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Glass-ceramics are noted for their unusual combination of properties and manifold commercialized products for
consumer and specialized markets. Evolution of novel glass and ceramic processing routes, a plethora of new
compositions, and unique exotic nano- and microstructures over the past 60 years led us to review the definition
of glass-ceramics. Well-established and emerging processing methods, such as co-firing, additive manufacturing,

and laser patterning are analyzed concerning the core requirements of processing glass-ceramics and the per-
formance of the final products. In this communication, we propose a revised, updated definition of glass-cera-
mics, which reads “Glass-ceramics are inorganic, non-metallic materials prepared by controlled crystallization of
glasses via different processing methods. They contain at least one type of functional crystalline phase and a residual
glass. The volume fraction crystallized may vary from ppm to almost 100%".

1. Introduction

Glass-ceramics are celebrated for their unusual, exotic combination
of properties that resulted in manifold, high technology products for
both consumer and specialized markets [1]. The term glass-ceramic was
introduced by S.D. Stookey for Pyroceram (glass code 9606) commer-
cialized by Corning Glass Works in 1957. Stookey used a process-based
definition for this new class of materials: “...made by first melting and
forming special glasses containing nucleating agents and then causing con-
trolled crystallization of the glass particles” [2]. Before the development of
Pyroceram, Stookey worked on controlled crystallization in radiation
sensitive glasses (e.g., glass code 8603) which he named: photosensitive
opal glass [3]. In 1959 Stookey adopted a unified approach and used the
term glass-ceramic for both types of materials, independent on the type
of the nucleating agent used (Cu, Ag, Au or TiO,) [4].

* Corresponding author.

Inspired by his work, research activities around the globe led to
synonyms for glass-ceramics, such as Vitrokeram [5] and Sitalls [6].
Common to all these early developments was the method of shaping a
glass article and subsequently crystallizing it (internally) by a desired
time-temperature protocol (in the industry also called ceramming or
ceramization). This particular technology-driven approach to the pre-
paration of glass-ceramics has also been, starting from the 60s, reflected
in textbook definitions like “Glass-ceramics are polycrystalline solids
prepared by the controlled crystallization of glasses” [7] to those in more
recent monographs, such as “Glass-ceramics are ceramic materials formed
through the controlled nucleation and crystallization of glass” [8].

While originally the term glass-ceramics was supposed to describe
only materials that contain significant volume fractions of crystals
(> 50%), glass-ceramics of significantly lower crystal volume fractions
have also been developed over the last 60 years. Hence that early
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constraint is too limiting and is omitted in our revised definition as are
any restrictions on the number of crystalline phases or the bulk com-
positional family. While the aluminosilicate system has historically
comprised the majority of glass-ceramic research and commercializa-
tion, many other systems are now well known and subject of state-of-
the-art research for many years. Another new and important feature in
glass-ceramics production consists in the necessity of controlling the
evolution of different crystal types either simultaneously or in-
dependently growing in bulk or on the sample surfaces [9,10]. As both
surface- and bulk-nucleated glass-ceramics are of general interest, we
discard any such constraint. Finally, advanced routes of preparation,
such as co-firing, additive manufacturing, and laser patterning, can
result in a complex mix of crystals and amorphous phases. A further
assessment is needed to determine whether these materials can also be
classified as glass-ceramics.

The aim of this communication is to update the existing definition of
glass-ceramics by reviewing crystal-containing glasses obtained by
various preparation routes. In particular, we will discuss the nature,
volume fraction, and spatial distribution of crystals in glass-ceramics.
Critical comments from a group of experienced researchers from aca-
demia and industry lead to a revised and more useful definition of glass-
ceramics, and may be used as the standard for the “glass” and other
scientific communities.

