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GLASS-CERAMIC COMPOSITIONS, ARTICLES, AND METHODS OF MAKING
THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

{11 This application claims the benefit of priority to U.S. Provisional Application
No. 63/057 404, filed July 28, 2020, the content of which is incorporated by reference

herein in its entirety.
TECHNICAL FIELD

[2] The present invention generally relates to glass-ceramic compositions,

glass-ceramic articles comprising the same, and methods of making the same.
BACKGROUND

[3] Glass-ceramics, nucleated and crystallized from a certain composition of
glass, are known for their low thermal expansion, high mechanical strength, and
good thermal stability. Glass-ceramics, such as Lix0O-AlO:-Si0; (LAS) systems,
combine the advantages of near-zero thermal expansion and good transparency,
together with high fracture toughness and ion-exchange potential. it is known that
Li2C-AROs-Si02 glass-ceramics can contain different phases, such as B-quartz solid
solution and B-spodumens solid solution, or petalite. it is also known that the
properties of the glass-ceramic compositions are strongly dependent on their phase

composition.

{4} it was shown in the past that the glass-ceramics could be designed with
near-zere thermal expansion over a large temperature range by balancing the
amount of negative expansion of the B-quartz and positive expansion of the residue
glass. Many commercial glass-ceramics (Vision (Corning [11-12]), Zerodur, and
Ceran (Schott [13-17]), Narumi and Neoceram™ N=0 (NipponElectric {18-181)
containing B-quartz crystals have been used to make radiant cooklops, transparent

cookware, woodstove windows, and fire doors.

{51 The B-spodumene solid solutions formed when the B-quartz is heated at 850
°C for eight hours. Corning Ware® 9608, containing B-spedumene main phase and

rutile minor phase, is a well-known glass-ceramics used for low-cost kitchen
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applications. However, most of the B-spodumene glass-ceramics are opagque, as

they crystallize at relatively high temperature and low viscosity.

6} Accordingly, a need exists for alternative glass-ceramics compositions
having improved mechanical properties while exhibiting fransparent, opague, or
transiucent properties, depending on a specified need. These needs and cther

needs are at least partially satisfied by the present disciosure.
SUMMARY

71 The present invention is directed 1o a glass-ceramic composition comprising:
a) from about 2 mol% to about 20 mol% of AlzOs; b} from about 2 mol% 1o about 45
mol% of Li20O; and ¢} from about 48 mol% to about 80 mol% of Si0z; having a pB-
spodumene phase and a lithium silicate crystalline phase, and optionally a petalite
phase. in yet further aspects, when AlOs is present from about 5 moi% o about 7.5
mol %, the glass-ceramic composition comprises a major crysialline phase
comprising from about 20 {o about 80% of the p-spodumene phase and from about
20 o about 80% of the petalite phase and a minor crystalline phase comprising up o
about 10% of the lithium silicate phase. While yet in other aspects, when Al2Os is
present from about 7 moi% to about 12 mol%, the glass-ceramic compaosition
comprises a major crystaliine phase comprising from about 80% to about 80% of the
g-spodumene phase and a minor crystaliine phase comprising up to about 10% of

the lithium silicate phase.

8} in still further aspects, the disclosed glass-ceramic compositions can further
comprise: a) from 0 mol% to about 8 mol% of B20s3, b} from 0 mel% to about 8 mol%
of ZrOz, ¢) from 0 mol% fo about 5 mol% of P20s, and d) from 0 moi% to about 5

mol% of Nax(0.

91 Also disclosed herein is a glass-ceramic composition comprising: a) AlGs
present from about 2 mol% io about 20 mol%, b) Si02 present from about 48 mol%
to about 80 mol%, ¢} R'z0 present from greater than 0 mol% o about 45 moi%; and
wherein R20 comprises Li20, NaxQ, K20, Ag:0, Cux0, Cu, or a combination
thereof, wherein the composition comprises a major crystalline phase comprising a
B-spodumene phase, and optionally, a petalite phase. In such exemplary aspects,

when AlzOs is present from about 5 mol% to about 7.5 mol %, the glass-ceramic
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composition comprises a major crystalline phase comprising from about 20 to about
80% of the B-spodumene phase and from about 20 to about 80% of the petalite
phase. While in yet other aspects, when AlO: is present from about 5 moi% to about
7.5 mol % and Li20 is present from 20 mol% to about 25 mol%, the glass-ceramic
composition comprises a major crystalline phase comprising from about 20 to about
80% of the B-spodumene phase and from about 20 1o about 80% of the petalite
phase, and a minor phase comprises up to 10 mol% of the lithium silicate phase. In
still further aspects, such compositions can further comprise: a) BzOa present from 0
moi% to about 8 moi%, b) ZrO:z from 0 mol% fo about 8 mol%%, and ¢) P20sfrom O
mol% {0 about 5 mol%. In still further aspects, the disclosed herein compositions can

comprise a compressive stress layer.

F10] Also disclosed herein is a glass-ceramic article comprising any of the
preceding compositions. In cerfain aspects, also disclesed is a glass-ceramic article
comprising compositions having a compressive stress layer. In such exemplary
aspects, disclosed are articles where the compressive stress layer extends from a
surface of the article to a depth of the compressive stress laver, and wherein the

depth is from about 1 um o about 100 um.

F11] Also is disclosed a glass-ceramic article comprising: a} from about 2 mol%
to about 20 mol% of AlCs, b) Si0:2 present from about 48 mol% to about 80 mol%;
and R0 present from greater than 0 mol% to about 45 mol%; wherein R’20
comprises LizO, NazQ, K20, Ag20, Cux(, Cul, or a combination thereof, wherein
the composition comprises a major crystalliine phase comprising a B-spodumene
phase, and optionally, a petalite phase. The articles disclosed hersin can comprise a
hollowware, tablewars, container, plate, sheet, float/flat sheet, cockware, powder,
fiber, cones, spheres, blades, or any combination thereof. In still further aspecis, the
articles disclosed herein can be formed by a fioat or flat glass press process, a

press-and-blow process, a blow-and-blow process, or any combination thereof.

{12] Also disclosed herein are methods comprising: a) forming a mixiure
comprising from about 2 mol% to about 20 mol% of AlzOs, from about 2 mol% to
about 45 mol% of LiO; and from about 48 mol% to about 80 mol% of Si0z; b)
forming & homogeneous composition; and ¢} ceramming the homogeneous

composition {o form a glass-ceramic composition. in yet further aspects, the methods
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disclosed herein further comprise a step of ion-exchange treatment comprising
placing the glass-ceramic composition into a molten salt bath comprising sodium,
potassium, silver, or copper () ions or a combination thereof at conditions effective
to provide an ion-exchanged glass-ceramic composition. In such exemplary aspects,
the formed the ion-exchanged glass-ceramic composition comprises: a) AlOs
present from about 2 mol% to about 20 mol%:; b) Si0: present from about 48 mol%
to about 80 mol%,; ¢) R20 present from greater than 0 mol% to about 45 moi%,; and
wherein 20 comprises Liz0, Naz0, K20, AgO, Cux0, Cul, or a combination
theraof, wherein the composition comprises a major crystalline phase comprising a

B-spodumene phase, and optlionally, a petalite phass.

{131 Also disclosed herein are methods of forming an article comprising forming
any of the disclosed above compositions and then forming the article, wherein the
article comprises a holiowware, tableware, container, plate, sheet, float or flat sheet,
cookware, powder, fiber, cones, spheres, blades, or any combination thereof. In still
further aspects, the step of forming the glass-ceramic arlicles comprises a float or
flat press process, a press-and-blow process, a blow-and-blow process, or any

combination thereof.

