the network connectivity [309,310]. A high mean network connectivity leads to a “rigid” network while a low connectivity leads
to a “floppy” network. The threshold for the network connectivity is 2.4 below which a “floppy network” is obtained [311,312]. This
means that an average concentration of bridging oxygen per network former atom below 2.4 leads to an overall floppy network in
which the mobility and diffusivity should be high. The fragility of a glass network [313,314] also depends on the network connectivity,
which can be best illustrated if the glass viscosity is described by the Adam-Gibbs model stated in Eq. (15):

B
3 = fyeTSer (15)

with ng and B= constant and Sex being the excess entropy. The reduced fragility index m* is defined by Eq. (16):

- d[Sex(T) /Sex(Te]

16
dT/T) | (16)

D. L. Sidebottom reported that a variety of glass compositions, spanning chalcogenide, borate and phosphate glasses, with a network
connectivity of 2 show a large m* value of about 4 [315]. The value of m* decreases with an increasing network connectivity until it
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reaches a value of about 1 at a network connectivity of 2.4.

Networks with a connectivity >2.4 nevertheless contain tiny floppy regions with a high mobility. In principle, nucleation during
cooling may occur in the floppy parts of the network or at the border between the floppy and rigid regions and is followed by crystal
growth [316-323]. This has especially been shown for the crystallization of fluorides [317,323]. As the temperature curves of
nucleation and crystal growth usually do not overlap much, the nucleation temperature is usually too low for discernible crystal
growth during a fast cooling such as when casting a glass melt. Crystal growth is strongly affected by the crystal structure and in many
cases not only an effect of the diffusivity of glass melt components; otherwise, e.g., the growth of needles would not occur, as will be
pointed out below. The glass stability decreases with increasing network modifier concentrations. It should be noted, however, that the
classification of glass components into network formers and network modifiers is only a rough estimation that cannot give more than a
first hint of the crystallization behaviour.

“Glass stability diagrams” are frequently presented in the literature, usually for three component systems. The most comprehensive
collections of three component diagrams so far have been published by M. Imaoka et al. for silicate [324], borate [325] and tellurite
systems [326]. It should be noted that the “glass formation ranges” strongly depend on the supplied experimental conditions, e.g., the
cooling rates, for which strict and widely accepted standards do not exist. They are mostly related to laboratory experiments, where a
melt is removed from a furnace and cooled below Tg within a few minutes. Using other techniques, such as rapidly quenching the glass
melt by water cooled copper twin rollers [327,328], notably increase the “glass formation range”. Hence, the glass formation ranges
determined in different laboratories are of limited comparability. Nevertheless, they allow a rough estimate in which composition
ranges glasses form. Ultimately, any liquid can become an amorphous solid if the cooling rate is high enough.

There are remarkable differences concerning the glass formation ranges in binary oxidic systems. For the binary Na;O/SiO2 and
Ca0/Si0, systems, glass formation is reported to occur up to NapO or CaO concentrations of 42 mol%, which is attributed to a network
connectivity of 2.55 [324] and not far from the percolation threshold of 2.4. For the binary Li;0/SiO, and BaO/SiO; systems, glass
formation was reported up to concentrations of 61 mol% Li>O and 60 mol% BaO where continuous networks no longer exist. In many
cases, the glass forming ranges are larger if more than one network modifier occurs. Increasing the number of components in glasses
with the same network connectivity usually decreases their tendency towards crystallisation because rearranging the glass structure
into a crystal is simply less probable as components not incorporated into the crystal must be expelled via diffusion. The nucleation in
glasses is furthermore widely affected by the occurrence of minor components which might lead to nucleation (nucleation agents) or,
however, to a deceleration of the crystallization process (nucleation inhibitors).

3.2. Use of Nucleating Agents

While many basic glass compositions such as the MgO/Al,03/SiO; system [147,160] show sole surface crystallization, this is not
desired for most applications where isotropic properties are usually required. In order to achieve bulk crystallization, it is hence often
useful to add components denoted as “nucleating agents” which trigger nucleation throughout the volume. Traditional nucleating
agents are noble metals, predominantly Pt [329-338], added to the raw materials in concentrations ranging from 20 to 200 ppm.
Fig. 14 shows an example where small Pt particles with adjacent Bag 5Srg 5Zn2SizO7 crystals precipitated from a glass of the compo-
sition 8 BaOe8 SrOe34 ZnOe50 SiO, (+50 ppm Pt) [334]. Other noble metals such as Au or Ag can have a similar effect, but the

Fig. 14. SEM micrographs of Bag 5Sr.53Zn2Si»07 crystals grown around Pt nuclei in an 8 BaOe8 SrOe34 ZnOe50 SiO, glass-ceramic containing 50
ppm of Pt. Reprinted from Ref. [334] with permission from Springer Nature.
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necessary concentrations are often notably higher [339-343]. They are successful nucleating agents in a wide range of oxidic glass
compositions and by far not as specific as the effect of oxidic nucleation agents which will be discussed below.
Usually, raw materials containing noble metals in their oxidized form such as AgNOs, PtCl4 or HAuCl, are used. HAuCly reacts to

Table 1
Oxidic nucleating agents which lead to bulk nucleation in the noted glass systems.
Glass System Nucleation agent Reference
Silicate glasses
Li,0/Si0y Zr0, [384,385]
Zr0,, TiO,, P,Os [383]
Cry03 [397]
Li,0/Ba0/SiO, TiO,, ZrO,, V,0s, NbyOs [403]
Li»0/K20/Zn0/SiO, P,0s [407,408]
Nap0/Ca0/SiO, ZrO, [386,387]
Nay0/Mg0/Si0; TiOy+Zr0, [409]
Na,0/K,0/SrO/Ba0/SiO, TiO, [357]
Ca0/Si05/Zr0y Cry03 [398]
Naz0/Nb,05/Si02 ZrO, [388]
PbO/Zr0,/Si0, TiO, [358]
K20/Ba0/Biy03/Taz05/Ce04/Si0Oy ZrO, [410]
Li;O0/Biy03/Zr02/SiO2 Cry03 [399]
Borosilicate glasses
Ca0/B,03/Si0, Zr0, [411]
BaO/Fe;03/B203/Si0y ZrO, [412,413]
Alumosilicate glasses
Li,0/Al,03/Si0, Zr0, [355,382,414]
TiO, [35,355,415]
ZrO2+TiO, [401,402,416,417]
Sn0,+Zr0, [396]
Tay0s [406]
P05 [100,355]
Li»0/Ca0/Al,05/Si0, 7rO,, TiO, [359]
Li;0/Ca0/MO/Al,03/Si02 ZrO+TiO, [116]
MgO/Al;03/Si02 TiO, [89,352,361-367]
ZrO, [41,47,89,360,378,389,390,394]
ZrO2+TiOy [417,418]
ZrO5+Sn04y [419]
CeO, [360]
Nb,Os [405]
Ca0/Al,03/8i0, ZrO, [420]
SrO/Al,03/8i0, ZrOa, TiOy [367]
Zn0/Al,05/Si0, Zr0, [368]
ZrOs, TiOy [368]
Ca0/MgO0/Al,03/SiO2 Cry03 [400]
TiO,, Cry03 [369]
ZrOy [380]
R,0/Mg0/Ca0/Al;03/Si0, TiO,, Fe303, Cry03 [353]
Zr0,, TiO,, P2Os [356]
R20/R’,0/A1,03/Si02 TiOy, ZrO4, SnO, [370]
Zn0/MgO0/Al,03/SiO, ZrO, [46]
Zr02+TiOy [421]
Zn0/Y,03/Mg0/Al,05/Si0, Zr0, [379]
Zr0,+TiOy [421]
Y203/Mg0/Al;,03/Si0, ZrOy [390,391]
SrO/Ba0/Zn0/SiO, ZrO, [392]
Zr0,+TiOy [422]
SnO, [395]
AO/Al,03/8i0,/B,03(A=Mg, Ca, Ba) TiO,, ZrO,, Cry03 [371]
MgO/Ca0/B203/A15,03/Zr04/Si04 TiO, [372]
Alumoborate glasses
Ba0/Al,03/B203 ZrO, TiOy [373]
Fluorosilicate glasses
MgO/Al,03/Si0,/F TiO,, ZrO, [423]
MgO/Al;03/Si05/F 71O, V205 [404]
K>0/MgO/Al,03/B;03/Si05/F TiO, [374]
TiO,, ZrO, [375]
K20/Mg0/Ca0/Al,03/B203/SiO2/F TiO2 [376]
Ca0/SrO/Ba0O/Nb305/B203/Si05/F ZrO3, Cry03, CeO, [393]
Phosphosilicate glasses
Ca0/Al;03/8i0,/P,0s/F TiO,, ZrO, [377]
K>0/Mg0/Ca0/Al;,03/B203/Si02/P20s/F ZrO, [380]
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Au' during melting [244]. They are dissolved in water or acetone, added to the glass batch, and homogeneously distributed in the glass
melt during the melting process. Tiny quantities of, e.g., Pt react to form the metal and (probably) physically dissolved oxygen.
Alternatively, Pt** reacts with impurities such as Fe2* which are then oxidized to, e.g., Fe3*. Au and Ag require the addition of
compounds which undergo redox reactions with the oxidized metals during cooling, one typical compound is Sb, which occurs as Sb>*
and Sb>" in glass melts. These compounds form an equilibrium with physically dissolved oxygen which shifts towards Sb>* and O, with
increasing temperatures (a.k.a. the “fining reaction” where the O, forms bubbles) [344]. At the maximum temperature applied during
glass melting, antimony mainly occurs as Sb>* in most glass compositions. The equilibrium stated in Eq. (17) occurs in the presence of
Au'™:

Sb*" 4+ 2Au & Sb°" + 2Au° a7

This equilibrium is at the left side of Eq. (17) at the maximum applied glass melting temperature and shifts to the right-side during
cooling [156]. As the formation of metallic Au particles requires a nucleation process, kinetics play an important part. Especially
during thermal treatment at temperatures slightly above T, such glasses obtain an increasingly red colour which is caused by the
formation of Au particles with diameters ranging from 5 to 50 nm [156,345].

A detailed study of Ag nanoparticle formation [346] was performed by exposing a soda-lime silicate glass (float glass) to an ion
exchange with an AgNO3/NaNO3 melt. The UV-vis and photoluminescence spectroscopy results enabled to conclude that Ag occurs as
AgP atoms, after the Ag™ in the melt is reduced, and forms Ag-dimers which subsequently grow to Ag nanoparticles.

A special case of nucleation achieved by metallic nano particles are the photo thermal refractive (PTR) glasses. Here metallic Ag
nanoparticles are formed by the photo reaction of Ce>* and Ag™" stated in Eq. (18) which requires UV light.

ce*" +Agh « Cett +Ag° (18)

The Ag nano particles subsequently form during a thermal treatment at temperatures slightly above T, and cause a yellow coloration.
They act as nuclei for the crystallization of NaF or CaF; crystals, preferably 50 to 100 nm in diameter, during a second thermal
treatment at higher temperatures. There is much literature in this field [347-350] which includes the fabrication of Bragg gratings
[348] and other optical devices.

The most frequently applied oxidic nucleation agents are TiOg [351-377] ZrO4 [41,46,47,355,356,359-361,368,370-373,375,379-
395], SnO5 [370,395,396] and Cry03 [353,354,369,371,393,398-401] or mixtures of the above mentioned oxides [116,396,401,402],
which should be added in concentrations of a few mol%. They seem to be fairly versatile and can be applied to various glass systems.
V205 [403,404], NbyOs [403,405], TazOs [406] and P20s [100,355,356,383,407,408] have also been reported to act as nucleation
agents in some silicate glasses such as the Li;O/Ba0/SiO; system.

Table 1 provides an overview of glass systems and respectively suitable oxidic nucleation agents reported in the literature.