2. Three-step processing

An updated definition of glass-ceramics should reflect the core
processing idea of Stookey and other pioneers in this field, who en-
visaged the fundamental advantages of the glass-ceramic route as
compared to ceramic processing. The traditional glass-ceramic route is:
i) melting, homogenizing, and refining a batch to form an optically
homogeneous glass, usually containing one or more nucleating agents;
(ii) forming a glass article by hot-shaping (pressing, blowing, rolling,
etc.), and (iii) inducing internal crystallization by controlled thermal
treatments to result in a pore-free, near net shape product providing the
desired functionality. The first two steps (i and ii) of glass-ceramic
development or manufacturing require the ability to make a glass ar-
ticle, whereas the third step (iii) requires knowledge of the liquid-to-
crystal transformation kinetics to develop a time-temperature protocol
for the conversion of the glass into a glass-ceramic (Fig. 1).

(i and ii) As the first and second step require the melting and
shaping of a glass article, several routes are conceivable, including the
usual melt-quenching from above the liquidus temperature, Ty, but also
sol-gel or vapour deposition techniques — where the reaction/deposition
temperatures are below or above the glass transition temperature, T
(Fig. 1) [11]. These routes may result in powders, thin films or bulk
glass products of desired shapes. We note that glasses can be dis-
tinguished from amorphous solids. A definition of glass and a detailed
description on their behavior when heated through the glass transition
range can be found elsewhere (e.g., textbooks of glass science [12-20]).
To verify glass formation, for instance, DTA/DSC signals can be used,
and one form of evidence comes from the occurrence of the Ty-en-
dotherm ahead of the crystallization exotherm upon heating. However,
in systems with very rapid crystallization upon heating, the T, en-
dotherm can be entirely overwhelmed by the crystallization exotherm;
in these cases, microscopy or X-ray analysis may afford a better means
by which to ascertain the glassy nature of the starting materials.

If the melt-quenching route is used, cooling rates larger than the
critical ones (q = q.) are necessary to form a glass [21]. Uhlmann's
classic treatment correlated a crystal fraction of one part per million
(X = 10~ °®) with the onset of crystallization; interestingly, this meager
amount is below the detection limit of X-ray diffraction, a traditional
method to determine the onset of crystallization (see Section 3.5 for
more discussion).

In practice, the nose coordinates Ty and 8t depend on the nucleation
mechanism. In the case of heterogeneous nucleation, the time-
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temperature-transformation (TTT) curve of X = 107° can be shifted
from the homogeneous nose curve towards higher temperatures and
shorter times as the temperature range of nucleation is shifted to a
higher temperature [22-24]. Additions of nucleation agents act in the
same way by broadening temperatures and shortening times in the
approach of the heterogeneous nose curve [25]. Applying smaller rates
than g, larger volume fractions of crystals are formed during cooling.
The glass devitrifies uncontrollably by a spontaneous crystallization
process, i.e., heterogeneous nucleation takes place at substrates and
surfaces and is followed by rapid crystal growth (Fig. 1). Due to the
stochastic nature of this process, onset temperatures and nucleation
sites vary for each cooling run [26] and a devitrified glass is formed
instead of a glass-ceramic. In practice, these materials comprise “wild”
microstructures from which their functional properties cannot be tai-
lored.

We use the terms homogeneous and heterogeneous nucleation to
distinguish between nucleation processes that occur in the absence of
external active sites in the system under consideration, and those lo-
cated at active sites, catalysing nucleation. Active sites can exist in the
interior and at the surfaces of a glass specimen (shaped article, powder
particle) [27]. External means that these sites are generated by contact
with at least a second phase (precipitated agent, container material,
atmosphere, etc.).