£14] Additional aspects of the disclosure will be set forth, in part, in the detailed
description, figures, and claims which follow, and in part will be derived from the
detailed description, or can be learned by practice of the inveniion. itis to be
understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the

invention as disclosed,
BRIEF DESCRIPTION OF DRAWINGS

[15] FIGURE 1 shows the phase diagram of Li20-Alz03-8102 (according to

reference [B]).

[16] FIGURES 2A-2B depict XRD patterns: FiIG. 2A shows an XRD pattern of
exemplary glass-ceramics, with petalite and LIAISIOs as the main two phases, and
Li2Si0s as & minor phase,; FIG. 2B shows an exemplary XRD pattern of other
exemplary glass-ceramics. When AlCs in the composition is too high, the formation

of the LiAlSizOs phase is favorable. When AlzOs is too low in the composition, the
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formation of the LizSi0s phase is favorable. When Si02 is too high in the

composition, the formation of the SiQ: phase is favorable.

{177 FIGURES 3A-3B depict DEC patterns: FIG. 3A shows an exemplary D&SC
pattern of samples with different amounts of LiC and AlOs, FIG. 3B shows glass

transition temperature {Tg) change with a change in the weight percent of AlzQa.

{18] FIGURE 4 shows the phase diagram of LIAIO2-Si(., indicating the ranges of

petalite and B-spodumene phases {according 1o reference [25)).

[19] FIGURE 5A depicts a viscosity-temperature curve of LAS10, LAS11, and a
standard soda-lime silicate glass (8G80); FIGURE 5B depicts a MYEGA fitting of
LAS11 sample.

[20] FIGURE 8 depicts a density of exemplary glass samples with the amount of
ZrCn.

[21] FIGURE 7 depicts the transmittance of different exemplary glass-ceramics

samples.

[22] FIGURES 8A-8C depict secondary eleciron micrographs images of opague
(FIG. 84), transiucent (FIG. 8B), and transparent (FIG. 8C) exemplary LAS glass-

ceramics from SEM.

[23] FIGURES 9A-8B depicts crack probabilities of different exemplary glass-

ceramic samples under different loads.

[24] FIGURE 10 depicts a CTE of exemplary LAS11 glass and glass-ceramics

samples.
DETAILED DESCRIPTION

[25] The present invention can be understood more readily by reference io the
following detailed description, examples, drawings, and claims, and their previous
and following description. However, before the present ariicles, systems, and/or
methods are disclosed and described, i is 10 be undersiood that this invention is not
limited to the specific or exemplary aspects of articles, systems, and/or methods
disclosed uniess otherwise specified, as such can, of course, vary. Il is also {0 be
understood that the terminclogy used herein is for the purpose of describing

particular aspecis only and is not intended o be limiting.
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[26] The foliowing description of the invention is provided as an enabling
teaching of the invention in its best, currently known aspect. To this end, those
skilled in the relevant art will recognize and appreciate that many changes can be
made to the various aspects of the invention described herein while still obtaining the
beneficial results of the present invention. t will also be apparent that some of the
desired benefits of the present invention can be obtained by selecting some of the
features of the present invention without utilizing other features. Accordingly, those
of ordinary skill in the pertinent art will recognize that many modifications and
adaptations 1o the present invention are possible and may aven be desirable in
certain circumstances and are a part of the present invention. Thus, the following
description is again provided as illustrative of the principles of the present invention

and not in limitation thereof.
DEFINITIONS

£271 As used herein, the singular forms “a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus, for example, reference
to an “article” includes aspects having two or more such articles unless the context

clearly indicates otherwise.

[28] it is appreciated that certain features of the disclosure, which are, for clarity,
described in the context of separate aspects, can also be provided in combination in
a single aspect. Conversely, various features of the disclosure, which are, for brevity,
described in the context of a single aspect, can also be provided separately or in any

suitable combination.

[29] As used herein, the terms “optional” or “optionally” mean that the
subsequently described event or circumstance may or may not occur, and that the
description includes instances where said event or circumstance occurs and

instances whers it does not.

F301 it is also 1o be understoond that the terminclogy used herein is for the
purpose of describing particular aspacts only and is not intended {o be limiting. As
used in the specification and in the claims, the term “comprising” can include the
aspects “consisting of” and “consisting essentially of” Unless defined otherwise, all

technical and scientific terms used herein have the same meaning as commonly
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understood by one of ordinary skill in the art to which this invention belongs. In this
specification and in the claims, which foliow, reference will be made o a number of

terms that shall be defined herein.

131} For the terms "for example” and "such as,” and grammatical equivalences
thereof, the phrase "and without limitation” is understood o follow unless explicitly

stated otherwise.

{32] MNotwithstanding that the numerical ranges and parameters setiing forth the
broad scope of the disclosure are approximations, the numerical values set forth in
the specific examples are reporied as precisely as possible. Any numerical value,
however, inherently containsg certain errors necessarilty resulting from the standard
deviation found in their respective testing measurements. Furthermore, when
numerical ranges of varying scope are sef forth herein, it is contemplated thal any
combination of these values inclusive of the recited values may be used. Further,
ranges can be expressed herein as from “about” one particular value and/or to
“about” another particular value. When such a range is expressed, another aspect

includes from the one particuiar value and/or {0 the other particular valus.

{33} Similarly, when values are expressed as approximations, by use of the
antecedeni “about,” it will be undersiood that the particular value forms another
aspect. It will be further understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint and independently of the other
endpoint. Uniess stated otherwise, the term “about” means within 5% (e.qg., within

2% or 1%) of the particular value modified by the term “about”

[34] Throughout this disclosure, various aspects of the invention can be
presented in a range format. it should be understood that the description in range
format is merely for convenience and brevity and should not be construed as an
inflexible Himitation on the scope of the invention. Accordingly, the description of a
range should be considered to have specifically disclosed all the possible subranges
as well as individual numerical values within that range. For example, description of
a range such as from 1 to 6 should be considerad to have specifically disclosed
subranges such asfrom 110 3, from 1to 4, from 110 5, from 2 to 4, from 2 {0 8, from

3106, elc., as well as individual numbers within that range, for example, 1, 2, 2.7, 3,
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4,5 53, 6 and any whole and partial increments therebetween. This applies

regardiess of the breadth of the range.

[35] As used herein, the ferm “composition” is infended to encompass a product
comprising the specified ingredients in the specified amounts, as well as any product
which resulis, direcily or indirectly, from a combination of the specified ingredients in

the specified amounts.

[36] A weight percent (wt.%) of a component, unless specifically stated to the
conirary, is based on the iotal weight of the formulation or composition in which the
component is included. In the aspects where the glass compositions are described,
the concentration of constituent components (e.q., Si02, Alz03, B20s, and the like)

are given in a mole percent (mol%) on an oxide basis, unless otherwise specified.

[371 It will be understood that when an element is referred 1o as being
"connected” or "coupled” o another element, it can be directly connected or coupled
to the other element, or intervening elements may be present. in conirast, when an
element is referred to as being "directly connected” or "directly coupled” {0 ancther
glement, there are no intervening elements present. Other words used to describe
the relationship between elements or layers should be interpreted in a like fashion

{e.¢., "between” versus "directly between,” "adjacent” versus "directly adjacent,” "on”
versus "directly on). As used herein, the term "and/or” includes any and all

combinations of one or more of the associated listed items.

£38] it will be understood that, although the terms "first,” "second,” etc., may be
used herein {o describe various elements, components, regions, layers, and/or
sections. These elements, componenis, regions, layers, and/or sections should not
be limited by these terms. These terms are only used o distinguish one element,
component, region, layer, or section from another element, component, region, layer,
or a section. Thus, a first element, component, region, layer, or seclion discussed
below could be termed a second element, component, region, layer, or section

without departing from the teachings of example embodiments.