One of the most frequently studied systems has the base glass composition Li;Oe2 SiOs, i.e., stoichiometric lithium disilicate
LisSizOs, in which ZrO, [383-385], TiO4 [383], P2Os [383,424,425] and CrpO3 [397] have been reported to act as nucleating agents.
Stoichiometric Li;Oe2 SiO4 glasses nucleate in the bulk and do not show phase separation in contrast to other compositions containing
the above-mentioned nucleating agents. Stoichiometric Li;Oe2 SiO, glasses are used as a model glass system with respect to the
fundamentals of nucleation and crystal growth and the effect of minor additive concentrations. Apart from that, this glass system is
investigated because glass-ceramics based on it exhibit the high strength, translucency and chemical durability required for some
dental applications. For example, the commercial Li;Oe2SiO2 based material “Empress 2™” was reported to show a fracture toughness
of 3.3 MPaem'/2 and a flexural strength of 400 MPa or more [42,178,426]. A typical molar composition for a dental glass-ceramic
based on LiyOe2 SiO is 22.96 Li;0e2.63 K30e2.63 Al;03071.78 SiO, (in mol%) where the molar SiO,/LisO ratio is much larger
than in the stoichiometric Li;Oe2SiO5 base glass. Some glass compositions containing 1 to 3 mol% of the nucleating agents TiOg, ZrO2
or P05 show phase separation into a Li;O- and an SiOs-rich phase when cooled with rates common for laboratory experiments [383].
The first crystalline phase formed during thermal treatment (at 700 to 800 °C) when adding P20s and/or ZrO; is lithium metasilicate
(Li»SiO3), while adding TiO, leads to the formation of both Li»SiO3 and LisSisOs. At 900 °C, mixtures of Li»SiO3 and LiySisOs are
formed after adding P2Os and ZrO,, while adding TiO; solely causes LizSizOs to form. The initial formation of LisPO4 [424] and
subsequent crystallization of LiSiO3 and LiySipOs was reported in another P;Os containing composition
(30 Liz0e60 SiO2e2 ZnOe3 K;0e1 CaOe4 P50s). This highlights that the nucleating agent type may have a great effect not only on the
required temperature/time schedule but also on the phases formed during thermal treatment. This was also shown for the composition
26.0 Lip0e3.0 K30e3.0 Al;03068.0 SiO5 where thermal treatment at 700 to 900 °C solely caused Li»SiO3 to form, while solely LisSizOs
was formed at 900 °C in a similar composition containing only 1 mol% P205 (26.0 Li;Oe2.5 K;0e2.5 Al;03068.0 SiO3 1 P20Os) [425].
Two very different explanations for the effect of P2Os in this system are given in the literature: the first is that P,Os triggers a phase
separation and nucleation is then said to occur at the interface between the two amorphous phases. The second states that LigPOy is
initially formed and the other phases grow epitaxially onto these nuclei.

Nucleation agents for borosilicate glasses have been studied to a much lesser extent, probably because such glass-ceramics are not
produced commercially so far to the best of our knowledge. Nevertheless, ZrOs is also a favorable nucleation agent in borosilicate
glasses [411-413].

Other frequently studied systems are alumosilicate glasses where the two base systems LipO/Al203/SiO2
[116,351,355,382,396,401,402,406,414-416] and MgO/Al;03/Si0, [41,46,47,277,352,361,378,379,389,390,394,405,417-
419,427] have received special attention including detailed studies using high resolution TEM. The Li;O/Al503/SiO; system is of high
scientific and commercial interest because it enables to prepare glass-ceramics with zero thermal expansion. The base system is
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modified by comparatively small concentrations (<3 mol%) of various additives for most applications, usually by SbyOs as a fining
agent and furthermore by Na0O, CaO, BaO, MgO or ZnO [30-32,116,351,382,396,401,402,414-416], which may partially substitute
Li5O. This is primarily done to tune the thermal expansion behavior but also to adapt optical properties like the transparency, which is
of special importance to applications like furnace windows. The MgO/Al;03/SiO; system strictly requires the use of nucleation agents
because the most favorable glass compositions otherwise solely show surface crystallization. Favorable nucleation agents reported in
the literature are ZrO,, TiO2, CeOy and NboOs as stated in Table 1. Using ZrOz as the nucleation agent is frequently described
[41,47,378,394,399] because it is more effective than TiO,. EXAFS measurements report that glasses with the mol% composition
15.6 Mg0Oe8.4 Al;03074 SiO201.9 ZrO5 [394] contain sevenfold coordinated Zr** connected to Si (Mg, Al) polyhedra which then
rearrange to tetragonal ZrO, nanocrystals in which Zr*" is coordinated eightfold with oxygen. Using TiO, as a nucleation agent
[89,352,361-366] usually leads to a primary phase separation and the formation of droplets enriched in TiO3, Al,O3 and MgO. Nano
crystals in the solid solution system TiAl,05-MgAl;04 are then formed slightly above T [364,365] and trigger the formation of quartz
solid solutions at higher temperatures. Phase separation could not be proven in slightly different compositions (22.2 MgO 22.2 Al,03
55.58i02 + 11.1 or 15.5 mol% TiO3) using NMR spectroscopy and TEM [366] although the same solid solution precipitated.
Increasing the TiO, concentration (>7 mol%) leads to an increased concentration of fivefold coordinated ARF up to 21.7 %, more
sixfold coordinated AI** and the formation of Ti-O-Al bonds between fivefold coordinated Ti*" and higher coordinated AI**
[362,363,366]. The main interest in this glass system is aimed at its mechanical properties, especially their high mechanical strength
(up to 1 GPa), high hardness (up to 13 GPa) and high Young’s Modulus (up to 150 GPa) [46,47].

If both TiO3 and ZrO- are added to these base glasses, the first step during thermal treatment at a temperature slightly above Ty is
the formation of amorphous droplets enriched in ZrOs, TiO; or Al,O3. Then ZrTiO4 crystals 3 to 4 nm in diameter precipitate inside the
droplets [416] while the excess Al2Oj3 is pushed out and forms an amorphous shell [402]. Subsequently, quartz solid solutions crys-
tallize first in both systems, sometimes epitaxial to the ZrTiO4 nuclei [116]. Epitaxial growth on formed nuclei has been stated to occur
in many glass systems for decades but was rarely proven. The recent improvements of TEM have enabled to prove the epitaxial growth
of quartz solid solution crystals in both the Li;0/Al;03/Si05 and the MgO/Al;03/SiO4 systems using selected area electron diffraction.
For example, the formation of one quartz solid solution crystal in the LisO/Aly03/SiO5 system requires 100 to 1000 ZrTiO4 nano
crystals [401]. The above-mentioned nucleation agents are nevertheless effective in the MgO/Al,03/SiO2 and Li;O/Al503/SiO; sys-
tems. The MgO/Al;03/Si0; system even allows the formation of quartz solid solution nanocrystals in the bulk [421]. There is some
confusion in the literature concerning the nomenclature of quartz phases, we use the nomenclature proposed in Ref. [428] as it is suited
to clarify the nomenclature. Hence transforming quartz solid solutions are denoted as “a-quartz” for the low temperature phase and
“B-quartz” for the high temperature phase. Highly doped quartz solid solutions which do not transform are simply denoted as “quartz
solid solutions”. For example, solid solutions highly doped with Li,O and Al,O3 are p-quartz solid solutions whereas the composition
Mgy.5A1Si04 crystallizes to form an a-quartz solid solution [429,430] according to synchrotron XRD. Most quartz-related phases
crystallized from MAS glasses are not as highly doped as Mg 5AlSiO4 (=10 mol% of both MgO and Al»03), do not show a phase
transition and are hence just denoted as “quartz solid solutions”. If they are doped with <1 mol% MgO and Al,0s3, they do show a phase
transition and are respectively denoted as a-quartz at low temperatures and as f-quartz at high temperatures.

ZrO, causes a fairly similar mechanism in LipO/Al203/SiO2 glasses [414] as mixtures of TiOy and ZrOy: a liquid/liquid phase
separation first forms tiny ZrO5 and Al,O3 enriched droplets in which cubic or tetragonal ZrO, crystallizes with sizes of up to 3.5 nm
and is surrounded by an Al,O3 enriched layer. If TiO5 is the nucleating agent in LipO/Al203/SiO4 glasses, the same principal mech-
anism causes amorphous droplets enriched in TiO,, Al,O3 and (if present) ZnO to form where TiO, then supposedly crystallizes as
anatase [415] or pseudobrookite [431], depending on the composition. Although this phase is hard to detect by XRD in these samples
because its peaks are extremely broadened due to the small crystallite size and overlap with peaks of the also present quartz solid
solution, recent studies using SAED [415] proved the occurrence of anatase.

Reports describing the nucleating effect of additives in borate glasses do not exist to the best of our knowledge. In analogy to
borosilicate glasses, few studies on the effect of nucleating agents on alumoborate glasses have been published so far. One example is
the BaO/Al;03/B203 system which mainly shows surface crystallization while only a few crystals form in the bulk [189,191]. Adding
ZrO; or/and TiO3 results in a fairly fine microstructure, proving that they act as nucleating agents in this system [373]. BaAl;B207 is of
particular interest because it is one of the few phases with a negative thermal expansion [189] and can be crystallized from glasses with
the same stoichiometry in high volume concentrations [189,191].

Nucleation agents can also be applied to modify a bulk crystallized microstructure. For example, TiOo, ZrO,, CroO3, CeO, or V205
have been used to achieve a more fine grained structure in fluoroalumosilicate glass-ceramics [377,380], predominantly produced to
crystallize layered alumosilicates such as mica or muscovite [374-376,404,423]. These glass-ceramics are of interest due to, e.g., their
machinability which makes them suitable for rapid prototyping as they can be shaped using conventional hard metal tools. They are
additionally biocompatible so another application is bone replacement in plastic/restorative surgery. The combination of biocom-
patibility and good machinability is favorable for plastic surgery [432-434]. Table 1 illustrates that there are numerous systems in
which various nucleating agents lead to bulk crystallization. General rules which nucleation agent is successful for a particular glass
composition cannot be given at this point, but TiO3 and ZrO5 (or a combination of both) are often the first choice for experimentation.
SnO also acts as a nucleation agent and can be combined with TiO3/ZrO; or a combination of both. Sn occurs as Sn?* and Sn** in
glasses but only the formation of Sn** containing compounds such as SnOy, ZrSnOy or ZrTi; ySny04 solid solutions [396,435] leads to
nucleation. SnO, functions as a fining agent at high temperatures and hence the redox equilibrium Sn**/Sn?* is shifted to the reduced
state with increasing temperatures. If Asy;Os or Sb2Os are present in addition to fining agents, another redox equilibrium following Eq.
(19) is formed and is shifted to the left with decreasing temperatures from the highest applied melting temperature to the nucleation
temperature [436].
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n 2on
Sn** +Sb>" 28n*" +Sb>* (19

Hence Sn predominantly occurs as Sn?* at the nucleation temperature and the effect of SnO, is not as pronounced as might be ex-
pected. This is of special importance for alumosilicate glasses, which require melting temperatures of 1600 °C or higher.

The success of adding of ZrO, and TiOs is visualized by the homogeneous microstructure in Fig. 15 which shows a bright-field TEM
image of a Liy0/Al303/SiO5 based glass with numerous ZrTiO4 crystals [416].

3.3. Use of Nucleation Inhibitors

The term “nucleation inhibition” is quite common in crystal engineering [438,439], but by far not as usual in glass science. To the
best of our knowledge, the term “nucleation inhibitor” was first used concerning glass crystallization by J. H. Jean and T. K. Gupta
[440,441]. Nucleation inhibitors are compounds which decrease the nucleation rate, and often the crystal growth velocity, while the
induction period is frequently increased. They are usually added to a glass in comparatively small concentrations in the range of 0.5 to
2 mol%. The effect of nucleation inhibition in glasses should be related to a given viscosity, i.e., melts of the same viscosity are
compared with respect to their nucleation rates. If these rates are notably smaller in the melt to which the compound was added, it can
be denoted as a nucleation inhibitor for the given composition. It should be noted that a smaller nucleation rate at the same tem-
perature should not be sufficient to describe a compound to be a “nucleation inhibitor”.

Typical compounds showing this effect in silicate glasses are LagO3 [442] and Aly03 [442], but also ZrOy [443], TiO2 [442], NbyOs
[444,445], Tay0s5 [444,445] CeO4 [446] and Y203 [446]. While it may seem surprising that the well-known nucleating agents ZrO,
and TiO5 can also act as nucleation inhibitors, it should be noted that, e.g., >4 mol% TiO2+ZrO, are necessary for an effective
nucleation in the system MgO/Al;03/SiOy, while nucleation inhibition is achieved by additions <2 mol%. The above mentioned
compounds increase the viscosity of a melt [442-446] and should hence decrease both nucleation rates and crystal growth velocities at
a given temperature. As stated above, this alone is insufficient for nucleation inhibition. Nevertheless, the increase in viscosity may
cause a smaller difference between the Ty and the T which results in smaller thermodynamic driving forces (AGy, see Egs. (1) to (4)).
As the nucleation rate is usually highest at temperatures slightly above Tg, a decrease of this difference directly leads to a decrease of
the nucleation rate at the same viscosity. This effect should be superimposed by numerous other effects such as the introduction of
further components to a melt which should make nucleation, i.e., ordering the structure, more difficult. The extent of the latter effect
strongly depends on the added compounds and their diffusivities. Table 2 summarizes nucleation inhibitors reported in the literature
for various glass systems.

To the best of our knowledge, the first report describing a decrease of the nucleation rate by adding small concentrations of other
compounds was published in 1930 by G. W. Morey for alumina added to soda-lime-silica glass [447]. A later report by K. Matsusita and
S. Sakka from 1975 described the effect for borosilicate glasses [149]. DTA profiles were used to show that the temperature difference
between the exothermic peak and the temperature attributed to a viscosity of 10'° dPas usually increases when 3 mol% MOy were
added to two glass compositions in the LioO/SiO, system.