(iii) The third step converts a glass article into a glass-ceramic via a
controlled temperature-time process engineered to produce a desired
crystalline microstructure without unintentionally deforming the glass
piece. The time necessary to develop the desired crystal fraction de-
pends on the number of sites per unit volume, Ny, available for crystal
nucleation and on the rate, U, at which crystals of size r grow with time
t from these sites. Assuming (1) random internal nucleation (infinite
sample size or negligible surface nucleation); (2) that the rates of nu-
cleation and growth are time-independent (dNy/dt = I(t) = const. = I,
and dr/dt = U(t) = const. = Uy); (3) applying the formal JMAK theory
(impingement of randomly distributed crystals undergoing isotropic
growth) for the time to build-up a certain crystal fraction, X and (4)
isothermal conditions, one can approximate X by [28-30]:

X@)=1 —exp[—nA

I Untn+1:|’
+1°7°

(€]
where A is a geometrical shape factor (=4m/3 for spheres), and n is the
number of independent spatial directions of growth.

For site saturation (heterogeneous nucleation from a given number
of sites, Ny), I, has to be replaced by Ny, and the term **! by . An
overview of possible values of n as a function of the mechanism of
nucleation and the growth morphology is available [20].

To achieve desired microstructures, more complex time-tempera-
ture protocols are frequently used, including heating and cooling ramps
with one, two or three subsequent holds, (Fig. 1). Under non-isothermal
conditions, Eq. (1) changes to an integral expression of the form [20]:

t n
‘/' U(t”) dt/r:|
£ (2)

The second integral term describes the growth of dN(t) = I(t)dt
clusters formed at t’ in the interval dt’ until ¢, i.e. in the time interval
(t-t), whereas the first integral accounts for the summing-up of the
whole set of such evolution steps. It follows from this relation that the
selection of the temperature profile may significantly affect the time
evolution of the crystal fraction.

Also, the time to achieve a certain crystal fraction may vary due to
finite size effects, non-uniform nucleation, anisotropic particle forma-
tion, transient nucleation, and elastic stresses. Furthermore, the con-
ditions for crystal impingement may change from the classical JMAK
correction to non-classical solutions [31]. Hence, Egs. (1)—(2) are cri-
tically reviewed in Refs. [32-38]. Further complication of the crystal-
lization scenario results when the crystals and parent glass have

t
X)) =1- exp Afl(t')dt’
0
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Fig. 1. Schematic description of the conversion of a glass into a glass-ceramic. The critical cooling rate is q. = (Tr.— Ty) / 8t with Ty, = liquidus temperature, and Ty = “nose temperature”
(=temperature at which the time 8t to achieve a crystal fraction of 10~ ° is shortest, according to Eq. (1)). Glass formation by melt-quenching takes place for ¢ > g.. “Uncontrolled”
spontaneous crystallization occurs for ¢ < q.. The glass-ceramic A is obtained during cooling, whereas glass-ceramics B and C are converted by single and double-stage heat-treatments,

respectively.

different chemical compositions, as local chemical gradients lead to a
soft impingement, providing additional barriers to transport properties
[39], can change the number and activity of nucleation sites, and es-
tablish under certain conditions an equilibrium between the first crys-
talline phase and the residual melt [40].

It should be stressed here that, in this processing step, the heat-
treatment temperatures and times should be carefully chosen not only
to induce the desired crystallization but also to avoid unwanted de-
formation of the (already shaped) glass articles. Fig. 2 illustrate a ty-
pical microstructure that evolves by the three-step processing of glass-
ceramics.

3. Discussion
3.1. Glassy materials

In principle, glasses can be prepared from a broad variety of sub-
stances, including inorganic materials, organics, metals, and polymers.
In practice, however, the term glass-ceramic is used only for inorganic,
non-metallic materials. In this respect, one has to consider the chemical
nature of the glassy parts and crystals in glass-ceramics. If one agrees
that only covalent, polar covalent, and ionic compounds should be
meant, then low molecular weight organic, polymeric, and metallic
glass matrices would be ruled out. Following this restriction, also the
crystal structure of nucleated and grown crystals has to be of an ionic-
covalent character (halides, chalcogenides, oxides, nitrides, etc.). This
would rule out metal nanoparticles, such as those in photosensitive gold
ruby glasses since Au-particles are the only crystals precipitated by
heat-treating the parent glass. However, if these particles are active