[39] Spatially relative terms, such as "beneath,” "below,” "lower," "above,”
"upper,” and the like, may be used herein for ease of description o describe one

element or feature’s relationship to ancther slement(s) or feature(s) as iliustrated in
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the figures. It will be understood that the spatially relative terms are intended 1o
encompass different orientations of the device in use or operation in addition to the
orientation depicted in the figures. For example, if the device in the figures is turned
over, elements described as "below” or "heneath” other elements or features would
then be oriented "above" the other elements or features. Thus, the term "below” can
encompass both an orientation of above and below. The device may be otherwise
oriented (rotated 80 degrees or at other orientations), and the spatially relative

descriptors used herein interpretad accordingly.

{40] As used herein, the term "substantially” means that the subsequently
described event or circumsiance completely ocours or that the subsequently

described event or circumstance generally, typically, or approximately ocours.

[41] Still further, the term “substantially” can in some aspects refer to at least
about 80 %, at least about 85 %, at least about 80 %, at least about 81 %, at least
about 92 %, at least about 93 %, at least about 84 %, at least about 85 %, at least
about 86 %, at least about 97 %, at least about 98 %, at least about 89 %, or about
100 % of the staled property, component, composition, or other condition for which

substantially is used {0 characterize or otherwise quantify an amount.

{42] in other aspects, as used herein, the term “substantiaily free,” when used in
the context of a composition or component of a composition that is substantially
absent, is intended to indicate that the recited component is not intentionally batched
and added to the composition, but can be present as an impurity along with other
components being added to the composition. In such aspects, the term “substantially
free” is intended to refer 1o trace amcounts that can be present in the batched
componenis, for example, it can be present in an amount that is less than about 1%
by weight, e.g., less than about 0.5 % by weight, iess than about 3.1 % by weight,
less than about 0.05 % by weight, or less than about 0.01 %% by weight of the stated

material, based on the {otal weight of the composition.

I43] In other aspects, as used herein, the term “substantially free,” when used in
the context of a surface substantially free of defects, for example, is intended 1o refer
to a surface that has less than about 5 % of defects, less than about 4.5 % of
defects, less than about 4 % of defects, less than about 3.5 % of defects, less than

about 3 % of defects, less than about 2.5 % of defects, less than about 2 % of
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defects, less than about 1.5 % of defects, less than about 1 % of defects, less than
about 0.5 % of defects, less than about 0.1 % of defects, less than about 0.05 % of

defects, or less than about 0.01 % of defects of the total surface.

f44] As used herein, the term “substantially,” in, for example, the context
“substantially identical” or “substantially similar” refers to a method or a system, or a
component that is at least about 80%, at least about 81%, at least about 82%, at
{east about 83%, at least aboul B4%, al least about 95%, at least aboul B6%, al least
about 97%, at least about 98%, at least about 98%, or about 100% by similar {o the

method, system, or the component it is compared to.

f45] As used herein, the terms a glass fransition temperature or T can be used
interchangeably and is defined as the inflection point of a differential scanning
calorimetry {(DSC) curve during the second heating, where the cooling and heating of
the sample occurs at a rate of 10 *C/min and is plotted as Heat Flow in mW vs.

Temperature in °C.

f48] The term “liguidus viscosity,” as used herein, refers {0 the shear viscosity of

the glass composition at its liquidus temperature.

47} The term “liquidus temperature,” as used herein, refers {0 the highest

temperature at which devitrification occurs in the glass composition.

[48] The term “"CTE,” as used herein, refers to the coefficient of thermal
expansion of the glass composition averaged over a temperature range from about
25 °C to about 300 °C.

[49] As used herein, the term “lon-exchanged” refers o glass-ceramics that are
chamically strengthened by ion exchange processes in which the glass-ceramic
compositions are treated with a healted salt bath, spray, or paste containing ions
having a different ionic radius than ions that are present in the glass-ceramic surface
and/or bulk. The ions in the bath (or spray or paste} replace those ions in the glass-
ceramic, which can be smaller in radius {or vice versa depending on the temperaturs
conditions). Glass-ceramics that are subjected to such ion-exchange treatment(s)
are referred to herein as “ion-exchanged glass-ceramic compositions (or articles).” it
is further understood that the ion exchange process, as described herein, is not

limited to salt baths, sprays, or pastes, and any other process that can ensure ion

10
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exchange within the glass-ceramics can also be included, for example, and without
limitation, vapor-assisied, plasma-assisted, or sol-gel processes. Also, in some
exemplary and unlimiting aspects, when a heated salt bath is used in the ion-
exchange process, for example, such processes can be further accelerated by

applying an electrical field to the bath.

{501 While aspects of the present inveniion can be described and claimed in a
particular statutory class, such as the system statulory class, this is for convenience
only and one of ordinary skill in the art will understand that each aspect of the
present invention can be described and claimed in any statutory class. Uniess
otherwise expressly stated, it is in no way intended that any method or aspect set
forth herein be construed as requiring that its steps be performed in a specific order.
Accordingly, where a method claim does not specifically stale in the claims or
descriptions that the steps are o be limited o a specific order, it is in no way
intended that an order be inferred in any respect. This holds for any possible non-
express basis for interpretation, including matlers of logic with respect {o
arrangement of sieps or operational flow, plain meaning derived from grammatical
organization or punctuation, or the number or type of aspects described in the

specification.

{511 The present invention may be undersiood more readily by reference o the
following detailed description of various aspects of the invention and the examples

included therein and o the Figures and their previous and following description.

I52] The present invention may be understood more readily by reference to the
following detailed description of various aspects of the invention and the examples

included therein and 1o the Figures and their previous and following description.
COMPOSITIONS

{53] in some aspects described herein is a glass-ceramic composition
comprising: a) from about 2 mol% to about 20 mol% of AlzOs; b) from about 2 mol%
to about 45 mol% of Lix0; and ¢} from about 48 mol% to about 80 mol% of Si0z;
having a B-spodumene phase and a lithium silicate crysialiine phase, and optionally
a petalite phase. In yet further aspects, disclosed is a glass-ceramic composition

comprising: a) from about 3 mol% to about 12 mol% of AlzCs; b) from about 13 mol%

11
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to about 45 mol% of LizC; and ¢) from about 48 mol% o about 75 moi% of S5i0z;
having a B-spodumene phase and a lithium silicate crystalline phase, and optionally

a petalite phase.

[54] it is understood that Si0:2 represents the largest component of the disclosed
glass compositions. SiCz is one of the most commonly studied glass-forming oxides.
Without wishing to be bound by any theory, it is understood that the high percent of
Si0z2 can be responsible for the high mechanical sirength of the compositions, as
Si0z2 can stabilize the network structure of glass and glass-ceramics. In a certain
aspect, where the amount of Si0; is not high enough, B-spodumene

(L0 AlO5-48i02) and B-spodumene solid solution { LizO-ALO: nSIi0:, 4<n<10)
can be preferably formed instead of petalite (Li20 AlOs-85102) crystals. Yet, in
aspects where the amount of Si0Oz2 is too high, the crystalline to amorphous ratio can

be relatively low, resulting in a high melling temperature of the glass.

[55] in aspects disclosed herein, 3i02 can be present in any amount from about
48 to about 80 mol%, including exemplary values of about 50 mol%, about 51 mol%,
about 52 mol%, about 53 mol%, about 54 mol%, about 55 mol%, about 58 mol%,
about 57 mol%, about 58 mol%, about 59 mol%, about 80 mol%, about 61 mol%,
about 62 mol%, about 83 mol%, about 64 mol%, about 85 mol%, about 86 mol%,
about 87 mol%, about 88 mol%, about 62 mol%, about 70 mol%, about 71 mol%,
about 72 mol%, about 73 mol%, about 74 mol%, about 75 mol%, about 76 mol%,
about 77 mol%, about 78 mol%, and about 79 mol%. it is understood that Si0: can
be present in any amount having value between any two foregoing value, for
example from about 45 mol% 10 about 75 mol%, or from about 55 mol% to about 80
moi%, or from about 65 mol% to about 80 mol%, or from about 65 mol% to about 75

mol%.