Since then, numerous studies on the decelerating effect of additives on nucleation have been published. Table 2 shows that the
Li»0e2SiO, system has been intensively investigated using numerous additives such as Aly03 [149,442], Y203 [446], LagO3 [149,442],
TiO3 [149,442], ZrO4 [149,383,443], CeOy [446], Nb2Os or Tag0s5 [444,445]. J. H. Jean and T. K. Gupta reported Al,O3 [440,441] and
Gay03 [440] to act as nucleation inhibitors in the commercial borosilicate glass Corning 7740. Aly03 [447,448] and BoO3 [448] were
studied in commercial soda lime silicate glass compositions. Y203 [450] and LayO3 [448,450] were reported as nucleation inhibitors in
the glass system ZnO/B,03/SiO5. LayO3 acts as nucleation inhibitor in glasses with the base composition Li;O/Al503/SiO5 which are
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Fig. 15. Bright-field TEM image (75 keV) of a 3.5 Li;0e0.15 Nay0e0.2 K;0e1.15 Mg0Oe0.8 BaOel.5 Zn03e20 Al,03067.2 SiO302.6 TiOye1.7
ZrOqe1.2 As,03 glass cerammed at 750 °C for 1 h. Reprinted from Ref. [402] with permission from the American Chemical Society.
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Table 2
Nucleation inhibitors for various glass systems.
Glass System Nucleation Inhibitor Reference
Li»0/Si0y Al,03, Lay03, TiO» [442]
ZrO, [383,443]
Nb,Os, Taz0s [444,445]
CeO,, Y203 [446]
Al,03, Iny03, ZrOy [149]
Borosilicate Gay03 [440]
Al,O3 [440,441]
Na,0/Al,03/8i04 Al,O3 [447]
B,03, Al,03 [448]
Zn0/B,03/5i02 Lay03 [449,450]
Y203 [450]
Liz0/A1,03/Si02 Lay03 [451]
CaPOg3 SiO, [452]
Nay0/MgO0/Ca0/P,05 TiOy [453]
Fluoride phosphate MgF, [454]

commonly used for the preparation of zero thermal expansion glass-ceramics. In phosphate glasses, such as Ca metaphosphate, SiO5
[452] is a known nucleation inhibitor, while in the Nay;0/CaO/MgO/P50s5 system TiOz [453,455] was reported to decelerate
nucleation. In fluoride phosphate glasses, MgFs [454] acts as nucleation inhibitor.

The most frequently studied system Li;Oe2 SiOy [442-447] will now be discussed in greater detail to illustrate the experiments
allowing to conclude on nucleation inhibition. Fig. 16 shows an optical (polarization) micrograph of a glass of the Li>SioOs composition
thermally treated in two steps; the first was performed to achieve nucleation while the second, a.k.a. the development, was performed
to grow the crystals to an observable size [456].

Table 3 shows steady state nucleation rates of the stoichiometric LipOe2 SiO5 glass compared to that glass with additions of 1 or
2 mol% Aly03, TiOy, ZrO; Lag0s, NbyOs, Taz0s, Cex03 and Y203. The supplied temperatures were those attributed to a viscosity of
103 dPaes [442-446], i.e., the nucleation rates were determined for comparable viscosities (not the same temperatures). The
nucleation rates are much smaller with the additives and further decrease if their concentration is doubled. The most effective
nucleation inhibitor in this series is Y203. The cations in all these compounds have a valency of at least +3, but which component is
most effective remains unknown so far as the literature contains insufficient data, especially not from different systems.

Adding Al»03, ZrO5 or LaOs to glasses in the BaO/SiO; system enables to produce glasses with higher BaO concentrations and to
subsequently prepare glass-ceramics containing, e.g., BapSiO4 or other barium silicates with high BaO concentrations by controlled
crystallization. Such glass-ceramics are highly interesting because of their high CTEs, which are, e.g., required for crystallizing sealing
glasses suitable for applications such as high temperature fuel cells [27,457-459 27]. Al,O3 and LayOj3 also serve as nucleation in-
hibitors in both the BaO/SrO/Zn0O/SiO, system, e.g., used for low CTE crystallizing glasses [28], and the BaO/Zn0O/SiO3 system, e.g.,
used for high CTE crystallizing glass seals. They enable the preparation of glasses closer to the crystal stoichiometry of (Ba, Sr)Zn,Si»,O;
or BaZn,SinO7 [460-462] which would not form continuous networks as stoichiometric compounds, hence crystallize during
quenching and thus do not enable a controlled crystallization.

The simplest approach to decelerate glass crystallization during cooling is increasing the network former concentration. However,
this will also slow down crystal growth after nucleation. If, however, a specific CTE like “> 1410® K'1* is required for a seal with high

Fig. 16. Transmission optical microscopy image in cross-polarized contrast of a Li,OeSiO, glass thermally treated at 560 °C for 30 min, reprinted
from Ref. [456] with permission from Elsevier.
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Table 3
Steady state nucleation rate as a function of the type and concentration of nucleation inhibitors at a viscosity of 10'>dPas.
Dopant Concentration in mol% Nucleation rate in mm™2es™ Dopant Concentration in mol% Nucleation rate in mm™2es™
none 0 16.90 Lay03 1 0.75
Al,O3 1 3.80 2 0.00
2 0.50 Nb,Os 1 0.95
TiO, 1 5.50 2 0.33
2 1.36 Tay0s 1 0.93
ZrO, 1 0.86 Cey03 1 3.30
2 0.27 2 1.05
Y,04 1 0.33

temperature alloys such as NiCrofer™ [83], the concentration of network formers must be kept small. Otherwise, the crystallized high
CTE phase would have a too low volume concentration and the CTE of the material (crystal + residual glass) would be too small. In
such cases, nucleation inhibitors can help to increase the glass forming region more effectively and hence solve the problem: nucleation
is postponed without strongly affecting the crystal growth velocity nor the maximum degree of crystallization.

Another example where nucleation inhibitors may help is when a certain grain size fraction of a glass powder is used for sinter
crystallization resulting in a certain mean crystal size. If the latter is too large for the desired application and, e.g., leads to insufficient
mechanical properties, the logical step would be to reduce the grain size of the glass powder. However, now the glass powder may
crystallize too fast and prevent a full densification via viscous flow. Adding nucleation inhibitors can solve this problem by suppressing
crystallization until a full densification is achieved.

3.4. Effects of Phase Separation

Two main types of phase separation may generally occur: the first at temperatures above T} where two liquids of different chemical
composition are thermodynamically stable. The second type occurs below Tj and is denoted as metastable phase separation [463,464].
Here the two liquids of different chemical composition are not in a thermodynamic equilibrium because the thermodynamically stable
state would be crystalline.

Glasses exhibiting stable phase separations have comparatively low viscosities [279-282], especially in comparison to glasses
showing metastable phase separation. In the case of stable phase separation, the formed structures (e.g., droplets) can grow rapidly and
may even show unstable growth fronts leading to the viscous fingering featured in Fig. 10. If the viscosity is low enough, a subsequent
sedimentation into layers of differing composition is often observed as the liquids show different densities [465,466]. Cooling may
then result in the formation of cracks between the layers due to the CTE mismatch. Glasses with stable phase separations are currently
not suitable to prepare materials with advantageous properties. Interesting compositions for glass-ceramics show phase separation
below Tj, where the viscosity is usually high enough to prevent the formation of coarse structures and sedimentation. Sedimentation
does not occur notably below Tj, because the sedimentation velocity of a droplet is proportional to the square of its diameter and to the
reciprocal viscosity. Phase separation below T) hence either leads to the formation of unconnected droplets embedded in a matrix as
featured in Fig. 17 a) [467] or an interpenetrating microstructure as that presented in Fig. 17 b) [468]. The matrix in Fig. 17 a) is
enriched in SiO5 while the almost spherical droplets are enriched in NayO and By03 and vary from 50 to 180 nm in diameter. The size
of the formed structures of the two glassy phases in Fig. 17 b) can be adjusted by the applied temperature/time schedule.

Sometimes multiple phase separations like that presented in the TEM-replica micrograph of Fig. 18 occur, especially, if a glass is

Fig. 17. TEM-replica micrographs of phase separated glasses. a) Droplet phase separation in a 3 Nay;0e37 B,03-60 SiO, glass thermally treated at
680 °C for 5 h, reprinted from Ref. [475] with permission from John Whiley and Sons. b) Interpenetrating phase separation in a glass with the
composition 6.5 Na;0e33.5 B,03e60 SiO,, based on Ref. [468].
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Fig. 18. TEM-replica micrograph of a multiple phase separated borosilicate glass and a schematic illustration of the miscibility gap and the phases
formed during multiple phase separation. Left: reprinted from Ref. [675] with permission from Elsevier, right: redrawn based on Ref. [16]].

cooled comparatively fast after it was thermally treated just below that critical temperature, below which metastable phase separation
occurs. Further cooling to a temperature notably below the critical temperature results in the formation of small droplets both in the
large droplets and in the matrix. The chemical developments are outlined in the principal phase diagram in Fig. 18. During cooling, the
initial composition separates into the primary matrix composition 1, no longer present in the TEM-micrograph, and the large primary
droplets of composition 2 still discernible in Fig. 18. After the second step of phase separation, the composition 3 is observed in the
small secondary droplets inside the large droplets as well as the matrix. Composition 4 should occur in the small secondary droplets
outside of the large primary droplets as well as the matrix inside the primary droplets. At such a temperature, the diffusivities are so
high that they only allow the formation of two final compositions which each form a matrix as well as droplets due to the two-stage
“multiple phase separation” illustrated in Fig. 18. Of course, these processes are not as discrete as outlined above and depend on the
diffusion pathlengths: secondary phase separation does not occur near boundaries of the primary droplets because here the pathlengths
are short enough to reach stable compositions during the primary phase separation. Strictly spoken, EDXS-maps or line scans should
show chemical gradients around these boundaries. Multiple phase separations have been observed in different glass systems [469-472]
and can be modified by supplying an appropriate temperature/time schedule [472].

For simple droplet phase separation, the droplets have either a higher or a lower viscosity than the matrix [16]. The by far best
investigated glass system tending to phase separation is NayO/B203/SiO2 [15,16,467,468,474-479]. Although this system is not
suitable for the preparation of advantageous glass-ceramic materials, it is described here in detail because it is a favourable model
system and allows some general conclusions.

The size of the formed structures can be increased by a thermal treatment below the highest temperature of the miscibility gap of
the respective composition. It increases with time, in an initial stage proportional to t'/2 and then follows the t'/3 rule of Ostwald
ripening if the droplets are embedded in a matrix of lower viscosity [16,480]. If the matrix viscosity is higher than the droplet viscosity,
the exponent is smaller than 1/3, i.e., the droplets grow much slower [475] due to the formation of a highly viscous shell around the
SiO4 depleted droplets [475,476]. For an interpenetrating microstructure, the exponent is larger than 1/3 and may even approach
unity [468], which is attributed to a Frenkel type behaviour, i.e., the coarsening takes place by viscous flow. The size and temperature
of the miscibility gap can be tailored by the base glass composition and by additives. Replacing Na,O by Li»O opens the miscibility gap,
while its replacement by K5O closes the miscibility gap [477,481]. Small concentrations of AlpO3 will also close the gap [478]. Glasses
in the NayO/B;03/SiO, system are mainly utilized to prepare interpenetrating structures from which the Nay;O/B,O3-rich phase is
removed by chemical etching to produce the so called “Vycor glasses” which contain interconnected pore structures. They are either
used as filters or the pores are filled with solutions or dispersions of nanocrystalline powders for analysis [482]. Alternatively, the pores
can be collapsed by a thermal treatment to obtain a compact, transparent glass with an SiOy content >96 % [479].

There are two principal possibilities for producing glass-ceramics from phase separated glasses: either the droplets or their matrix
crystallize first. Droplet crystallization is more important as it enables to achieve crystals with approximately spherical morphology,
independent of their growth mechanism, which show almost the same size as the initial droplets. Matrix crystallization [483] is ad-
vantageous, if a continuous crystalline phase is required, e.g., for ferroelectric glass-ceramics with a high €, . A certain concentration of
network formers is necessary to melt such glasses. Phase separation occurs during cooling, or in an additional thermal treatment step,
and, e.g., SiOy rich droplets are formed, consequently depleting the matrix in SiO,. Finally, a continuous ferroelectric phase
encompassing the SiO, droplets is formed. This approach may facilitate the preparation of glass-ceramics with advantageous dielectric
and piezoelectric properties. The microstructure is much more favorable than that resulting from a homogenous glass where ferro-
electric crystals resulting from bulk nucleation are separated by amorphous SiOs. Here it should be mentioned that e.g. mechanical
properties of glass-ceramics grown via viscous fingering have not been reported so far.

3.4.1. Effect of Phase Separation on Nucleation
The effect of phase separation on nucleation was controversially discussed in the 1960s and 1970s [480,484-486]. Three principal
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hypotheses are currently taken into account [487]:

(1) The boundary between the two amorphous phases plays a decisive role and is the locus where nucleation occurs.

(2) The chemical composition changes are decisive and one formed composition, also somewhere along a gradient, is closer to that
of the formed crystal than all others.

(3) A nucleus of a composition different from that of the finally precipitated crystal is formed in one of the amorphous phases and
triggers the crystallization of another phase or other phases.

The formation of a nucleus with a metastable composition or epitaxial growth on this nucleus is assumed with regard to hypothesis
(3) [4871.