Fig. 2. Example of a typical microstructure of a glass-ceramic obtained by bulk crystal-
lization through the addition of nucleating agents as observed by scanning electron mi-
croscopy (O. Fraboulet, Corning SAS, unpublished work). The main crystalline phase is a
B-spodumene solid solution. Minor phases are also visible. The microstructure has been
revealed via a chemical attack which dissolves predominately the residual glass.

nucleation sites for non-metallic crystals, such as alkali silicates, then
this second type of crystal would qualify for being assigned to a glass-
ceramic (in agreement with the classification of Stookey in 1959 [4]).
The latter example explains the strategy used to produce most glass-
ceramics that relies on splitting the nucleation and functionality tasks
between two or more types of crystals (Fig. 3). At the same time, one
may argue that photochromic glasses fall outside the glass-ceramic
definition since their functionality is related to the formation of silver
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Fig. 3. Example for splitting the nucleation task and functionality tasks between two
types of crystals as a basic microstructural strategy to develop glass-ceramics. A central
ZrO, crystal (dark, star-shaped) acts as a nucleation agent (external active site) for the
crystallization of the functional crystal (high quartz solid solution type) which grows
around the ZrO, crystal into the glassy matrix. TEM-micrographs of a 51.9 SiO, — 21.1
MgO - 21.2. Al,03 - 5.7 ZrO, (mol%) base glass heat treated at 950 °C for 15 min. For
details see Ref. [41].

nanocrystals causing reversible tinting and fading. We note that liquid-
liquid phase separation can also assume the nucleation task, such that
nucleation does not necessarily lead to another type of crystal (see
Section 3.3 for details).

3.2. Glass powders

Glass powders are routinely prepared by milling frits. Other
methods of preparation (e.g., melt spraying) and exotic sources of glass
(e.g., glass fragments from shock wave treatments of crystals) are
conceivable, including a direct production of glass powders by a che-
mical route such as flame/plasma pyrolysis. If glass powders are used to
shape a green body (plus additives/binders which are burned-out
during firing), the subsequent heat treatment allows not only for nu-
cleation and crystal growth at surfaces and in the volume of glass
particles, but also for viscous sintering. The latter allows low-cost
ceramic shaping technologies, but it causes considerable shrinkage and
the resulting products often contain some residual porosity. It then
follows that two of the most outstanding benefits of glass-ceramic
processing, i.e., near net-shaping and the absence of porosity, are lost.
To display these striking differences, glass-ceramics produced by the
powder route are named sintered glass-ceramics [38] or frit-derived glass-
ceramics [8]. The same applies to layers and films of glass powders
sintered on, or fused between, any substrates if controlled crystal-
lization is used to reach desired properties. However, these materials
are assigned to glass-ceramics since the chronological sequence of the
three core processing steps, i.e. (i) glass formation, (ii) shaping an ar-
ticle, and (iii) ceramming the article, remain preserved. Differences
apply only to the type of shaping, which is in the traditional glass-
ceramic route a hot-forming process above T,, whereas, using powders,
articles are shaped by cold-forming (casting, spraying, dipping, etc.) at
ambient temperatures (T < Tg). On the other hand, if powders from
gels are used, such as xerogels — a xerogel consists on a continuous solid
network surrounding and supporting a continuous liquid phase - the
glassy network and a desired crystalline phase can evolve concurrently
during running the time-temperature protocol. This can be addressed as
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a borderline case since processing steps (i) and (iii) occur most likely at
the same time. A measure on how to distinguish glass-ceramic proces-
sing from other manufacturing can be to include also the shaping step
(ii) into the consideration. If gels are shaped before the heat treatment
step (ii), the chronological sequence of a glass-ceramic processing is
invalidated.