[56] In still further aspects, it is undersiood that Al20s can also be a stabilizing
component of the glass network structure. The presence of AlzQs can also improve
the mechanical properties of the glass (or glass-ceramic) compositions. In certain
aspects, where the amount of Al2Os is too high, the fraction of the petalite phase
decreases according to the phase diagram. However, when the amount of Al2Os is
too low, the lithium silicate phase can be formed instead of the B-spodumene solid

solution. In aspects disclosed herein, AkQOs can be present in any amount from about
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2 mol% to about 20 mol%, including exemplary values of about 3 mol%, about 4
mol%, about 5 mol%, about & mol%, about 7 mol%, about 8 moi%, about 9 mol%,
about 10 mol%, about 11 mol%, about 12 mol%, about 13 mol%, about 14 mol%,
about 15 mol%, about 18 mol%, about 17 mol%, about 18 mol%, and about 19
mel%. itis understood that AlzOs can be present in any amount having a value
betweaen any two foregoing values, for example, from about 3 mol% to about 12
moi%, or from about 5 mol% to about 15 moi%, or from about 8 mol% to about 14

mol%.

[87] in glass and glass-ceramics, LizO can be added to form both petalite and B-
spodumene solid solution crystals. Without wishing o be bound by any theory, itis
assumed that a high percent of LizO increases the ion-exchange potential of glass
ceramics, as Li atoms are relatively smali compared with Na and K that can be used
for ion-exchange. However, if the amount of LizO is too high, the composition can
bacome very fiuid, affecting the production cost. In aspects disclosed herein, LizC
can be present in any amount from about 2 mol% 10 about 45 mol%, including
exemplary values of about 3 mol%, about 4 mol%, about 5 mol%, about 8 moi%,
about 7 mol%, about 8 mol%, about @ mol%, about 10 mol%, about 11 mol%, about
12 mol%, about 13 mol%, about 14 mol%, about 15 mol%, about 18 moi%, about 17
moi%, about 18 mol%, about 18 mol%, about 20 mol%, about 21 mol%, about 22
moi%, about 23 mol%, about 24 mol%, about 25 moi%, about 26 mol%, about 27
mol%, about 28 mol%, about 29 mol%, about 30 mol%, about 31 mol%, about 32
mol%, about 33 mol%, about 34 mol%, about 35 mol%, about 36 mol%, about 37
mol%, about 38 mol%, about 38 mol%, about 40 moi%, about 41 mol%, about 42
mel%, about 43 mol%, and about 44 mol%. it is understood that LizO can be present
in any amount having a value between any two foregoing values, for example, from
about 13 mol% to about 45 mol%, or from about 5 mol% to about 15 mol%, or from

about 8 mol% o about 12 mol%.

[58] In yet further aspects, when AlOs is present from about 5 moel% to about 7.5
mol %, including exemplary values of about 5.1 mol%, about 5.2 mol%, aboui 5.3

moi%, about 5.4 moi%, about 5.5 mol%, about 5.6 mol%, about 5.7 mol%, about 5.8
moi%, about 5.9 moi%, about 8.0 mol%, about 6.1 mol%, about 6.2 mol%, about 6.3

moi%, about 8.4 moi%, about 8.5 mol%, about 6.6 mol%, about 6.7 mol%, about 6.8
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moi%, about 8.8 moi%, about 8.8 mol¥%, aboul 7.0 mol%, about 7.1 moi%, about 7.2
mol%, about 7.3 mol%, and about 7.4 mol%, the glass-ceramic composition
comprises a major crystalline phase comprising from about 20 to about 80% of the §-
spodumene phase and from about 20 to about 80% of the petalite phase and a

minor crystalline phase comprising up to about 10% of the lthium silicate phase.

[59] In such exemplary aspecis, the major crystalline phase can comprise from
about 20 to about 80% of the B-spodumene phase, including exemplary values of
about 25%, about 30%, about 35%, about 40%, about 45%, about 50%, about 55%,
about 60%, about 85%, about 70%, and about 75% of the B-spodumene phase. In
such exemplary aspects, the major phase can further comprise from about 20 to
about 80% of the $-spodumene phase, including exemplary values of about 25%,
about 30%, about 35%, about 40%, about 45%, about 50%, about 55%, about 80%,
about 65%, about 70%, and about 75% of the petalite phase. While in still further
aspects, the minor crystaliine phase can comprise up to about 10% of the lithium
silicate phase, including exemplary values of about 0.01%, about 8.05%, about
0.1%, about 0.5%, about 1%, about 2%, about 3%, about 4%, about 5%, about 6%,

about 7%, about 8%, about 9%, about 9.5, and about 9.99% .

f60] In yet further exemplary aspects, when AlzOs is present from about 5 mol%
fo about 7.5 mol %, Li20O can be present from about 20 mol% to about 25 mol%,
including exemplary values of about 21 mol%, about 21.5 moi%, about 22 mol%,
about 22.5 mol%, about 23 mol%, about 23.5 mol%, about 24 mol%, and about 24.5

mol%.

f61] In still further aspects, when AlzOs is present from about 7 mol% to about 12
mol%, including exemplary values of about 7.1 mol%, about 7.2 mol%, about 7.3
mol%, about 7.4 moi%, about 7.5 mol%, about 7.6 mol%, about 7.7 moi%, about 7.8
moi%, about 7.9 moi%, about 8.0 mol%, about 8.1 mol%, about 8.2 moi%, about 8.3
moi%, about 8.4 moi%, about 8.5 mol%, about 8.6 mol%, about 8.7 moi%, about 8.8
moi%, about 8.9 moi%, about 8.0 mol%, about 8.1 mol%, about 8.2 moi%, about 9.3
moi%, and about 9.4 moi%, about 8.5 moi%, about 8.8 mol%, about 8.7 mol%%, about
9.8 mol%, about 8.9 mol%, about 10.0 mol%, about 10.1 mol%, about 10.2 mol%,
about 10.32 mol%, about 10.4 mol%, about 10.5 mol%, about 10.6 mol%, about 10.7

mol%, about 10.8 mol%, about 10.8 mol%, about 11.00 mol%, about 11.1 mol%,
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about 11.2 mol%, about 11.3 mol%, about 11.4 mol%, about 11.5 mol%, about 11.6
mol%, about 11.7 mol%, about 11.8 mol%, and about 11.9 mol%, the glass-ceramic
composition comprises a major crystalline phase comprising from about 80% to
about 80% of the B-spodumene phase and a minor crystalline phase comprising up
to about 10% of the lithium silicate phase. In such aspects, the major crysialliine
phase can comprise from about 60% 1o about B0% of the B-spodumene phase,
including exemplary values of about 85%, about 70%, about 75%, about 80%, and
about 85% of the B-spodumene phase. While in other aspects, the minor crystalline
phase comprising up to about 10% of the lithium silicate phase, including exemplary
values of greater than 0%, about 0.01%, aboui 0.05%, about 0.1%, about 0.5%,
about 1%, about 2%, about 3%, about 4%, about 5%, aboul 8%, about 7%, about
8%, about 9%, about 8.5%, about 9.9%, and about 9.99%.