It should be noted that the experiments concerning the effect of phase separation were mainly performed using isochemical or close
to isochemical glasses. The most frequently studied LioO/SiO; system [148,480,484-489] does not allow detailed TEM studies due to
its sensitivity to electron radiation damage. One observation is that coarser structures in phase separated glasses do not exhibit
significantly different nucleation rates [110]. This is sometimes considered to be proof that the boundary between the two amorphous
phases does not play a decisive role [110]. The existence of a metastable phase was only proven in a few other cases, possibly due to the
inability to perform reliable TEM studies. Hypothetically, a very low nucleation rate combined with a high crystal growth velocity in a
homogeneous glass would lead to a single nucleus causing a large crystalline volume concentration, easy to detect using XRD, and a
crystallization peak in DSC measurements. By contrast, the formation of only one nucleus in a phase separated glass would lead to only
one crystallized droplet which would be almost impossible to detect.

From our point of view, the most reasonable explanation for an enhanced nucleation due to phase separation is the existence of a
large variety of chemical compositions, not only of the matrix, droplets, or interpenetrating structures, but also along chemical
diffusion gradients, e.g., formed around droplets in the surrounding matrix. Nucleation can take place along these gradients at loci with
favourable compositions; this explanation was also favoured in a recent review by E. D. Zanotto in 2020 [110]. It should be noted that
many of the recent reviews (e.g., [486,487,490]) on the effect of phase separation on nucleation are dedicated to isochemical or near
isochemical compositions. Compositions in which minor components crystallize were not the focus of these reviews.

As outlined above, phase separation can also be triggered by adding nucleating agents which first cause the formation of droplets
enriched in the respective agent which subsequently crystallize in these droplets. This has been described for ZrO; and TiO2. The main
target phase finally precipitates as a third step [382,416] (see Chapter 3.1). Further effects of nucleating agents on phase separation
include its suppression or promotion. ZrO, was reported to suppress phase separation in the NayO/B203/SiO2 system [491] but
promote it, and the crystallization of lithium silicates, in the Li;O/Al,03/SiO2/P20s system [492]. Hence, the effect of very common
nucleating agents strongly depends on the respective glass composition.

3.4.1.1. Spherical Crystal Volumes by Phase Separation. Other phase separating systems are more suitable for the production of glass-
ceramics with advantageous properties. For example, some Ca-phosphosilicate glasses doped with F~ form droplets enriched in CaO
and P»0s5 [153,491-493] in which fluorapatite can be crystallized by further thermal treatment. Fig. 19 a) and b) show micrographs of
phase separated droplets and the subsequently precipitated apatite crystals with faceted shapes [111]. Tailoring the droplet sizes
enables to control the crystal size as the latter approximately have the size of the droplets, they are formed from [111].

If multiple nuclei form and grow within a droplet as is discernible in Fig. 20 a) and b), they are denoted as “multi core particles”
which have predominantly been reported in oxyfluoride glasses [49,50,60,109,494-497]. Here a droplet phase enriched in fluoride

Fig. 19. Crystallization in amorphous droplets of phase separated glass. a) SEM micrograph of fluorapatite crystals precipitated from CaO/P50s
enriched droplets of a glass with the composition 27.1 SiO2010.9 Al,03e8.6 P;05e19.4 Ca0Oe6.9 K;0e27.1 F,, reprinted from Ref. [111] with
permission from Elsevier. b) TEM-micrograph of the quenched and phase sepparated glass, reprinted from Ref. [111] with permission from Elsevier.
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Fig. 20. Multicore particles grown after phase separation. a) TEM micrograph of magnetite multi core particles crystallized from a Fe-rich boro-
silicate glass, based on Ref. [501] b) TEM HAADF micrograph of LaF3/TmF3 multi core particles. ¢) TEM EDXS map of Tm in the same area. b) and c¢)
are reprinted from Ref. [511] with permission from the Royal Society of Chemistry. A schematic based on Ref. [511] illustrating the formation of the
multi core particles is presented below.

and, e.g., alkaline earth or rare earth oxides and a matrix enriched in silica is usually formed. Fluorides then crystallize in the droplet
phase, sometimes in the form of nano sized single crystals [498]. Dopants such as Tm often accumulate in these crystals as shown in
Fig. 20 c). D. Chen et al. reported that p-NaGdF, crystals formed in the droplets of an oxyfluoro silicate glass first formed multi-core
particles which transformed into single crystals during further thermal treatment [495]. This could occur via Ostwald ripening or
coalescence [499] and means any single crystals precipitated in droplets could have been initially multi-core particles. A schematic
illustration of multicore particle formation is presented at the bottom of Fig. 20.

Ferrimagnetic phases precipitated from phase separated glasses are of special importance [499-502]. They can be formed from
Nay0/B203/Fex03/Si0; glasses [108,502] where droplets enriched in B,O3 and Fe;Os 4 are formed and crystallize to show numerous
magnetite (Fe3O4) [502] nano crystals discernible in Fig. 20 a) [108,501-503]. Although the droplet size reached a few hundred nm in
diameter, the individual crystals are much smaller. Each magnetite crystal contains a single magnetic domain and the samples show a
very small hysteresis loop with a very small remanent magnetization if a magnetic field is applied [503]. Such materials have a wide
application potential and have been proposed as catalysts [504,505], for biomedical applications, e.g., for hyperthermia [506-508], in
magnetic resonance imaging, as ferrofluids, as gas-sensing materials [509] or as pigments [510].

Another example are glasses in the KF/ZnF,/SiO, system which show droplet or interpenetrating structures after phase separation.
Depending on the composition, ZnF, or KZnF3 can be precipitated [56]. In both cases, the crystal size is fairly uniform and can be
controlled by the size of the phase separation structures. Other phase separating oxyfluoride glasses are found in the system Na,O/
K»0/BaF,/Ba0/Al,03/Si0, where ErF3 or SmF3 additions as small as 0.05 mol% trigger a phase separation [512] not observed
without them. Nano sized BaFj crystallizes during subsequent thermal treatment [512] and crystal growth is limited by the formation
of SiO5 enriched shells around them, independent of whether phase separation occurred or not. These crystals and their shells show a
very narrow size distribution as proven by ASAXS [513]. The effect of rare earth additives is similar in the Na;0/K20/CaO/CaFy/
Aly03/Si0, system where Tb®" additions trigger the phase separation [41] and CaFs is crystallized to form the multicore particles
presented in Fig. 20 b). A similar effect of small concentrations of rare earth elements on phase separation was also observed in the case
of a glass with the base composition 59.3 Si02e12.3 Ca0Oe9.0 NayOe5.3 KoOe3.7 Al;0300.02 Sby0310.4 CaFy [109]. While the glass
did not show phase separation withour rare earths, adding only 0.1 mol% Tb,03 led to phase separation as shown by TEM-replica
micrographs. The phase separation observed after adding tiny quantities of rare earth fluorides is supposedly caused by an early
clustering of rare earths [514-516] in the glass, detected by fluorescence spectroscopy including lifetime measurements and confirmed
by molecular dynamics [515]. The clustering of rare earths in various glass compositions is also responsible for the so called
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“concentration quenching” of the rare earth luminescence [517-519]. Adding the small concentration of only 0.05 mol% Sm303 to an
oxide glass used to sinter crystallize SroMgSi2O7 has been reported to increase in the mean crystallite size from 0.4 to 1.2 pm [520], but
it is unclear whether this was caused by phase separation.

This field still contains surprising observations such as the Al;03/K20/Na0/SiO2/SrF; system where a glass with the composition
3.7 Al;03012.3 SrOe5.3 K;0e8.0 Na;0e60.3 SiO210.4 SrF, [513] shows phase separation leading to multi core particles, while other
glasses in the composition series (8 AloO3016 KoOe2 NayOe74 SiO5)exSrFy (with x = 0, 1, 2, 3, 4, 5 and 6) do not exhibit phase
separation at all [521].

3.4.1.2. Avoiding Spherical Crystal Volumes after Phase Separation. If droplets crystallize in phase separating systems, these domains
usually assume more or less spherical morphologies composed either of single crystals, spherulites or aggregations of small crystals.
The only way to avoid this is by preventing the formation of droplets, i.e., closing the miscibility gap. In some glass systems this can be
achieved by comparatively small changes of the chemical composition, e.g., by adding small amounts of Al,O3 to glasses in the Na,O/
B203/Si0; system [478]. Adding Al,O3 or La;O3 may generally be a good first approach to address this issue in less well investigated
systems.

There are systems where preventing phase separation is more complicated, especially those containing more than one network
former. For example, CaO and P50s rich droplets form in the SiO5/Aly03/Ca0/P205/Na0/K20/F system during cooling and Ca-
fluorapatite crystallizes during subsequent thermal treatments [111]. Ca-fluorapatite needles or rods should lead to advantageous
mechanical properties, but the crystals precipitated in droplets are roughly spherical as shown in Fig. 19 and have to be avoided.
However, chemical additives closing the miscibility gap in this system have not been reported to the best of our knowledge. Ref. [111]
reports that rapid heating to 1200 °C, i.e., to a temperature where the glass no longer shows phase separation, leads to a dissolution of
the droplets. Nucleation occurs nevertheless and the rod- or needle like apatite crystals shown in Fig. 21 subsequently grow, sup-
posedly during heating [111].

3.5. Chemical Gradients Formed In Situ; Nano Crystallization

The chemical composition of a precipitated crystal and the melt match exactly in ideally isochemical systems. Hence the melt
composition neither changes during nucleation nor during crystal growth and chemical gradients cannot form around growing
crystals. This ideal case is basically impossible as no melt is ideally stoichiometric. There are several reasons why the crystal growth
velocity depends on time: firstly, one component is always in excess as the composition is never ideally stoichiometric [522,523] which
leads to a time dependent change of the crystal growth velocity. Secondly, the initial crystals do not show the ideal chemical
composition, as described for the case of melts with the composition NasOe2 CaOe3 SiO5 where the Na;O concentration in the crystals
is elevated [524,525]. This leads to a depletion of Na,O in the vicinity of the crystals and hence to a deceleration of crystal growth. The
crystals become stoichiometric in a later stage of crystallization. Furthermore, all melts contain some quantity of impurities, one of
which is the omnipresent “water”, meaning OH™ groups. Water cannot be avoided by increasing the melting temperature, but its
concentration can be minimized by bubbling the melt with dried gases and/or the addition of F [526]. Minimizing the water con-
centration is an important issue for the preparation of glasses and glass-ceramics intended for optical applications such as laser ma-
terials where water often leads to fluorescence quenching [526]. Amongst the phases assumed to add favourable properties if
crystallized from glasses, only a few, such as mica or apatite, can incorporate water into their structure. Hence, water should be
enriched at most growth fronts and can lead to the formation of pores once a local oversaturation is reached [527-529]. Although the
diffusion coefficient of water is very high and comparable to that of Na™ [287,530], this should result in a local decrease of the viscosity

Fig. 21. SEM-micrograph of a glass-ceramic crystallized from a glass with the composition
27.1 Si02010.9 Al,038.6 P,05019.4 CaOe6.9 K;0e27.1 F* produced by rapid heating to 1200 °C, reprinted from Ref. [111] with permission
from Elsevier.
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and hence most probably increases the diffusivity of all other glass components, in turn accelerating crystal growth. The accelerating
effect of water on the crystal growth velocity has been described for various chemical systems [144,498,531-534].

Bubbling a glass with the composition NapOe2 CaOe3 SiO, increased the water concentration by a factor of 7.9 [498]. The effect of
these different water concentrations is shown in Fig. 22: the maximum nucleation rate increased from 0.4 to 5.54010%emm™
whereas the temperature attributed to this maximum decreased from 603 to 574 °C. In both cases, the dependencies seem to be linear.
The induction period of nucleation was also decreased and the crystal growth velocities were increased by about one order of
magnitude (not shown in the Figure).

Bubbling a glass with the composition LioOe2 SiO, with steam led to an increase of the water concentration from 0.056 to 0.377
mol%, i.e., by a factor of 6.7 [144]. This resulted in a decrease of the T; from 451 to 441 °C, a decrease of the temperature of the
maximum nucleation rate from 468 to 452 °C, and the maximum nucleation rate increased by nearly one order of magnitude. The
crystal growth velocities also increased by one order of magnitude.

Nevertheless, quite different effects may occur during crystal growth depending on the composition, especially if a melt of the
target crystal composition would not form a glass upon cooling without additives. In these cases, the glass forming ability must be
increased in order to enable a controlled glass crystallization, usually by increasing the relative concentration of network formers. If a
crystal composed of network modifiers is precipitated, network formers are enriched at the growth front and increase the local vis-
cosity, and hence the diffusivity of all glass components should decrease. Thus, the crystal growth velocity decreases with time, i.e., the
effect is the opposite of that described for the water enrichment at the growth front. By contrast, if a crystalline phase enriched in
network formers is precipitated, the viscosity should decrease and thus the diffusivities should increase, finally resulting in accelerated
crystal growth.