Applying quite similar ceramic processing, glass powders can be
mixed with ceramic or other fillers and organic additives keeping their
superior properties, but offering the benefit of low sintering tempera-
tures. In contrast to sintered glass-ceramics, and depending on the
glass-to-filler ratio of these mixtures, names such as glass matrix com-
posites (20-55% filler) and glass-bonded ceramics (80-97% ceramic
filler) have been established by the ceramic community [38]. The no-
tation “glass matrix composite” applies independently from the fact that
crystallization can be triggered during or after sintering within the glass
matrix. The effect of glass matrix crystallization can be used, e.g., for
the increased post-firing stability of so-called “low temperature co-fired
ceramics” [42]. Further, glass matrix composites [43] but also glass-
ceramics [44] are widely used in sealing applications (e.g., SOFC),
where the properties of the grown crystals and the added ceramic fillers
improve the thermomechanical performance of the sealed system, such
as by adjusting the thermal expansion behaviour.

We note that the mere presence of porosity is not a sufficient cri-
terion for using the term sintered glass-ceramics. Thus, even in case of
hot glass-forming, crystallization-induced porosity can appear due to
density misfits of crystals and glasses [45]. Additionally, pores, micro-
cracks, and interstices can take part in the desired product properties
[46]. Further, open and closed porosity can be built up on purpose in
cellular engineered glass-ceramics using the replication technique
(templates) and by additive manufacturing (3D-printing). In these
materials, porosity can be hierarchically organized, as in scaffolds for
bone tissue engineering and catalytic substrates where bridges, necks,
and struts of 3D-structures result after controlled crystallization in a
desired porosity at the mesoscale [47]. In contrast, if mixtures of glass-
frits with ceramic fillers are milled for slurry preparation to improve,
for instance, the mechanical strength of the final material, they are glass
matrix composites or glass-bonded ceramics [48], independent on the type
of cold-shaping (3D-printing, templates, etc.).

3.3. Multiple glassy states and crystal phases

Liquid immiscibility, i.e., liquid-liquid phase separation, is fre-
quently observed in glasses after quenching, or can take place at an
early stage of a subsequent heat-treatment. If a stable immiscibility
region is evident (critical temperature Tc > T), a homogeneous glass
cannot be formed. But in case of a sub-liquidus immiscibility region
(Tc < To), phase separation is relatively slow and can be controlled.
Even multiple phase separation processes are known to occur in glasses
of sluggish kinetics where the droplet and matrix phases may demix a
second and third time, or form halos and shells around the glassy mi-
crophases as a consequence of impeded or incomplete diffusion pro-
cesses [15]. During heating, crystal nucleation can occur in one of these
glassy microphases, which then serves as a natural boundary to con-
strain the maximum size of the growing crystal (Fig. 4). One example
for crystallization as a consequence of an initial phase separation is the
core-shell structure of zircotitanates (nucleating agent) in lithium alu-
mosilicate glass-ceramics [50]. Other examples are oxyfluoride glass-
ceramics in which rare-earth metal fluoride nanocrystals grow inside
demixed glassy droplet structures [51]. Spinodally-decomposed phase-
separated structures have also been reported to induce the formation of
functional nanocrystals in glass-ceramics [52]. Also, the formation of
semiconductor quantum dots in oxysulfide glasses is probably caused
by the early phase separation of a sulfur-rich droplet glass in which, for
example, photoluminescent lead chalcogenide crystals grow to nano-
metre sizes [53]. Other cases are two-fold crystallization processes,
where one type of crystal grows in the droplet glass while other crystals
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Fig. 4. Example of a phase separated glass (left) in which, after ceramming, functional crystals grow inside the droplet structure (right). As a result, a relict microstructure is developed as
the droplets serve as natural boundaries to limit the size of functional crystals. TEM micrographs of a 78 Ge0>-9.8 Zn0-9.8 Ga>03-2.4 Na,0 (mol%) base glass. The functional crystal is a

spinel type Zn;.xGas.oxGexOy4. For details see Ref. [49].
evolve in the glass matrix [54].