621 In yet further exemplary and unlimiting aspects, when the lithium silicate
crystalline phase is present, such a phase can comprise g lithium metasilicate

crystalline phase.

f63] in yet further aspects, a molar ratio of B-spodumene solid solution Li2O:
A3 SiO2 can be in the range between about 1:1:4 and 1:1:8, including exemplary
values of about 1:1:5, about 1:1:6, and about 1:1:7.

f64] In some exemplary aspects, the glass-ceramic compositions as disclosed
herein can further comprise a) from 0 mol% to about 8 moi% of 8203, b) from O
moi% to about 8 moi% of ZrOy, ¢} from 0 mol% o about 5 mol% of P20s, and d) from
0 mol% to about 5 mol% of Nax(3. While, in other aspects, the glass-ceramic
compositions as disclosed herein can further comprise a) from 0 mol% to about 5
mol% of BzOs, b} from 0 mol% to about 3 mol% of ZrO2, ¢} from 0 mol% to about 3

mol% of P20s, and d) from 0 mol% to about 3 moi% of NazC.

{65] in such exemplary aspects, the B20a can be present in any amount from O
mol9% to about 8 moi%, including exemplary values of about 0.01 mol%, about 0.05
mel%, about 8.1 mei%, about §.5 moi%, about 1 moi%, about 2 mei%, about 3
moi%, about 4 mol9%, about 5 mol9%, about 8 mol%, and about 7 mol%. His
understood that B20s can be present in any amount having a value between any two
foregoing values, for example, from abouwt 8.1 mol% to about & mol%, from about 0.1

mol% to about 3 mol%, or from about 0.1 mei% o about 2 mol%. it is understood
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that in some aspects, B20: can decrease the viscosity of the composition at the
crystal-growth temperature and provide a three-coordinated network when boron is
not charge-balanced by alkali oxides. Without wishing io be bound by any theory, it
is assumed that such an exemplary structure can decrease the activation barrier for
the movement of atoms from liguid to crystals, and thus lower the orystal-growth
temperature and increase the crystaliine to amorphous ratio. In still further aspects,

B0 can increase chemical durability and glass-forming ability of the composition,

[66] In further aspects, the ZrO2 can be present in any amount from 0 meoi% to
about 8 mol%, including exemplary values of about 8.01 mol%, about 8.05 moi%,
about 0.1 mol%, about 0.5 mol%, about 1 mol%, about 2 mol%, about 3 mol%, about
4 mol%, about 5 mol%, about 8 mol%, and about 7 mol%. It is undersiood that ZrO;
can be present in any amount having a value between any two foregoing values, for
example, from G mol® to about 3 moi%, or from about 0.1 moi% io about 6 mol%, or
from about 2 mol% to about 8 mol%. Again, without wishing to be bound by any
theory, itis assumed that Zr(2 can increase the transparency of LAS glass-
ceramics. Without wishing by any theory, it is hypothesized that due to the large Zr
atom, the activation barrier can be increased, leading to the decrease of the
frequency of successtul jJump of atoms from liquid to crystals. A high concentration of
ZrO2 is hypothesized to decrease the crystal-growth temperature. However, in yet
other aspects, the presence of a larger amount of ZrOz2 can increase the melting

temperature of the glass.

[67] in further aspects, the P20s can be present in any amount from 0 mol% to
about 5 mol%, including exemplary values of about 0.01 mol%, about 8.05 mol%,
about 0.1 mol%, about 0.5 mol%, about 1 mol%, about 2 mol%, about 3 mol%, about
and 4 mol%. It is understood that F205 can be present in any amount having a value
between any two foregoing values, for example, from 0 moi% to about 3 mol%, or
from about 0.1 mol% to about 5 mol%, or from about 1 mol% o about 5 mol%. In still
further aspects, P20s can be a nucleation agent {o produce bulk nucleation. Without
wishing to be bound by any theory, il is hypothesized that if the concentration of
P20s is low, crystals can grow on the surface instead of in bulk. In such aspects, it is
also assumed that the orystal growth rate is low. Without wishing o be bound by

theory, it is further hypothesized that if the concentration of P20s is high,
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transparency can be affected, as the crystal growth rate can be fast and hard {o

conirol.

I68] in further aspects, the Na:Q can be present in any amount from 0 moi% to
about 5 mol%, including exemplary values of about 8.01 mol%, about 0.05 mol%,
about 0.1 mol%, about 0.5 mol%, about 1 mol%, about 2 mol%, about 3 mol%, about
and 4 mol%. It is understood that Na20 can be present in any amount having a value
between any two foregoing values, for example, from 0 mol% to about 3 mol%, or
from about 0.1 mol% to about 2 mol%, or from about 1 mol% {o about 5 mol%.
Without wishing to be bound by any theory, it is hypothesized that Na:0 can
decrease the viscosity of glass and increase the glass-forming ability. Yet, in other
aspects, high amounts of Na:0 can decrease the crystalline to amorphous ratio and

thus affect the toughness of glass-ceramics.

691 In still further aspects, disclosed herein are glass-ceramic composition
comprising: a) AlzOs present from about 2 mol% to about 20 mol%, b) Si02 present
from about 48 mol% to about 80 mol%, ¢} R20 present from greater than 0 mol% to
about 45 mol%; and wherein R0 comprises L0, Nax0, K20, Agz0, Cuw0, Cul, or
a combination thereof, wherein the composition comprises a major orystalline phase
comprising a B-spodumene phase, and optionally, a petalite phase. While in other
aspects, disclosed herein are glass-ceramic composition comprising: a) Al2Os
present from about 3 mol% io about 12 mol%, b) Si02 present from about 48 mol%
to about 75 mol%, ¢} R'z0 present from greater than 0 mol% o about 45 moi%; and
wherein R20 comprises Li20, NaxQ, K20, Ag:0, Cux0, Cu, or a combination
thereof, wherein the composition comprises a major crystalline phase comprising &
B-spodumene phase, and optionally, a petalite phase. in certain aspects, such glass-

ceramic compositions can be defined as ion-exchanged glass-ceramic compaositions.

{70] In yet further aspects, when R0 comprises Li20O, the composition can

comprise a minor crystalline phase comprising a lithium silicate phase.

{71} in still further aspects, in such ion-exchanged compositions, Si0:2 can be
present in any amount from about 48 o about 80 mol%, including exemplary values
of about 50 mol%, about 51 mol%, about 52 mol%, about 53 mol%, about 54 mol%,
about 55 mol%, about 58 mol%, about 57 mol%, about 58 mol%, about 59 mol%,

about 60 mol%, about 81 mol%, about 62 mol%, about 83 mol%, about 64 mol%,
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about 85 mol%, about 86 mol%, about 67 mol%, about 68 mol%, about 88 mol%,
about 70 mol%, about 71 mol%, about 72 mol%, about 73 mol%, about 74 mol%,
about 75 mol%, about 76 mol%, about 77 mol%, about 78 mol%, and about 79
moi%. {tis undersiood that SiO2 can be present in any amount having value between
any two foregoing value, for example from about 45 mol% to about 75 mol%, or from
about 55 mol% to about 80 mol%, or from about 65 mol% to about 80 mol%, or from

about 85 moi% to about 75 mol%.

f72] In yet other aspects, in such ion-exchanged compositions Alz20s can be
present in any amount from about 2 moi% to about 20 mol%, including exemplary
valuas of about 3 mol%, about 4 mol%%, about 5 mol%, about 8 mol%, about 7 mol%,
about 8 mol%, about @ mol%, about 10 mol%, about 11 mol%, about 12 mol%, about
13 mol%, about 14 mol%, about 15 mol%, about 16 mol%, about 17 mol%, about 18
mol%, and about 12 mol%. itis undersiood that Al2Os can be present in any amount
having a value between any two foregoing values, for example, from about 3 mol%
{o about 12 mol%, or from about 5 mol% 1o about 15 mol%, or from about 8 mol% to
about 14 mol%.