In the 1990s, it was observed that alkaline earth fluoride nano crystals can be precipitated from some oxyfluoride glass compo-
sitions in a comparatively large volume concentration [535,536] while the glasses remain fully transparent [60,63,537]. These ma-
terials have a high application potential because rare earth ions can be incorporated in the nano crystals which gives rise to interesting
luminescence properties [48,49,53-56,60,64,535-540]. This behaviour is caused by a self-organizing process: when F~ containing
crystals grow in an oxyfluoride glass, F is removed from the melt which leads to an increase of the viscosity while the diffusivity of all
components decreases [56,59,63,317], slowing down the growth velocity. A thermal treatment somewhat above the T of the oxy-
fluoride glass increases the viscosity to a value of 10'% dPas, i.e., the glass around each crystal has a T, equal to the supplied tem-
perature and crystal growth is no longer observed within the timescale of the performed experiments and the margin of error
[56,59,63,317]. Hence, the crystals do not grow beyond a certain size. This is not only an effect of decreasing concentration gradients
near the crystal, but predominantly an effect of decreasing diffusion coefficients in the SiO5 rich layer around the crystals
[56,57,59,317,427,511].

This is visualized in Fig. 23 a) for a glass with the composition 8.6 Nay0-7.7 K20-10.6 Ca0-12.5 CaF3-5.78 Al;03-54.8 SiO5 where
the untreated glass has a Ty of 449 °C and the crystallization of CaF increases the Tg to 552 °C after 80 h, i.e., slightly above the
temperature supplied during thermal treatment at 550 °C. Prolonging the heat treatment did not result in a further increase of the Tj.

XRD patterns of these glass-ceramics are presented in Fig. 23 b) and show extremely broadened peaks indicating all CaF; crystals
have mean sizes in the nm range. The mean crystallite size calculated from XRD line broadening [59,317] presented in Fig. 23 a) was
constant within the margin of error after thermal treatments from 520 to 600 °C for times of 5 to 160 h. It should be noted that even
increasing the crystallization temperature to 600 °C does not increase the mean crystal size in this system and the crystallized spec-
imens were always fully transparent [59,317].

The formation of shells around growing crystal cores in glasses was first proven using a TEM equipped with an electron energy loss
spectrometer (EELS) for the case of BaF; crystallization from an oxyfluoride glass [58] with a very narrow size distribution [541]. The
core-shell structures around BaF; crystals were also proven using small angle X-ray scattering (SAXS) and ASAXS [542]. They were also
detected around CaF; crystals [265].

Table 4 illustrates that the particle radius increases from 4.75 to 5.2 and 24.2 nm, if the crystallization temperature is increased
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Fig. 22. Maximum nucleation rate and the temperature attributed to this maximum as a function of the water concentration in a glass with the
composition NayOe2 CaOe3 SiO,, based on data from Ref. [498].
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Fig. 23. Nanocrystallization of glasses with the composition 8.6 Na,0-7.7 K20-10.6 Ca0O-12.5 CaF,-5.78 Al,03-54.8 SiO,. a) Mean crystal sizes

calculated from the XRD-patterns in b) using the Scherrer equation as well as the T, of the same glass crystallized for 5 to 160 h at 550 °C. b) XRD-
patterns of these glass-ceramics after crystallization for 5 to 160 h at 550°C. Based on Refs. [59] and [317].

Table 4
Particle radii and shell thicknesses assuming Gauss distributions fitted to SAXS and ASAXS curves for samples with the composition
69.6 Si0207.5 Al;03015.0 K20e1.9 Na,0Oe6 BaF, [542].

parameters 540°C/20 h 600 °C/20 h 700°C/2h
particle radius in nm 4.75+ 0.5 5.2+0.5 24.2+1.0
shell thickness in nm 2.35+0.1 2.13+0.1 1.82+0.1

from 540 °C (20 h) to 600 °C (20 h) and 700 °C (2 h). It should be noted that 700 °C is above the T of the base glass without CaF; and is
hence impossible to reach by removing F- and Ca®" from the glass so that the mechanism described above cannot freeze crystal growth
at this temperature. The shell thickness decreases with increasing crystallization temperatures, probably due to a higher diffusivity of
its components. Both the particle radii and the shell thicknesses are in agreement with the TEM observations, which showed the shell
thickness to be about 2 nm [542].

Such core-shell structures were also found in LaF3 glass-ceramics [511] and the KF/ZnF,/SiO; system [56] where nano sized ZnFq
or KZnF3 precipitate. The crystallization of fluorides was accompanied by an increase of the viscosity in both cases. Precipitating
transition metal fluorides has the advantage that they can be doped with other divalent transition metal ions, such as Ni2*, which show
a broad band emission in the near infrared range [64,538]. Table 5 summarizes the various glass systems from which fluoride
nanocrystals were precipitated.

NaF can be crystallized from glasses in the NayO/K20/Ca0O/CaF5/Al;03/Si0; system which are usually doped with Ce3+, Agt, Sb3*
and/or Sn* [347-349,543]. Irradiating them with UV light leads to the crystallization of NaF which leads to a refractive index that is
smaller in these regions than in the surrounding glass unaffected by crystallization. To the best of our knowledge, the precipitation of
other alkali halides has not been reported in the literature. Other fluorides, such as alkaline earth or rare earth fluorides, have been
intended to be crystallized in Na containing glasses, but NaF often crystallizes next to the desired phases or instead of them. In these
cases, it may help to (partially) replace NapO by K>O.

Table 4 shows that there are fairly numerous reports on the crystallization of alkaline earth fluorides. CaF5 has been precipitated
from oxyfluoride glasses without dopants [59,265,317,350] or with rare earth dopants such as Tm®* [48], Er®* [571] or Tb®* [109]
from glasses in the systems NayO/K,0/Ca0O/Al,03/CaF5/SiOy or NayO/K;0/Ca0/Zn0O/Al,03/CaF5/SiO;. In analogy, a thermal
treatment of NayO/K20/SrO/Al;03/SrF5/SiO4 glasses enabled the precipitation of SrF,. The precipitation of BaF, from glasses in the
Nay0/K20/BaF2/Ba0/Al;03/Si04 system has been reported [58,513,541,542] as well as that of Er’* and Sm3* doped BaF; [512].
BaLiF3 was crystallized from LiF/BaF;/Nay0/Al503/B203/SiO2 glasses [544] which should enable a simultaneous co-doping with
divalent transition metal ions (at Li" sites) and rare earth cations at Ba®* sites [544].

Nanocrystals containing rare earth metals as main components were even more frequently precipitated. Binary rare earth fluorides,
in many cases doped with other rare earth ions, are to be especially mentioned because of their interesting luminescence properties.
For example YF3 doped with Eu®" or Tb3* was reported to crystallize from glasses of the NaF/YF3/Al;03/Si03 system [545,546], while
LaF3 [57,535,572] and ErF3 [53] nanocrystals were respectively precipitated from glasses in the systems Na,O/BaO/Las03/AlF3/
Al;03/Si0O; or PbFy/ErF3/SiOs. Glasses in the NaF/TbF3/YbF3/Al;03/Si0O; system were used to crystallize TbF3 doped with YbF3 [54],
while YF3 doped with YbF3 was precipitated from the LiF/YbF3/YF3/Al503/SiO; system [547]. Thermal treatments of glasses in the
MF; base system (M=Ca, Sr, Ba)/GdF3/Al203/SiO4 resulted in the precipitation of GdF3 doped with Yb3* or Er®* [548]. Another case is
the precipitation of solid solutions containing Pb from glasses with the base composition PbO/CdO/PbF5/CdF2/YbF3/B203/Al203/
SiO9 [539,549,550] or MgFo/CaFy/BaFy/YbF3/ErFs/PbFy/AlF; [536], where (Pb, Yb)Fx doped with Er®* or YB3 were respectively
crystallized.

The crystallization of ternary fluorides containing both alkali and rare earth ions as well as of fluorides containing both alkaline
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Table 5

Nano crystalline fluoride crystals precipitated from various oxyfluoride glasses.
Chemical Composition Phase Dopant Reference
Alkalifluorides
Nay0/K;0/Ca0/CaF2/Al;03/S8i02 NaF [347-349,543]
Alkaline Earth Fluorides
Nay0/K,0/Ca0/Al;03/CaF5/Si0Oy CaF, - [59,265,317]
Nay0/K;0/Ca0/Zn0/Al;03/CaF5/SiO, CaF, - [350]
Na0/K;0/Ca0/Al;03/CaF5/Si0O2 CaF, Tm [48]
Nay0/K;0/Ca0/Al;03/CaF5/SiO2 CaFy Er [444]
Nay0/K;0/Ca0/Al;03/CaF5/SiO2 CaFy Tb [109]
Nay0/K;0/Sr0/Al;03/SrF,/Si04 SrF, [496,521]
Na,0/K,0/BaF;/Ba0/Al;03/Si05 BaF, [58,63,513,541,542]
Na,0O/K,0/BaF,/Ba0/Al,03/Si0, BaF, Er, Sm [512]
LiF/BaF,/Na,0/Al;03/B;03/Si02 LiBaF3 [544]
Rare Earth Fluorides
NaF/YF3/Al,03/Si0, YF; Eu, Tb [545,546]
LiF/YbF3/YF3/Al;03/8i02 YF3 Yb [547]
Na,0/Ba0/La03/AlF3/Al,03/Si04 LaF3 [57,60,535]
MF, (M=Ca, Sr, Ba)/GdF3/Al,05/Si0, GdF; Yb, Er [548]
PbF,/ErF3/Si0,/ ErFs [53]
NaF/TbF5/YbF3/Al,03/Si05 TbF; Yb [54]
PbO/CdO/PbF5/CdF2/YbF3/B,03/Al503/Si0; (Pb,Yb)Fy Er [539,549,550]
MgF,/CaFs/BaFy/YbF3/ErFs/PbFy/AlFs (Pb,Cd)Fy Er+Yb [536]
Transition Metal Fluorides
KF/ZnF,/Si0 ZnF, [56]
KF/ZnF,/Si04 KZnF3 [56,64,538]
Complex Rare Earth Fluorides
LiF/GdF3/Al,03/Si0, LiGdF4 Pr, Sm, Dy [551]
Na,0/NaF/Gd,03/AlF3/Al,03/Si0, NaGdF, Sm [49,540]
LipO/LiF/YF3/Al,03/5i0, LiYF, [552]
Na,O/NaF/AlF3/Al;03/Si05 NaLuF4 Tm,Tm+Yb [553]
Na,O/NaF/AlF5/Al,05/Si0; NaLuF, Yb, Er, Tm [554]
Nay0/CaO/NaF/LuF3/Al;03/Si02 NaLuF4 Yb, Tb [555]
Na,O/NaF/YF3/Al,03/Si02 NaYF,4 Er, Yb [556,5571
Na,O/NaF/CaO/YF3/Al,03/Si0, Naj 5Y2.5Fg Tb, Ce [558]
Na,O/NaF/YF5/B,03/Si0, NasYoFs, Dy, Ce [559]
NayO/NaF/YF3/B,03/SiO5 NaYbF4 Er, Ho, Dy [560]
Na,O/LaF3/Al;03/Si0, NaLaF,4 [61]
K0/ Lay03/LaF3/Al;03/Si0, KLaF, - [62]
Na,O/BaF,/Gd»03/A1,03/Si04 BaGdFs Tb [561]
NayO/BaF5/GdF3/B;03/Si02 BaGdFs Eu [562]
Na,O/BaF,/GdF3/B;03/Si0, BaGdFs Er, Yb [562]
Na,0/CaO/BaF,/LuF3/B,03/Si0O2 BaLuFs Eu [563]
BaF,/YF3/YbF3/Al;,03/Si0, BasYsFi7 Er [564]
Complex Alkali Lead Halogenides
Cs,0/SrO/NaBr/PbBr,/Al;03/P505/Si04 CsPbBr3 - [565,566]1
Na,0/Cs,0/Zn0O/PbBr,/NaBr/B,03/Si0» CsPbBr3 Dy [567]
Cs20/Zn0/PbBry/NaBr/B;03/Si02 CsPbBr3 Tb, Eu [568]
Nay0/Cs30/Zn0O/PbBry/KBr/Al;03/B>03/TeO2 CsPbBr3 - [569]
Cs20/Sr0/Zn0/Pbl,/Nal/B,03/Si05 CsPbls - [570]

earth and rare earth ions has also been frequently reported in the literature. Most of the fluoride crystals were doped with other rare
earth elements. Table 4 shows that LiGdF,4 [551] as well as NaGdF4 [49,540], NaLuF,4 [553-556] doped with various rare earth cations,
LiYF4 [552], NaYF, [556,557], Naj 5Ya 5Fq [558], NasYoFsy [559], KLaF, [62], NaYbF,, doped with Er®*, Ho®* and Dy>* [560], and
NaLaF4 [61] nano crystals were precipitated from alkaline rare earth alumosilicate glasses. Concerning alkaline earth rare earth
fluorides, BaGdFs [561,562] also doped with other rare earth elements were most frequently reported. BaLuFs and BasY3F;7 both
doped with Er®* have also been crystallized [564,564]. Glass-ceramics containing rare earth doped nano crystalline fluorides can, e.g.,
be used as active laser materials, up-conversion materials and materials for quantum cutting; Table 5 illustrates that there is much
literature in this field which has been reviewed as well [497,547,573-577].