3.4. Energy sources to provoke crystallization

Desired crystallization processes can be induced intentionally by
different energy sources (flame, laser, UV-radiation, electron beam,
etc.). The type of energy supply governs the ceramming conditions in
practice. Thus, in traditional ceramming, a kiln is used, and crystal-
lization starts when the glass is heated above T, (glass-ceramics B and C
of Fig. 1) while using a laser source, crystallization is induced when the
heated glass cools (glass-ceramic A of Fig. 1). In all cases, ceramming is
executed to achieve desired microstructure-property relations of the
final glass-ceramic.

Notably, laser-induced crystallization has been reported as a new
method for the design and control of crystallization in glasses [55]. The
glass-to-crystal transformation starts at the rim of the initial laser spot,
where the temperature of the supercooled melt is below the liquidus,
and a thermodynamic driving force triggers crystal nucleation. Another
case is realized when the local temperature around laser spot is above
the liquidus, and local elemental diffusion increases the crystallization
tendency of the glass, resulting in the precipitation of multiple types of
crystals in a controlled manner [56] (Fig. 5). If the laser spot is moved,
a growth selection process is initiated, and one crystal finally grows into
the direction of the moving spot, which enables one to write patterns of
a single crystal in a glass. This process is described as self-organized,
homo-epitaxial crystal growth [57], in which the interplay of the heat
of crystallization with the heat of the laser irradiation keeps the tem-
perature constant at the moving crystallization front. In case of single-
crystal laser-patterning N, = 1, artificial polycrystallinity can be added
if patterns of several crystals are written in the same glass article. Since
laser-induced crystallization generally results in oriented crystals — a
prerequisite to producing a functional optical device using, e.g., opti-
cally non-linear crystals — the isotropy of the functional property is
avoided. To indicate this vital change in property, glass-ceramics pro-
duced by laser-patterning we herein term laser-patterned glass-ceramics.

Another way to prepare a glass-ceramic is by field-assisted crystal-
lization where, besides heating to temperatures above Ty, external fields
(e.g., mechanical, electrical, and magnetic) are applied [58]. These
fields can be used to provoke primary crystallization in glasses or to
align randomly grown crystals of glass-ceramics. The latter group in-
cludes glass-ceramics which are reheated and extruded through a die
[59]. The former group accounts for electrochemically induced nu-
cleation processes in melts close to T;, [60] and to thermal poling [61]
and electron beam induced crystallization [62] of glasses at tempera-
tures close to Tj. If the evolution of microstructure of these materials
can be adjusted by the control parameters of the field (field strength,

Fig. 5. Example for “eye”-shaped crystal in a glass-ceramic formed around a laser-in-
duced dot. A regenerative amplified Ti: sapphire laser with a 250 kHz, 80 fs, and 800 nm
mode-locked pulse was employed to induce a damage spot with the size of ca. 70 um. The
BaAl,Si,Og crystal forms around the spot after heat-treating at 840 °C for 2h (from S.
Zhou and J. Qiu, unpublished work).

current density, etc.) and the number densities, orientations, patterns,
and textures of functional crystals result in desired properties, a glass-
ceramic is fabricated. In contrast, if the microstructure evolves un-
desirably and cannot be controlled during these treatments, a partially
crystallized glass is prepared but not a glass-ceramic. Again, to indicate
the change from isotropic to anisotropic functional properties these
glass-ceramics are named oriented glass-ceramics [10,63] and poled glass-
ceramics [64], respectively.