£73] in still other aspects, in such ion-exchanged compositions, R'20 can be
present in any amount from 0 mol% to about 45 mol%, including exemplary values of
about 0.1 mol%, about 0.5 mol%, about 1 mol%, about 2 mol%, about 3 mol%, about
4 mol%, about 5 mol%, about 8 mol%, about 7 moi%, about 8 mol%, about 8 mol%,
about 10 mol%, about 11 mol%, about 12 mol%, about 13 mol%, about 14 mol%,
about 15 mol%, about 16 mol%, about 17 mol%, about 18 mol%, about 19 mol%,
about 20 mol%, about 21 mol%, about 22 mol%, about 23 mol%, about 24 mol%,
about 25 mol%, about 28 mol%, about 27 mol%, about 28 mol%, about 29 mol%,
about 30 mol%, about 31 mol%, about 32 mol%, about 33 mol%, about 34 mol%,
about 35 mol%, about 36 mol%, about 37 mol%, about 38 mol%, about 38 mol%,
about 40 mol%, about 41 mol%, about 42 mol%, about 43 mol%, and about 44
mol%. Htis understood that R20 can be present in any amount having value between
any two foregoing vaiue, for exampie from about 13 moi% to about 45 mol%, or from

about 5 mol% to about 15 mol%, or from about 8 mol% 1o about 12 mol%.

{747 Similarly to the disclosed above compositions, wherein AlzQOz is present from

about 5 mol%% to about 7.5 mol %, the glass-ceramic compaosition comprises a major
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crystalline phase comprising from about 20 to about 80% of the B-spodumene phase
and from about 20 to about 80% of the petalite phase. While in other aspects, when
A3 is present from about 5 mol% to about 7.5 mol % and Liz0 is present from 20
moi% 1o about 25 moi%, the glass-ceramic composition comprises a major
crystalline phase comprising from about 20 to about 80% of the B-spodumene phase
and from about 20 to about 80% of the petalite phase, and a minor phase comprises
up to 10 mol% of the lithium silicate phase. In yet still, further aspects, when AbQOas is
present from about 7 mol% to about 12 mol%, the glass-ceramic composition
comprises a major crysialiine phase comprising from about 80% io about 90% of the
B-spodumene phase and a minor crystaliine phase comprising up to about 10% of

the lithium silicate phase, if R20 comprises Li20.

[75] in still further aspects, the amount of R20 can be adjusted {o provide glass
compositions exhibiling desired melting temperature and/or liguidus temperatures.
Without being bound by theory, the addition of alkali oxides, for example, can
increase the coefficient of thermal expansion (CTE) and/or lower the chemical
durability of the glasses and/or glass-ceramics that include such precursor giass
compositions. The amount of excess alkali in a glass composition can also
determine the ceramming or heat treatment temperature used to form the glass-

Ceramics,

{76} In still further aspects, such ion-exchanged glass-ceramic compositions can
further comprise: a) from 0 mol% to about 8 mol% of B20s3, b) from 0 mol% o about
8 mol% of Zr02, ¢ from 0 mol% to about 5 mol% of P20s, and d) from ¢ mol% to
about 5 mol% of Nax(3. While, in other aspects, the glass-ceramic compositions as
disclosed herein can further comprise a) from 0 mol% to about 5 moi% of B20s3, b)
from 0 mol% to about 3 mol% of ZrO:2, ¢) from 0 mol% to about 3 mol% of P20s, and

di from 0 moi% to about 3 moi% of NazC.

{77} in such exemplary aspects, the B20a can be present in any amount from O
mol9% to about 8 moi%, including exemplary values of about 0.01 mol%, about 0.05
mel%, about 8.1 mei%, about §.5 moi%, about 1 moi%, about 2 mei%, about 3
moi%, about 4 mol9%, about 5 mol9%, about 8 mol%, and about 7 mol%. His

understood that B20s can be present in any amount having a value between any two
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foregoing values, for example, from about 8.1 mol% to about & mol%, from about 0.1

mol% to about 3 mol%, or from about 0.1 mol% to about 2 mol%.

78] in further aspects, the ZrO2 can be present in any amount from 0 moi% fo
about 8 mol%, including exemplary values of about 8.01 mol%, about 8.05 mol%,
about 0.1 mol%, about 0.5 mol%, about 1 mol%, about 2 mol%, about 3 mol%, about
4 moi%, about 5 moi%, about & moi%, and about 7 moi%. 1t is undersiood that ZrO2
can be present in any amount having a value between any two foregoing values, for
example, from G mol% to about 3 mol%, or from about 0.1 mol% o about 8 mol%, or

from about 2 mol% to about 6 mol%.

f79] in further aspects, the F20s can be present in any amount from 0 mel% to
about 5 mol%, including exemplary values of about 0.01 mol%, about 0.05 mol%,
about 0.1 mol%, about 0.5 mol%, about 1 mol%, about 2 mol%, about 3 mol%, about
and 4 mol%. If is understood that P20s can be present in any amount having a value
between any two foregoing values, for example, from 0 mol% to about 3 mol%, or

from about 0.1 mol% to about 5 mol%, or from about 1 mol% o about 5 mol%.

80} in further aspects, the Na:0 can be present in any amount from 0 mol% to
about 5 mol%, including exemplary values of about 0.01 mol%, about 0.05 mol%,
about 0.1 moi%, about 0.5 mol%, about 1 mol%, about 2 mol%%, about 3 mol%, about
and 4 mol%. it is understood that Na2(C can be present in any amount having a value
between any two foregoing values, for example, from 0 mol% to about 3 mol%, or

from about 0.1 mol% to about 2 mol%, or from about 1 mol% o about 5 mol%.

81} In yet further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can exhibit density from about 2.00 g/cm® to about 2.6 g/om®,
including exemplary value of about 2.01 g/cm®, about 2.02 g/em?®, about 2.03 g/em?,
about 2.04 gicm®, about 2.05 g/em?; about 2.06 g/om®, about 2.07 g/em®, about 2.08
gleny?, about 2.09 g/em?, about 2.1 g/om?®, about 2.11 glom®, about 2.12 g/cm?®, about
2.13 glom®, about 2.14 g/em®, about 2.15 g/em?, about 2,16 glom®, about 2.17 g/om®,
about 2.18 g/om®, about 2.19 g/em?®, about 2.20 g/em?®, about 2.21 g/em?®, about 2.22
glem®, about 2.23 g/em®, and about 2.24 g/em®, about 2.25 g/em®, about 2.26 glom?,
about 2.27 g/em?®, about 2.28 g/oem?®, about 2.29 g/om®, about 2.30 g/om?®, about 2.31
glom®, about 2.32 g/om®, about 2.33 g/em?®, and about 2.34 g/em®, about 2.35 g/iom®,
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about 2.36 g/cm?®, about 2.37 g/em?®, about 2.38 g/om®, about 2.39 g/cm?®, about 2.4
glem®, about 2.41 g/em®, about 2.42 giom®, about 2.43 g/om?®, about 2.44 g/om?®,
about 2.45 g/om®, about 2.46 g/om®, about 2.47 g/iem®, about 2.48 g/em®, about 2.49
glem?® about 2.5 g/lem?®, about 2.51 g/om?®, about 2.52 g/om®, about 2.53 g/cm®, about
2.54 giom®, about 2.55 gfem?®, about 2.58 g/em?®, about 2.57 g/om®, about 2.58 g/em?®,
and about 2.59 g/em?.

821 In still further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can exhibit an average fransmitiance greater than about 80% over a
wavelength range from about 390 nm {o about 700 nm as measured for a sample
preparad from the composition and having a thickness of about 2.00 mm. In such
exemplary aspects, the average fransmittance can be greater than about 81%, about
82%, about 83%, about 84%, about 85%, about 88 %, about 87%, about 88%, about
88%, about 90%, about 81%, about 92%, about 93%, about 84%, about 85%, about
98%, about 97%, about 98%, about 99%, about 99.5%, and about 89.859%. In still
further aspects, the average transmitiance is measured over a wavelength range
from about 380 nm to about 700 nm, including exemplary values of about 400 nm,
about 450 nim, about 500 nm, about 550 nm, about 800 nm, and about 850 nm. it is
undersiood that in such exemplary aspects, the glass-ceramic composition is
substantially transparent. in vet other aspects, the giass-ceramic compaosition is
fransparent. In stll further exemplary aspects, the glass-ceramic composition
comprises a plurality of crystal grains, wherein the median size of a crystal grain is
from about 20 to about 80 nm, including exemplary values of about 25 nm, about 30
nim, about 35 nm, about 40 nm, about 45 nm, gbout 50 nm, gbout 55 nm, about 80

nm, about 65 nm, about 70 nm, and about 75 nm.