The crystallization of other halogenides from glass melts was scarcely reported before 2016 when the crystallization of CsPbBr;
from a phosphate glass of the composition Cs20/SrO/NaBr/PbBry/Al>03/P205/Si02 was first described [565,566]. CsPbBrs was then
crystallized from borosilicate glasses in the systems CsyO0/ZnO/PbBry/NaBr/B,03/SiO, [568] and NayO/Cs20/ZnO/PbBry/NaBr/
B203/Si0, [567] as well as from tellurite glasses in the Na,O/Cs20/ZnO/PbBry/KBr/Aly03/B203/TeO, system [569]. The crystalli-
zation of CsPbl; from glasses in the system Cs;0/SrO/ZnO/Pbly/Nal/B,03/SiO5 was also described [570]. These materials were also
doped with a large variety of rare earth elements and exhibit very interesting luminescence properties, the number of publications on
this topic is currently increasing rapidly. It should be noted that Ag and Cu chlorides, bromides and iodides precipitated from glasses in
tiny quantities have been known for a long time and are the basis of photochromic glasses [253-255] which show reversible
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photodarkening.

Details concerning the physical properties of transparent nano crystalline transparent glass-ceramics based on halides and their
optical properties were recently described in comprehensive reviews [497,573]. Other cases where the precipitation of nano crystals is
accompanied by a viscosity increase are not as easy to understand as for the halogenide crystallization. One example is the crystal-
lization of quartz solid solution in the MgO/Al;03/SiO,/TiO; system [427]. Here the Tg increase is even more pronounced and shifts
from 812 °C to around 960 °C during thermal treatment at 960 °C, i.e., to the supplied temperature. Crystallization begins with the
precipitation of a nucleation agent such as ZrO5 [389,390] followed by the crystallization of a quartz solid solution incorporating
equimolar concentrations of MgO and Al,O3 (around 10 mol% each). Then the quartz crystals expel MgO and Al,O3 which form spinel
(Mg,Al,04) [389,390] and are hence depleted in these components. The spinel crystals grow, also depleting Mg?" and AI** from the
glass melt and causing an increase of the residual glass viscosity [427]. The residual quartz contains only minor MgO and AlyO3
concentrations (~1 mol% each) and transfers to a-quartz during cooling [89], as shown using dilatometry [89]. It was concluded that
the attributed high temperature phase is f-quartz.

Further examples are found in the Na;0/CaO/Fe203/B203 system where nano crystalline magnetite precipitates after adjusting the
redox Fe?t/Fe3t ratio during thermal treatment and the Tg increases from 520 to 585 °C [578].

A deductible general rule to achieve nano crystallization is to design glass compositions so that network forming components are
enriched in the residual glass during crystallization. While this strategy is easy enough for fluorides, where the viscosity always in-
creases during crystallization (at least in silicate glasses), it is more complicated for the crystallization of oxides or silicates because
here judging how the viscosity will change is often much harder. It is particularly difficult if a glass contains BoO3 or Al;O3 because the
coordination number of B and Al ions in the glass may change during crystallization; Boron may change from four to threefold while Al
may change from four to five- and sixfold or vice versa. As a first approximation, it may help to design a crystallization path where the
composition of the residual glass is calculated for different volume concentrations of the crystal phase. Then, the viscosity at
appropriate temperatures (above Tg) should be calculated for the respective compositions of the residual glass using empirical cor-
relations and/or appropriate software such as, e.g., Sciglass [579]. If the viscosity of the residual glass melt increases or is higher than
that of the initial glass at some point of crystallization, the composition should be favourable to achieve nano crystallization. A
relatively simple experiment to perform is crystallizing a glass and measuring whether the T, increases. If so, nano crystallization
probably occurred if the correct crystal phase is formed while the specimen remains transparent.

Fig. 24 presents direct evidence using combined TEM and EDXS for the example of a glass with the molar composition
70 SiO07A1,038 NayOe8 KoOe7 LaF3 from which NaLaF,4 was crystallized. The normalized concentration of Si declines rapidly with
an increasing distance from the crystal [61]. It should be noted that the shells around crystal cores simply function as diffusion barriers
and may also play an important part if nucleating agents crystallize. This has also been shown for the diffusion profile around a ZrTiO4
crystal [402]. Here, the Al/Si ratio declines rapidly with an increasing distance from the crystal. Another example is the precipitation
of metallic Ag nano crystals [571] where Ag™ is removed from the melt by a preceding redox reaction (e.g., 2Ag* + Sb>" —>2Ag + Sb>™)
which leads to an increase in viscosity because Ag" acts as a network modifier [580] and is removed from the adjacent glass melt, thus
forming a diffusion barrier which hinders further growth.

Fig. 25 illustrates the effects glass compounds not incorporated into crystals have on crystal growth. If a network modifier is
crystallized, network forming compounds are enriched at the growth front, increasing the viscosity and decreasing the crystal growth
velocity, sometimes by some orders of magnitude. In turn, the crystal growth velocity increases when network formers crystallize as
network modifiers are enriched at the growth front and the viscosity decreases. The latter is quantitatively described above for the case
of water.

3.6. The Formation of Internal Stresses and their Effects

Internal stresses have an important effect on the mechanical properties of glass-ceramics. As most contain significant amounts of at
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Fig. 24. Diffusion profile around a NaLaF, crystal in a 70 SiO,e7Al,03e8 Na;Oe8 K;Oe7 LaF3; melt. Based on Ref. [61].
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Fig. 25. The effect that compounds enriched at the growth front have on the crystal growth velocity.

least one crystalline and one glassy phase, stresses form during cooling because the respective CTEs almost never match. In a first
approximation, the stresses form below the Ty but the cooling rate has a minor effect: smaller cooling rates allow mechanical relaxation
which decreases Ty (see the Bartenew Equation in Ref. [581]) and hence the glass is frozen at a lower temperature. The calculation of
stresses from the CTEs, the elastic moduli, Poisson ratios and the Ty is currently only possible for very simple geometries such as
spherical or ellipsoidal inclusions in an infinitely large matrix, see, e.g., Selsing [582]. As real materials are mainly not composed by
inclusions in an infinitely large matrix, Eq. (20) for spherical inclusions (index: i) in a matrix (index: m) is only a first approximation.
Nevertheless, the formed stresses can be estimated. For a temperature of 25 °C this means:

p_ ACTE x (T, — 25 C)
Tty | 1-2u
(3 + 1)

Where E; and E, are the Young’s Moduli, and p; and iy, are the respective Poisson’s ratios of the inclusion and the matrix. ACTE is the
difference in the linear CTEs of matrix and inclusion, Tg is in °C and P is the stress inside the spherical inclusion. Equation (20) is only
valid if the CTE does not depend on the crystallographic direction, i.e., for isotropic spherical inclusions and matrices. The stresses
formed at the matrix/inclusion interface do not depend on the size of the inclusion. If the inclusions are far enough from each other, the
stress inside an inclusion is distributed homogeneously. In the matrix, the radial () and tangential stress () decline with R3/d3 (with
R= radius of the inclusion and d= distance from the centre of the particle) as described by Eq. (21):

(20)

3
6, = —20, = —PIi 21

d3
Hence, the stresses at a given distance from the inclusion increase with an increasing size of the inclusion. Please note that the signs for
the radial and tangential stresses always oppose each other. Finite element calculations are possible for more complicated systems
composed of a few crystals arbitrarily arranged to each other or inclusions with different CTEs in different crystallographic directions
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Fig. 26. Stresses around spherical inclusions a) in radial direction: tensile stresses in and around an inclusion with a higher CTE than the matrix. b)
Direction of tensile stresses and compressive stresses in and outside the inclusion. ¢) Tangential directions: tensile stress in the inclusion and
compressive stresses outside the inclusion according to Ref. [582], see Eq. (21).
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and may provide an idea how real microstructures may behave.

Fig. 26 shows a scheme of the stresses formed in and around a spherical inclusion for the case that the CTE of the inclusion is larger
than that of the bulk and does not depend on the crystallographic direction. As outlined in Fig. 26 a), isostatic tensile stresses occur
inside the inclusion while the radial stresses outside are also tensile. By contrast, the tangential stresses are compressive and only 50 %
of the radial stresses at a given distance from the particle as illustrated in Fig. 26 c). Of course, a prerequisite of such considerations is
that the matrix/inclusion interface is strong enough not to fracture.

Ref. [583] describes stresses calculated in and around two spherical inclusions using the finite element method. The calculated
stresses are in a fairly good agreement with those obtained by a simple superposition of (radial) stress profiles calculated for spheres in
an infinitely large matrix according to Eq. (21). Fig. 27 visualizes the stresses amongst the matrix and two spherical inclusions of the
same size at distances of a) 3*R (radius of the inclusion) and b) 1*R. The stresses inside the inclusions show little asymmetry at larger
distances a) but if the distance is R, they are no longer isostatic and increase at that side which faces the second sphere. The stresses in
the matrix are notably higher between the spheres than at the opposite side.

An even greater impact on stress formation is caused by crystal phase transitions below the Ty of the residual glass as the
accompanying volume effect can be much higher than that of the CTE mismatch. Equation (22) can be used for the case of a spherical
inclusion undergoing a phase transition. The numerator of this equation stands for changes in the dimension.

AV'/3  ACTE, x (T, — T,) + AV,/3 + ACTE, (T, — 25°C)
(1227/4: + 1;?)‘.‘) (1;;/::1 + 1*}3?!‘.‘)
The phase transition takes place at the temperature T; and usually runs parallel to a volume decrease (AVy) during cooling. The total
volume change between the two phases, AV* depends on (i) AV, and (ii) the change in length during cooling from T, to T; as well as on
(iii) the change in length during cooling from T; to 25 °C. It is assumed that the matrix CTE remains constant over the entire tem-
perature range and that the CTE of the low temperature phase is smaller, but also constant between 25 °C and T; (according ACTE;).
The CTE of the high temperature phase is also assumed to be constant between T; and T, (according ACTE3). The elastic constants of

the inclusion and the matrix phase are assumed to remain constant between 25 °C and T;. The contribution of the three terms of Eq.
(22) is illustrated in Fig. 28.

pP= (22)

3.6.0.1. Mismatch in the Coefficients of Thermal Expansion

The case of a surface crystallizing glass is considered as a first example. After surface nucleation with a high nucleation rate, the
crystals grow into the bulk and ideally form a layer with an approximately constant thickness which can be adjusted by the time and
temperature of thermal treatment. At temperatures above Ty, the viscoelastic properties of the glass melt allow stresses to relax during
cooling, but below T, the relaxation times become too large for effective relaxation. It is a good approximation to assume that Ty is the
temperature below which mechanical stresses are frozen although it can actually vary depending on the cooling rate upon whichthe Tg
depends according to the Bartenev Equation [581,584]. If the CTE of a surface crystallized layer is smaller than that of the glass,
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Fig. 27. Tensile stresses (dashed lines) between two spherical particles with different distances in a matrix with smaller CTE. a) Distance between
the spheres = 3*R (radius of the spheres). b) Distance between the spheres = R. The solid line represents the sum of the stresses in the particle
vicinity according to a superposition of the dashed lines (Eq. (21) and Ref. [582]).
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Fig. 28. The length changes of matrix and inclusion as a function of the temperature during cooling if there is a phase transition according to
Eq. (22).

compressive stresses form near the surface during cooling. These stresses are high if T, is high and the differences in the CTEs of the
crystalline layer and the bulk glass are large. According to Ref. [585], the stresses at the bulk/layer boundary are given by Eq. (23):

ACTE x Ey x E; x (T; —25°C)
o =
E1 +E,

(23)

where E; and E; are the respective Young’s Moduli of the surface layer and the bulk. The stresses at the immediate surface decrease
with an increasing thickness of the crystallized layer [586] and the CTE parallel to the surface is decisive for anisotropic crystalline
phases because crystallized surface layers are often crystallographically textured. Hence the crystallization of a thin surface layer with
the relevant CTE lower than that of the glass leads to compressive stresses at the surface which should result in an increase of the
mechanical strength. This route to improve the mechanical properties of glass-ceramics has been scarcely reported in the scientific
literature [586-589] but the patent literature is quite comprehensive, see the Refs. [590-593]. One of the few reports in the scientific
literature is the crystallization of p-quartz (formal composition: LiAISiO4) from a glass with the composition
66 Si05-20.7 Aly03-6.1 Lip0-2.9 K50-2 Nay0-1.2 MgO-1.1 CaO which was already published in 1996 [589] where the obtained 4-
point-bending strengths were up to 800 MPa for a 100 pm thick crystalline surface layer.