3.5. Crystal and glass fractions

In Uhlmann's kinetic treatment of glass formation [21], the crys-
tallized volume fraction of a glass-ceramic has to exceed 1 ppm (this is
an arbitrary value, reasonably chosen by Uhlmann, as being below the
limit of detection by experimental techniques available in the early
70s). At this point, the definition of the minimum size at which a na-
nocrystal is considered a crystal (and not a cluster) arises. It is not that
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easy, as standard textbooks refer to the ability to diffract and the cap-
ability to detect diffraction signals is dependent on the experimental
method used. For example, “X-ray amorphous” is different from “elec-
tron amorphous”. From our experience, a nanocrystal possessing 5 to 6
lattice planes gives rise to interference patterns that can be imaged (by
scanning transmission electron microscopy slightly better than by high-
resolution TEM) or detected in electron diffraction patterns. But, in
principle, also marginally smaller nanocrystals (showing translational
periodicity over 3 to 4 unit cells) are different from clusters, but can
hardly be imaged or detected by diffraction. Other techniques (like
multi-quantum NMR, or EXELFS) probe the nearest or next-to-nearest
neighbor environment and also do not adequately cover the foggy re-
gion of the small nanocrystals (< 5nm).

Besides experimental traceability, it is not immediately obvious that
a small fraction of crystals can add some functionality to a glass-
ceramic. However, for optical properties, such as luminescent crystals,
fractions below 1% (10,000 ppm) have been reported to have an effect.
In case of lead chalcogenide crystals (crystal-to-matrix density
ratio = 3) functionality is achieved with ca. 3000 ppm [53]. Other ex-
amples are “photo-thermal refractive glasses,” which are glass-ceramics
containing < 1% of nanosize NaF crystals embedded in an optical glass
matrix of many components. They display beneficial optical function-
ality and are currently produced by at least three companies [65].
Meager amounts of NaF crystals (up to a few percents) are also present
in “opal glass” products, where precipitation of fluorides are used to
opacify the glass. Also in ophthalmic glasses, low volume fractions of
CuCl or CuBr crystals are precipitated to provide a sharp UV cut-off (at
400 nm) (Fig. 6). We note that the majority of these materials are
commercialized as glasses and not as glass-ceramics since the relevant
parent glass properties (e.g., softening point) remain almost unchanged
by crystallization of such low volume fractions.

Another relevant aspect comes from the number of crystals grown
due to impurities. In regular lab-melted glass (small volume, not
stirred), the “natural” level of impurity-induced crystals was approxi-
mated as ca. 10 crystals per cubic millimeter [66], whereas for better
homogenised glass (larger volume, stirred) 10X lower number den-
sities have been reported (1 crystal per mm?) [25]. Using this threshold,
and allowing the crystals to grow to micrometer sizes (e.g., r = 10 pm),
a volume fraction of about 0.4-4 ppm is transformed, meeting the
current criterion of glass formation (1 ppm). Thus, one can state that

70.00 nm

Fig. 6. Example of an ophthalmic glass that comprises homogeneously distributed copper
halide (CuX) nanocrystals of average size 8-10 nm (from Y. Brocheton et al., Corning SAS,
unpublished work).
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glass-ceramics have to contain volume fractions of crystals above this
low level to distinguish properly nucleated and grown crystals (in the
sense of controlled crystallization) from crystals grown at imperfec-
tions. It should be noted that not all impurities can serve as active
centers for nucleation. Also, it is not easy to differentiate impurity-in-
duced crystals from crystals formed during cooling path of the melt.

At the other extreme, one can discuss the effectiveness of a small
volume fraction of residual glass in glass-ceramics. In this case, the
improvement of specific optical properties, such as high transparency,
can be a main driving force for developing unique quasi-glass-free mi-
crostructures. We note that the ability to obtain very low fractions of
residual glass is mainly linked with the impurity-level of the raw ma-
terials, the ceramming regime, and the solid-solution capacity of the
evolving crystals.