{83] in yet other aspects, any of the disclosed herein glass-ceramic compositions
{both glass-ceramic compositions and ion-exchanged glass-ceramic compaositions)
can exhibit an average transmittance between 20% and 80% over g wavelength
range from about 380 nm to about 700 nm as measured for a sample prepared from
the composition and having a thickness of about 2.00 mm. In such exemplary
aspects, the average transmittance is about 20%, about 25%, about 30%, about 35,
about 40%, about 45%, about 50%, about 55%, about 60%, about 65%, about 70%,
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about 75% and about 80%. In still further aspects, the average transmitiance is
measured over a wavelength range from about 380 nm to about 700 nm, including
exemplary values of about 400 nm, about 450 nm, about 500 nm, about 550 nm,
about 600 nm, and about 650 nm. Itis understood that in such exemplary aspects,
the glass-ceramic composition is substantially translucent. In yet other aspects, the
glass-ceramic composition is translucent. In still further exemplary aspects, the
glass-ceramic composition comprises a plurality of crystal grains, wherein the
median size of a crystal grain is from about 80 to about 500 nm, including exemplary
values of about 100 nm, about 120 nm, about 150 nm, about 170 nm, about 200 nm,
about 220 nm, about 250 nm, about 270 nm, about 300 nm, about 320 nm, about
350 nm, about 370 nm, about 400 nm, about 420 nm, about 450 nm, and about 470

.

{84] in yet other aspects, any of the disclosed herein glass-ceramic
compositions{both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can exhibit an average transmittance lowser than 20% over a
wavelength range from about 380 nm io about 700 nm as measured for a sample
prepared from the composition and having a thickness of about 2.00 mm. In such
exemplary aspects, the average fransmittance is about 20%, about 18%, about 18%,
about 17, about 16%, about 15%, about 14%, about 13%, about 12%, about 11%,
about 10%, about 9%, about 8%, aboul 7, about 6%, about 5%, about 4%, about
3%, about 2%, and about 1%. In still further aspects, the average transmittance is
measured over a wavelength range from about 380 nm to about 700 nm, including
exemplary values of about 400 nm, about 450 nm, about 500 nm, about 550 nm,
about 600 nm, and about 650 nm. Itis understood that in such exemplary aspects,
the glass-ceramic composition is substantially opague. In yet other aspects, the
glass-ceramic composition is opaque. In still further exemplary aspects, the glass-
ceramic composition comprises a plurality of crystal grains, wherein the median size
of a crystal grain is greater than about 500 nm, greater than about 550 nm, greater
than about 600 nm, greater than about 650 nm, greater than about 700 nm, greater
than about 750 nm, greater than about 800 nm, greater than about 850 nm, greaier

than about 8300 nm, greater than about 850 nm, or greater than about 1,000 nm.
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f851 In still further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compaositions) can exhibit Vickers hardness equal to or greater than about 8.0 GPa,
or greater than about 7 GPa, or greater than about 8 GPa, or greater than about 9

GPa, or greater than about 10 GPa.

{86] in still further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can exhibit Vickers hardness of at least about 5% greater than Vickers
hardness of a standard soda lime silicate glass, or at least about 7% greater, at least
about 10% greater, al least about 15% greater, at least about 20% greater, at least
about 25 % greater, or at least about 50% greater than Vickers hardness of a

standard soda lime silicate glass.

{871 In still further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can exhibit a crack-resistance greater than about 0.2 kgf, about 0.4
kgf, about 0.6 kgf, about 0.8 kgf, or greater than about 1 kgf, or greater than about
1.5 kgf, greater than about 2 kgf, greater than about 5 kgf, or greater than about 10
kgf. in still further exemplary aspects, the glass-ceramic compositions (both glass-
ceramic compositions and ion-exchanged glass-ceramic compaositions) disclosed
herein can exhibit a crack-resistance that at least 4 times higher, at least 5 times
higher, at least § times higher, atleast 7 times higher, at least 8 times higher, atleast
g times higher, or at least 10 times higher than a crack-resistance of a standard soda

lime silicate glass.

{88} in still further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can exhibit a thermal expansion coefficient from about 40x107 to
about 90x107 /°C, including exemplary values of about 41x107 /°C, about 42x107
/°C, about 43x107 /°C, about 44x107/°C, about 45x107 /°C, about 46x107 /°C, about
47x10°7/°C, about 48x107 /°C, about 49x107 /°C, about 50x107 /°C, about 51x107
/°C, about 52x107 /°C, about 53x107/°C, about 54x107 /°C, about 55x107 /°C, about
58x107 /°C, about 57x107 /°C, about 58107 /°C, about 58x107 /°C, about 60x107
/°C, about 81x107 /°C, about 82x107/°C, about 83x107 /°C, about 84x107 /°C, about
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65x107 /°C, about 86x107 /°C, about 67x107 /°C, about 68x107 /°C, about 89x107
{°C, about 70x107/°C, about 71x107 /°C, about 72x107 /°C, about 733107 /°C, about
74x107 /°C, about 75x107 /°C, about 76x107 /°C, about 77x107 /°C, about 78x1077
{°C, about 79x107 /°C, about 80x107/°C, about 81107 /°C, about 82107 /°C, about
83x107 /°C, about 84x107 /°C, about 85x107 /°C, about 88x107 /°C, about 87x107
/°C, about 88x107/°C, and about 85x107 /°C. Htis understood that in such aspects,
°C is averaged over a temperature range from about 25 °C to about 300 °C. ltis
understood that the glass-ceramic compositions can comprise any thermal

expansion value between any two foregoing values.

f891 In yet further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) comprises a glass transition temperature (Tg) from about 450 °C to
about 600 °C, including exemplary values of about 460 °C, about 470 °C, about 480
°C, about 490 °C, about 500 °C, about 510 °C, about 520 °C, about 530 °C, about
540 °C, about 550 °C, about 5680 °C, about 570 °C, about 580 °C, and about 530 °C.

{90] in still further aspects, any of the disclosed herein glass-ceramic
compositions (both glass-ceramic compositions and ion-exchanged glass-ceramic
compositions) can comprise one or more fining agents. In certain aspecis, the
compositions can comprise from greater than 0 mol% to about 1 mol% of 3 fining
agent, including exemplary value of about 0.1 mole%%, about 8.2 mol%, about 0.3
moli%, about 0.4 moi%, about 0.5 mol%, about 0.6 mol%, about 0.7 mol%, about 0.8
mol%, and about 0.9 mol%. It is understood that the fining agent can be present in

any amount having a value beiween any two foregoing values.

91} In still further aspects, the fining agent can comprise any fining agent known
in the arl. In certain aspects, the fining agent can comprise a sali, a metallic oxide, or
any combination thereof. in certain aspects, where the fining agent comprises a salt,
such salt can comprise sulfate, chioride, iodide, bromide, or a combination thereof.
Yet in further aspects, where the fining agent comprises a metal oxide, the metal
oxide can comprise CeQz, 8nC:z, Fex0s, As20a, Bb20s, MinO:, or a combination

thereof. However, in yat cther aspects, the glass composition does not comprise any
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heavy metals. In such aspects, the glass composition is substantially free of heavy

metals.