A more recent report performed using the same glass composition achieved a ball-on-three-ball strength of 680 MPa for these
transparent glass-ceramics [594], the results are presented in Fig. 29. The strength increases from about 100 MPa for the glass up to
680 MPa for a glass-ceramic with a 9 pm thick layer of surface crystallization [594]. LiAlSiO4 has a negative thermal expansion and, if
the composition contains nucleating agents such as ZrO, and/or TiO3, a thermal treatment leads to bulk crystallization and enables to
prepare zero thermal expansion glass-ceramics. By contrast, compositions without nucleating agents may solely show surface crys-
tallization. It should be noted that this composition does not contain any nucleation agent and does not crystallize in the bulk. This
procedure is hence not suitable to prepare zero thermal expansion glass-ceramics with a high strength. In analogy, glass with the
composition ZnySiO4 shows the sole surface crystallizatio of willemite [586] and has a CTE of 2.3 10°K! perpendicular to the
crystallographic c-axis which is the dominant growth direction. This is notably lower than the CTE of 5.5 10 K! in the glass. The

600- @ "E“

fracture toughness in MPa

400
300
200 I
100
0 1 1 I I
0 5 10 15
thickness of the crystallized layer in um
Fig. 29. Mechanical strength (ball on three ball test) of a glass-ceramic with the composition

66 Si02-20.7 Al03-6.1 Li;0-2.9 K50-2 Nap0-1.2 MgO0-1.1 CaO surface crystallized at 565 °C for various periods of time. Based on Ref. [594].
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strength increases rapidly with the crystallization time to reach a maximum after 10 h before decreasing again. The maximum value of
218 MPa is about three times the value of the uncrystallized glass and corresponds to a surface layer thickness of 33 pm which is
comparable to the layer with compressive stresses of commercial glasses reinforced by ion exchange [595,596]. It should be noted that
the latter have high bending strengths of up to 800 MPa for soda-aluminosilicate glasses ion exchanged with potassium salt melts [597-
599].

The more important issue are systems showing bulk crystallization where the CTE of the crystallizing phase is larger than that of the
residual glass. They were by far more frequently studied because this usually leads to an increase of the mechanical strength. To the
best of our knowledge, the first report on the effect of crystalline inclusions in a glassy matrix on the mechanical strength was published
by F. F. Lange in 1971 [600]. Here Al;03 particles were homogeneously dispersed in a borosilicate glass powder and subsequently
sintered under pressure causing an increase of the mechanical strength. The CTE of a-Al,O3 parallel to the crystallographic c-axis is
8.3010° K'! while that perpendicular to the c-axis is 7.2¢10° K1 [601], meaning the average CTE should be 7.5e1 0° K. The CTE of
the used borosilicate glass should be 7.9e1 0°K! according to SciGlass [579]. The mismatch in the CTEs is hence small and stresses
generated during cooling should hence also be small.Nevertheless, compressive stresses should occur inside the inclusions.

It has been shown that the mechanical strength of phase separated glasses is often smaller than that of homogeneous glasses [602].
In the past, this has been related to the inhomogeneity of these glasses in which droplets or the interface between the droplet and the
matrix may act as Griffith flaws [603]. This was mainly stated for glasses in the Na;O/B203/SiO system which showed phase sep-
arations into SiO» rich droplets and an Nay;O/B5Os-rich matrix. It should be noted that the inclusions in these glasses have a smaller
CTE than their matrix [480,602]. Recent studies have reported that glasses with the inverted separation into Na;0/B203 enriched
droplets and an SiO,-rich matrix in turn show higher mechanical strengths than the homogeneous glass [467], disproving that phase
separation should automatically be considered to be a flaw.

This is supported by the fact that crystalline inclusions with a higher CTE than the matrix generally cause higher mechanical
strengths [480,602]. Here radial compressive stresses occur around the inclusion according to the Egs. (20) and (21) while the cor-
responding axial stresses are tensile. The stresses in phase separated glasses notably depend on the temperature/time schedule applied
during the phase separation process because the chemical composition of both phases, and hence also their CTEs, depend on it [467].

Crystalline phases with a high CTE that can be precipitated from glasses are, e.g., ZrO, (CTE~(10-11)e10° K! [604], MgAl;04
(CTE~9¢10° K1 [605]), Ba,Sip04 x (with 1<x<2, CTEs~(10-13)e10° K1) [457] or phases within the solid solution systems Ba(Zn,
M)5Si07 (M=Mg, Mn, Ni, Co, Cu) with CTEs ranging from 12 to 16el 0°K! [84,606]. One example of such glass-ceramics is the
system MgO/Y203/Al503/Si02/ZrO, with 2.4 mol% Y203 [379]. Here tetragonal ZrO, and spinel form during crystallization while a-
or p-quartz phases are not formed and 4-point bending strengths up to 440 MPa were reported [379].

Rare earth or alkaline earth fluorides show even higher CTEs frequently above 20010°°K! [607]. Hence the precipitation of
fluorides would seem to be particularly promising to achieve high mechanical strengths, but favourable mechanical properties have
not been reported for such glass-ceramics so far. Perhaps this is caused by an incompatibility of the fluoride crystals with the silicate
network, which does not lead to a strong adherence between such inclusions and their matrix. Otherwise, the crystallization of
fluorides results in the formation of a shell highly enriched in SiO5 around the fluoride crystals as discussed in chapter 3.5 which should
have a lower CTE than the bulk glass and may play a decisive part in stress formation.

3.6.0.2. Phase Transitions during Cooling

The described above, the effect of inclusions with high CTEs can be enhanced by precipitating phases which show a phase transition
in the temperature range from somewhat below T, to room temperature (RT) during cooling and is accompanied by a volume decrease.
Then the effect of the volume contraction is much larger than of phases which solely show a linear shrinkage with decreasing tem-
perature. Phases crystallized from glasses showing a pronounced volume decrease in the respective temperature range are, e.g.,
cristobalite (Ty=180-270 °C, AV=2.8 % [608]), quartz (T=573 °C, AV=0.8 % [608]) or BaZn,Si;0; (T=260-280 °C, AV=3.5 %
[84]). While the T is nearly constant for cristobalite, it is somewhat affected by the formation of a solid solution in quartz (typically:
1 mol% MgO and 1 mol% Al,O3). Quartz solid solutions with much higher MgO and Al,O3 concentrations do not show a trans-
formation and hence the same phase occurs at high temperature and at RT [89]. Hence the formation of quartz solid solutions
incorporating higher concentrations of MgO and Al,O3 should be avoided if high stresses are desired. The T; of BaZn,Si>O7 is widely
affected by the formation of solid solutions and values from below RT up to 950 °C have been reported [84,90,91]. The CTEs in this
system, and their dependence on the crystallographic direction, are strongly affected by the formation of solid solutions [84,90,91].

The most frequently published system showing a phase transition during cooling is MgO/Aly03/Si0;
[41,47,89,352,378,379,389,390,418,427] which can be modified by the (partial) replacement of MgO against ZnO [46,421].
Nucleation agents such as TiO3, ZrO5 or both are absolutely necessary to achieve volume nucleation as most compositions otherwise
solely show surface crystallization [160,609-612]. As noted above, the nucleation agent is crystallized in a first step and hence, e.g.,
TiOsg, ZrO4 or ZrTiO4 are formed. Then, a quartz solid solution is precipitated which typically contains 10 mol% of both Al,03 and MgO
(MgO may partially be replaced by ZnO). During further thermal treatment, the quartz solid solution expels MgO and Al,Os3 to form
spinel, MgAl,04 or (Mg, Zn)Al;04 and a quartz solid solution with only minor MgO and Al,O3 concentrations, the latter transforms to
an a-quartz solid solution during cooling. This decomposition is accelerated by increasing temperatures and an increasing concen-
tration of nucleating agents. The a-quartz phase has a high CTE and typical MgO and Al,O3 concentrations of 1 mol% each. In the range
of 100-300 °C, the mean CTE is around 10-12e1 0° K and decreases to 5-6610° K'! between 550 and 800 °C [89]. The phase tran-
sition appears as a kink in the dilatometric curve rather than a step [89]. The CTE of the residual glass is about 4-510 K.
Nevertheless, the CTE of the crystalline inclusion is much higher than that of the surrounding matrix and hence, the inclusion is under
tensile stress while the radial stresses around the inclusion are also tensile stresses, but the tangential stresses are compressive. Hence
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the stresses around the crystalline a-quartz inclusions are qualitatively comparable with those around the Na;O/B203 droplets in phase
separated glasses. The strengths achievable by utilizing this effect may exceed 1 GPa in the MgO/Al»03/SiO3 and MgO/Zn0O/Al;03/
SiO, systems [46,47].

It should be noted that quartz solid solutions with high MgO and Al,O3 concentrations (i.e., that phase which is formed before
spinel is expelled) have a comparatively small CTE of about 4.5-5.0e10°° K'! [89], hence approximately have the same CTE as the
surrounding matrix and thus do not give rise to high strengths. Besides keatite, this f-quartz solid solution is the main crystalline phase
in glass-ceramics based on lithium aluminosilicate, which frequently shows CTEs around zero [30]. Here, Al;O3 and mainly Li;O are
incorporated into the solid solution besides MgO and ZnO which leads to a stabilization of the p-quartz and a negative thermal
expansion of the crystalline phase. As the strengthening mechanism does not work if the CTE of the inclusion is lower than that of its
matrix, the mechanical strengths of low CTE glass-ceramics are much lower than for glass-ceramics in the MgO/Al503/SiO5 system
optimized with respect to high mechanical strengths. This is most evident for cases where the glass-ceramic microstructures containing
inclusions of high and much lower CTEs are similar. For example, if a glass in the system MgO/Al,03/SiO is crystallized at 1050 °C,
the subsequent thermal expansion is low, approximately constant up to 1000 °C, a quartz solid solution with 10 mol% MgO and Al,O3
each is formed and the indentation fracture toughness is 2.1 MPaem'/2, If the same glass is crystallized at 1080 °C, the subsequent
thermal expansion is much higher up to a temperature of around 520 °C, a quartz solid solution with only minor concentrations of MgO
and Al,O3 occurs and the indentation fracture toughness is more than doubled to 4.3 MPaem!/? [89] while the microstructures are
almost the same.

3.7. Solid Solutions with Variable Compositions and Properties

Many phases precipitated from glasses form solid solutions. Among these, the composition of mica can be varied in a large range.
Spinel (MgAl»04) is another example where MgO can be partially or completely substituted by divalent transition metal oxides such as
FeO [613,614], ZnO [615], NiO [616,617], CoO [617,618], CuO [619] or MnO [620,621]. Al;03 can be substituted by Fe,O03 [614],
Cry03 [613,614], V403 [613,614], Co203 [620], MnyO3 [620] or GasOs [622]. Furthermore, Li* can be incorporated at Mger sites
[621] and Ti** at AI3* sites [615]. Many other substitutions are also possible but a comprehensive description is beyond the scope of
this review.

The chemical composition of perovskites can also be varied in a wide range. Starting from, e.g., BaTiO3, BaO can be replaced by
CaO [623], SrO [624] or PbO [625,626], while TiO5 can be substituted by ZrOy [625-629] or SnO3 [629-632]. These substitutions
affect the Tcyrie Of ferroelectric BaTiOs, its dielectric constant, the attributed temperature dependency as well as its piezoelectric
constants. Furthermore, Ti*" can also be substituted by Nb°*, Ta>" [632,633] or Sc* [634] and rare earth ions while Ba%t can be
replaced by rare earth cations [635-638], Bi®* [638] or Li*, Na* and K [632,633].

The melilite family [639-642] contains solid solutions which can be precipitated from glasses such as akermanite (Ca;MgSi2O7) and
gehlenite (CaAl,SiO7) solid solutions (AGSS). Starting from the gehlenite structure, two Al3* cations of gehlenite are replaced by one
Mg2+ and one Si*" ion to obtain &kermanite [639,641,642]. Furthermore, Zn*" as well as other divalent transition metal cations may
replace Mg?" in the crystal structure [455]. Gehlenite, &kermanite, melilite as well as the solid solutions derived thereof, are tetragonal
with the space group P 4 21m [643-645]. In the temperature range from 25 to 925 °C, dkermanite and gehlenite respectively have CTEs
of 7.88 and 1010 K. The composition of the formed solid solution and hence the CTE can be adjusted by the composition of the
parent glass.

BaZn,Sip07 also forms solid solutions in a wide range. ZnO can be replaced by other divalent transition metal oxides such as CoO
[84,91,461], NiO [91], CuO [91], MnO [91] or MgO [462,606]. BaO can be substituted by SrO [90] and SiO, by GeO, [646] which all
drastically affect the T, and the accompanying volume effect. For example, the T; of BaZn,Si»O7 is 280 °C but a full replacement of ZnO
by CoO results in T; = 850 °C. Replacing BaO by SrO shifts T; to lower temperatures, even below RT. The low temperature phase has a
composition dependent CTE of 12-16e10°® K while the high temperature phase has a very low or even negative CTE [90]. Both the T;
and the CTE can be varied in an extremely wide range in this system [91,92].

The advantage of precipitating solid solutions from glasses is that physical properties can be continuously varied, i.e., tuned to an
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Fig. 30. Thermal expansions of Alp(M0Oy4)s, Cra(MoO4)s and Fey(MoO4)s. The sharp increase in length is attributed to a phase transition and
depends on the chemical composition, based on Ref. [647].
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application. Solid solutions with the compositions BaZny xMgySiO7 show a T; increase with an increasing MgO concentration [606].
The linear thermal expansion up to T; first decreases from x=0 to x= 0.2 and then continuously increases with increasing MgO
concentrations. This enables an accurate adjustment of the CTE by tailoring the chemical composition. The systems My(MoO4), (with
M=Al, Cr and Fe) show an analogous phase transition running parallel to a notable increase in volume as shown in Fig. 30. According
to Chapter 3.6.2, such phase transitions enable to introduce well defined stresses during cooling. This effect can be further tailored by
crystallizing solid solutions in the respective systems.