To our knowledge, there is no clear definition for the residual glass-
fraction in other material classes, such as in ceramics (hard porcelain
70%, bone china 30%, silicon nitrides < 10%) from which a criterion
for glass-ceramics could be derived. Of course, one can rely on the
lower detection limit of an intergranular glassy fraction in a glass-
ceramic, using advanced X-ray diffraction and electron microscopy
techniques which, for an amorphous grain-boundary film, a thickness of
approximately three to four monolayers. Assuming 1 ppm again as the
lower limit of the residual glass fraction (=1-X), a second TTT-curve
can be constructed via Eqs. 1-2 (Fig. 1). In case the above-mentioned
methods fail to detect a residual glass, the definition of a glass-ceramic
would not apply. Examples are polycrystalline ceramics prepared by
ceramming a glass to full crystallization that is 100% crystal fraction
[67,68]. In these materials, a residual glass is undetectable, although
the processing to achieve such ceramics match those of glass-ceramics.

4. Summary

Glass-ceramics are approximately 65 years old and noted for their
unusual combination of properties that lead to a manifold of high
technology products for both consumer and specialized markets. They
are obtained by controlled crystallization of inorganic, non-metallic
glasses. Their microstructures comprise at least one type of functional
crystal and one glassy fraction. Crystal and glass volume fractions above
the ppm-level are adequate in our definition of glass-ceramics. Glass-
ceramics are either pore-free or show various levels of porosity. Pores
can be engineered (e.g., additive manufacturing) and provide a critical
part of the desired structure-property relation of the desired glass-
ceramic. On the other hand, pores may be by-products of undesired
processes, such as incomplete sintering of parent glass powders. If
glasses are mixed with other crystalline materials (ceramics, metals,
semiconductors, or polymers), they are composites and not considered
as glass-ceramics. The same rule applies for amorphous precursors that
are not glasses (lack of T), and glasses in which only metallic particles
are precipitated after crystallization, as they are not “cerammed”.
Further, “seeded” glasses containing only crystalline nucleation agents
are not considered to be glass-ceramics, as a desired functionality by
this crystallization is typically not achieved. On the other hand, no
constraint is proposed concerning the source of energy to induce crys-
tallization in glasses, if desired microstructure-property relations can be
achieved in the final glass-ceramic. Also, no restriction applies to the
type of crystal nucleation (heterogeneous and homogeneous), the dis-
tribution of active nucleation sites (surface and volume), and crystal
growth (randomly oriented or aligned), as long as the evolving micro-
structure serves for the desired property portfolio. In contrast, we ex-
clude spontaneously devitrified glasses from the group of glass-cera-
mics, as they lead to undesired microstructures, resulting from
uncontrolled nucleation and crystal growth processes and lead to non-
desirable properties.

In this communication, we consider that the original definition of
Stookey from 1958 is primarily still valid: “Glass-ceramics are made by
first melting and forming special glasses containing nucleating agents and
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then causing controlled crystallization of the glass.” However, due to nu-
merous developments in the past six decades, we propose an updated
and more complete definition: “Glass-ceramics are inorganic, non-metallic
materials prepared by controlled crystallization of glasses via different
processing methods. They contain at least one type of functional crystalline
phase and a residual glass. The volume fraction crystallized may vary from
ppm to almost 100%”.

We are aware that this definition limits the use of the term glass-
ceramic to inorganic non-metallic materials. It basically follows the
definition of ceramics, which are inorganic non-metallic materials, de-
spite the fact that glass-crystal composites can be made from bulk
metallic glasses and from organic glassy systems obeying the same three
steps of manufacturing in which glasses are formed, glass articles
shaped, and finally these glass articles crystallized in a controlled way.
Thus, a fundamental limitation of the here updated definition of glass-
ceramic is, that it is dependent on chemistry, whereas the definition of
glass is independent on chemistry. As a consequence and to encompass
all types of glass-crystal composites, including glass-ceramics, an over-
arching term needs to be defined shortly.

It should, finally, be stressed that this communication does not
claim to comprehensively address all novel processing routes which
could be of relevance in the manufacturing of glass-ceramics. It includes
- or at least only mentions - some borderline cases that are still open.
Further discussion in a scientific committee or permanent scientific
panel such as the Technical Committee 07 “Crystallization and Glass-
Ceramics” of the International Commission on Glass (ICG) is needed.
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