A wide formation of solid solutions is also observed in the perovskite system. For example the thermal expansion of the solid
solution system LaCo; xCrxOs3 is shown in Fig. 31. Here the CTE decreases from 23 to 8010°K! with an increasing Cr concentration,
enabling an wide range for tailoring the CTE via the precipitated perovskites.

By analogy, the CTE in the spinel system is also strongly affected by the formation of solid solutions. While Mn,CoO4 exhibits a CTE
of 7.4.107% K1 [649], that of MgAl,0, is 9-10° K [605]. Higher CTEs are observed in CuCo,04 (11.5-10° K [650]), MnCug_s.
C01.504 (12.3-10° K! [651]) and MnCo0204 (13.4-107% K1 [649]). Fig. 32 shows the CTE of Mn,Co3.4O4 as a function of the chemical
composition [649]. The CTE is 13.3 10°°K™! for Co30,4 (x=1) and linearly decreases with increasing Mn3O4 contents until reaching 7.2
10 K'! for Mn,CoO4 (x=2). This example shows that the CTE can be adjusted over a wide range by varying the Mn/Co ratio. The cubic
spinel structures have the great advantage that stresses due to anisotropic thermal expansion do not occur.

Not only the CTE of spinel solid solutions can be tailored by its chemical composition over a wide range; their specific electric
conductivity and magnetic properties can also be adjusted. While MgAl,O4 is an electric insulator and diamagnetic, magnetite (Fe3O4)
shows a high electric conductivity and is ferrimagnetic. There are multiple further reports on the crystallization of spinel solid solutions
from glasses and the resulting physical properties [399,419,652-656].

The Tcyrie of ferroelectric perovskite solid solutions in the system (Ba, Sr)TiO3 and related systems can be shifted to higher values by
increasing the BaO/SrO-ratio [657,658]. This helps with the tailoring of physical properties because the volume concentrations can be
kept constant, while only the composition of the respective phase is changed by adapting the glass composition and the required
temperature/time schedule for crystallization.

Crystallizing phases which incorporate various oxides can also be used to minimize concentration gradients around growing
crystals and in turn minimize the volume concentration of the residual glass. Crystallizing phases which form solid solutions with
impurities may also help to reduce raw material costs because enriching impurities such as Fe in a residual glass can notably affect its
physical properties.

3.8. Comparison of tools to tailor the microstructure and resulting properties

Fig. 33 compares the effects of phase separation, nucleating agents and nucleation inhibitors. At room temperature, immediately
after cooling, nuclei are not detectable in the cooled glass (or in phase separated glasses). During thermal treatments at typical
temperatures of Ty < T < T¢+50 °C, nuclei form in one of the phase separated glasses or throughout the bulk if nucleation agents are
present. If nucleation inhibitors are present, they typically prevent nucleation at this stage. At temperatures of typically Tg+100 °C or
above, but of course below Tj, the crystals grow until either the elements or space required for growth are depleted. In glasses con-
taining nucleating agents, the target phase is formed on, or around, the heterogenous nuclei. Glassescontaining nucleation inhibitors
form nuclei in this temperature range which then start to grow.

Fig. 34 presents an overview of some exemplary microstructures, their resulting properties and possible applications. Nanocrystals
with a shell, functioning as diffusion barrier and causing a narrow size distribution, do not scatter visible and near infrared light. For
the most advantageous applications, the preferably fluoridic crystals should incorporate rare earth and/or transition metal ions with
interesting luminescence properties. Possible applications are luminescence materials such as active laser glasses, up-conversion
glasses or light converters. Glass-ceramics containing interlocked needles or rods show interesting mechanical properties such as
high strengths and a high toughness. Applications are, e.g., dental ceramics based on Li-disilicate. Crystals with pronounced cleavage
planes, such as mica, can lead to glass-ceramics with a good machinability which is highly advantageous for molded components. They
can be applied in rapid prototyping and bone replacement in plastic surgery. Dendrites form comparably large, well-connected mi-
crostructures advantageous for the electric conductivity. They are hence of interest for thermoelectric materials intended for energy
harvesting where large-scale and low-cost components are required. For example, magnetite can easily be crystallized from glass in
dendritic morphology and has high Seebeck coefficients [659]. To increase the thermoelectric performance (figure of merit), the
propagation of phonons has to be suppressed by nano structurization. In contrast to other nanostructured materials [660], the den-
dritic microstructure is formed by self organization down to the nm-scale. The next example are glass-ceramics containing a phase with
a high CTE, or, even better, a phase transition with a high volume contraction during cooling at temperatures below Tg. The resulting
high tensile stresses in the radial direction and compressive stresses in tangential direction led to a high strength and fracture
toughness. A typical phase exhibiting the required properties is quartz with the o/f-quartz transition, i.e., not highly doped. Finally,
solid solutions offer the possibility to minimize the amount of residual glass, i.e., to maximize the crystalline volume concentration.
Advantageous crystal phases allowing the incorporation of various compounds and impurities are found in the melilite or perovskite
families. Depending on the composition, the resulting properties can be minimum creep, an adjustable CTE, a high ¢, and a tailored
Curie temperature. They can, e.g., be applied as dielectric glass-ceramics or seals with a CTE tailored for the specific application.

4. Concluding Remarks and Outlook
Glasses, and in turn glass-ceramics, can incorporate most chemical elements, apart from noble gases, allowing a very high
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variability of chemical compositions. Additionally, stresses can be introduced or removed and the degree of crystallinity can be
adapted. Consequentially, the physical and chemical properties of these materials are widely tuneable. Even restricting the field to
non-toxic components leaves a high variability, and glass-ceramics containing hazardous compounds such as Tl, Cd or As are no longer
industrially produced to the best of our knowledge. Only Pb-containing glass-ceramics are still being produced for special electronic or
optoelectronic applications. The chemical durability of most applied glass-ceramics is very high, but they do degrade when exposed to
soil or aqueous environments for a time scale of decades or centuries. Even the durability of lithium disilicate glass-ceramics is suf-
ficient for dental applications [42,45,100]. Hence, in contrast to organic polymers, their environmental impact is limited. Further-
more, glasses and glass-ceramics can serve as raw material reservoirs in a circular economy; they can be fully recycled without a
degradation of their physical properties.

There are many fields where a disruptive development can be expected. Currently, the most rapidly developing field are nano
crystalline glass-ceramics, which include the above noted ruby and photochromic glass-ceramics but also PTR materials. Irradiating
the parent glasses with interfering light followed by crystallization via a thermal treatment enables to produce alternating layers with
different refractive indices [348,661] which act as Bragg Gratings and can be used to adjust the wavelength of lasers or laser diodes.
Glass-ceramics containing crystals of AgBr [661], AgCl/NaCl solid solutions [662] or CaFs [350] grown on silver nano crystals are
currently under development for applications such as holograms, but possibilities to increase the difference in the refractive indices are
also of interest because this would enable to miniaturize devices such as Bragg gratings.

Other future applications of nano crystalline glass-ceramics include light converting materials to produce a warm white light from
LEDs. In contrast to luminescent ceramics and phosphors embedded in polymers, the glass-ceramics minimize visible light scattering.
In the near future, light converting materials are probably the largest potential application for luminescent glass-ceramics. They are
suitable for high intensity applications where polymer matrix composites are not applicable. Further potential applications are active
laser materials in a large wavelength range from the visible range to around 2.5 pm as optical losses can be minimal. In principle, fibre
laser cores may also be produced using glass-ceramics, but here precipitating the required nano crystals with a narrow size distribution
during fibre cooling requires a very delicate tailoring of the glass composition. Here re-heating the glass to nucleate and crystallize it
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should be impossible as that would immediately cause a strong decrease of the mechanical strength. One promising example in this
field is the precipitation of nano crystalline rare earth doped BaF; while drawing a BaFy/Zn0O/B,03 glass fibre without the necessity of
a subsequent crystallization step [663].

Up conversion glass-ceramics transferring two photons of infrared light to one photon of visible light would be a great advantage to
widen the exploitable spectrum for solar energy harvesting and increase solar cell efficiency. By analogy, nano crystalline glass-
ceramics showing the effect of quantum cutting may contribute to a more effective exploitation of UV light by semiconductors.
Here a high energy photon is transferred to two photons of lower energy which are still above the semiconductor band gap energy,
increasing the quantum efficiency.

Another rapidly developing field are glass-ceramics with special mechanical properties. Here, high Young’s Moduli and high
hardness are especially valuable for armour applications. In comparison to state-of-the-art materials such as a-alumina with very high
Young’s Moduli, glass-ceramics with comparatively high Young’s Moduli show far smaller densities which is, e.g., advantageous in
automotive engineering. The high strength and high fracture toughness of such materials are also favourable for dental applications
such as 3-unit bridges as they are easier to machine than state of the art ZrO, based materials.

Glass-ceramics for medical applications such as bone replacement/repairing are currently being improved with respect to their
mechanical properties and resorption rates. They can, e.g., be produced from phosphate or phosphosilicate glasses and can be
biocompatible, bioactive or even bioresorbable. Resorbable osteosynthesis materials could replace the currently used metals which
frequently require a surgical removal after the bones are healed.

Another growing field is that of crystallizing glass seals. They are especially advantageous, if materials with high CTEs (e.g.,
>10-10% K1) are to be sealed and the application temperature is high, e.g., >800 °C (as in high temperature fuel cells). Here non-
crystallizing glass seals are not feasible because their Ty is either far below the operating temperature or their CTE is much too
small. One major problem in this field is the adhesion of the glass-ceramic seal to metals. Seals chemically reacting with the metal have
the potential for a strong adherence and the strategies known from enamelling should be very useful in this field. Glasses containing
CoO [83] or NiO [460] can, e.g., react with an Fe containing alloy yielding metallic Co and Fe-oxide which then dissolves in the glass.
This is accompanied by interface roughening and a strong mechanical interlocking.

Rapidly crystallizing glass seals can also decrease the sealing time and save energy, e.g., via laser sealing. Although this procedure
has recently been successfully applied for sealing a-Al,O3 components within a few minutes [639], appropriate seals to join other
materials have not been suggested so far.

Many glass compositions are advantageous ion conductors and can be used in Li-ion batteries. Crystallizing appropriate phases may
substantially increase the Li" conductivity which has a positive impact on the battery efficiency [664,665]. Here, especially the
improvement of ion conductivity as well as of the stability and aging behaviour are the focus of current research [666].

Currently, most commercial glass-ceramics are still classic glass-ceramics where the second production step (crystal growth) is time
and energy consuming, requires special facilities and should be avoided if possible. This procedure was considered to be “controlled”
crystallization and distinguished from the “wild” crystallization which occurred during cooling [16] and usually led to coarse, often
dendritic microstructures without favourable properties and hence avoided.

If higher quantities of small crystals are to be grown during cooling, the composition of a glass melt should be tailored to achieve
high nucleation rates at a temperature sufficient to allow notable crystal growth. As noted above, the nucleation rate primarily depends
on the interfacial energy of the formed nucleus and the surrounding glass matrix. The interfacial energy for a nucleus in contact with a
silicate melt is reported to always range from 0.2 to 0.4 N/m [29]. The interfacial energy for the formation of amorphous droplets in a
glass matrix is much lower [110,667,668] and reported to range from 0.004 to 0.010 N/m [110,667]. Hence liquid/liquid phase
separation has a much lower activation energy than crystallization. If liquid/liquid phase separation leads to droplets with a low
network connectivity, it should also trigger crystallization in the droplets and enable to prepare materials with fine grained micro-
structures. This strategy has already been realized for the crystallization of fluorides from oxyfluoride silicate melts [669-672]. The
crystallization of glass melts by simply cooling them to RT is sometimes denoted as “self-crystallization” [669-674] but such a natural
effect, also observed in water or metallic melts, should not be discussed as a technological achievement as the key aspect is tuning the
composition. It has recently been reported that an oxidic melt with the composition 33 CaOe9 MgO-13 AlO; 5045 SiO5 [673] shows a
fine-grained microstructure after cooling. This composition has a network connectivity of 2.42, i.e., near the percolation threshold of
2.40 where no rigid network occurs [316].

The crystallization of Na;MgSiO4 from melts in the system SiO2/Al;03/P20s/Na,0/Mg0/CaO during cooling was observed in the
Refs. [320-322]. Here phase separation and subsequent crystallization occurred during cooling and the obtained glass-ceramics were
transparent to translucent depending on the respective chemical compositions. The crystallization of nanocrystalline fluorophlogopite
(NaMg3AlSi3Oq0F2) from a 64.45 Si0202.96 Alx0310.57 NayOe17.76 MgOe2.02 CaOe2.23 NaySiF¢ melt during cooling was reported
in Ref. [323].

So far, only a few papers report fine grained microstructures obtained by directly cooling a glass melt, especially containing oxidic
crystals. Utilizing this technique to produce useful materials from nonmetallic inorganic melts is, however, expected to be a rapidly
developing field in the future.
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