1921 in certain aspects, the addition of the fining agent can reduce bubble

formation in glass mekls o reduce the population of bubbles in the glass-ceramics.

{93] it is understood that in some aspects, any of the disclosed herein glass-
ceramic compositions (both glass-ceramic compositions and ion-exchanged glass-
ceramic compositions) can also comprise other components. For example, and
without limilations, the disclosed compositions can comprise one or more coloring
components. In such aspects, the one or more of coloring components are selected
from transition metal oxides and/or rare earth metal oxide. For example, and without
limitations, the one or more of coloring components can comprise V20s, Cra0s, TiO:,
MOz, NIOC, ZnQ, CuQ, Co304, and combinations thereof. In aspacts where the
coloring components are present, these components are present in a total amount
equal to or less than about 1 mol%, lass than about 0.8 mol%, less than about 0.8
mol%, less than about 0.7 mol%, less than about 0.8 mol9%, less than about 0.5
mol%, less than about G 4 mol%, less than about 0.3 mol%, less than about 0.2
mol%, less than about 0.1 mol%. It is understood that the coloring components can

be present in any amount having a value between any two foregoing values.

f94] In still further aspects, to avoid a possible undesired coloring effect onthe
disclosed herein glass-ceramic compositions, some trace amounts of decolorizing
agents can be added. in such aspects, the decolorizing agents can comprise one or
more of sodium sulphate, selenium compounds, erbium oxide, cerium oxide, cobalt
oxide, manganess oxide, and other polyvalent elements. In still further aspects,
these decolorizing agents can reduce colorization through any mechanisms known in
the art, including chemical and/or physical mechanisms. In yet stiil further aspects,
these agents can be present in a total amount equal to or less than about 1 mol%,
less than about 0.9 mol%, less than about 0.8 mol%, less than about 0.7 mol%, less
than about 0.6 mol%, less than about 0.5 mol%, less than about 0.4 mol%, less than
about 0.3 mol%, less than about 0.2 mol%, less than about 0.1 mol%, less than
about 0.05 mol%, or less than about 0.01 mol%. it is understood that the
decolorizing agents can be present in any amount having a value between any two

foregoing values.
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f951] In yet further aspects, any of the disclosed herein glass-ceramic

compositions can be ion-exchangeable.

f96] in still further aspects, such ion-exchanged glass-ceramic compaositions can
also be substantially transparent. While in other aspects, such ion-exchanged glass-
ceramic compositions are substantially translucent. While in still further aspecis,

such ion-exchanged giass-ceramic compositions are substantially opague.

97} in still further aspects, these ion-exchanged glass-ceramic compositions can
comprise a compressive stress layer. I is understood that such a layer is formed by

an ion-exchange process.

[98] in siill further aspects, when the glass-ceramic compositions comprise R0,
and when R0 comprises Ag0, and/or CuQ, and/or CuQ, such compositions can

also exhibit antimicrobial, antiviral, antibacterial, and/or antifungal properties.

[99] in still further aspects, the glass compositions described herein can be
substantially transparent in a wavelength range from about 400 nm to about 800 nm.
In some exemplary and unlimiting aspects, the glass compaositions exhibit percent
transmittance greater than about 87%, greater than about 88%, greater than about
89%, greater than about 0%, greater than aboui 81%, greater than about 82%,
greater than about 93%, greater than about 94%, greater than about 85%, greater
than about 968%, greater than about 7%, greater than about 98%, greater than
about 98%, over a wavelength range from about 400 nm {0 about 800 nm, including
an exemplary value of about 430 nm, about 450 nm, about 470 nm, about 500 nm,
about 530 nim, about 550 nm, about 570 nm, about 800 nm, about 830 nm, about
650 nm, about 670 nm, about 700 nm, about 730 nm, about 750 nm, and about 770

nm.
ARTICLES

MO0 In certain aspects, disclosed herein are articles comprising any of the
disclosed above compositions. For example and without limitations disclosed herein
are articles comprising: a) from about 2 mol% {o about 20 mol% of Al2Ca, b) from
about 2 mol% to about 45 mol% of Li20; and from about 48 mol% to about 80 mol%
of Si02; having a B-spodumene phase and a lithium silicate crystalline phase, and

optionally a petalite phase. While in other aspects, disclosed herein are articles
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comprising: a) from about 3 mol% fo about 12 mol% of Az, b) from about 13 mol%
fo about 45 mol% of Li2O; and from about 48 mol% to about 75 mol% of Si0z; having
a B-spodumense phase and a lithium silicate crystalline phase, and oplionally a

petalite phase.

f101]  While in still further aspects, disclosed herein are articles comprising: a)
from about 2 mol% to about 20 mol% of AlOs, b) SiO2 present from about 48 mol%
to about 80 mol%,; and R20 present from greater than 0 mol% o about 45 mol%;
wherein R 20 comprises Lix0, Nax0, K20, Ag0, Cux0, Cu, or a combination
thereof, wherein the composition comprises a major crystalline phase comprising a
f-spodumene phase, and optionally, a petalite phase. While in other aspects,
disclosed herein are articles comprising: a) from about 3 moi% to about 12 mol% of
A3, b) Si0: present from about 48 mol% to about 75 moi%; and R'z0 present from
greater than O mol% to about 45 mol%; wherein R'20 comprises Liz0, Nax0, K20,
Ag20, Cuz0, CuQ, or a combination thereof, wherein the composition comprises a
major crysialline phase comprising a B-spodumene phase, and optionally, a petalite

phase.

[102] In certain aspecis, also disclosed are glass-ceramic articles comprising
compositions having the compressive stress [ayers. in such exemplary aspects, the
compressive stress layer can extend from a surface of the article to a depth of the
compressive stress layer, wherein the depth is from about 1 um to about 100 pm,
including exemplary values of about 2 um, about 5 um, about 10 um, about 15 um,
about 20 um, about 25 um, about 30 um, about 35 um, about 40 um, about 45 um,
about 50 um, about 55 um, about 60 um, about 65 um, about 70 pm, about 75 um,
about 80 um, about 85 um, about 80 um, and about 95 um. In yet further aspects,
the depth of the compressive layer can be up to about 25 % of a thickness of the
glass-ceramic article, including exemplary values of about 1%, about 5%, about

10%, about 15%, and about 20% of a thickness of the glass-ceramic article.

{103]  In still further aspects, the compressive stress layer can exhibit a
compressive stress of at least about 10 MPa, at least about 20MPa, at least about
50 MPa, at least about 80 MPa, at least about 100 MPa, at least about 120 MPa, at
jeast about 150 MPa, at least about 180 MPa, at least about 200 MPa, at least about
210 MPa, or at least about 250 MPa.
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{1041 In still further aspects, the articles disclosed herein exhibit a ring-on-ring
strength of at least 10%, or at least 15%, or at least 20%, or at least 25%, or at least
30%, or at least 35%, or at least 40%, or at least 45%, or at jeast 50% higher than

that of standard soda lime silicate glass tested under similar conditions.

[105] Inyetiurther aspects, the arlicles can be substantially transparent. Vhile in
other aspects, the articles can be substantially transiucent. While still in other
aspects, the articles can be substantially opague. In still further aspects, the arlicles
can comprise compositions comprising a coloring compoenent. In such exemplary

aspecis, the articles can have a color.

106]  In still further aspects, the articles can comprise any known in the art articles
that require the disclosed herein mechanical and optical properties. Yet in other
aspects, the articles disclosed herein can comprise a hollowware, tableware,
container, plate, sheet (including sheet prepared via the float process), cookware,
powder, fiber, cones, spheres, blades, or any combination thereof. In still further
aspecis, the articles disclosed herein can be formed by any process. For exampie,
the articles can be formead by a float or flat press process, a press-and-blow process,
a blow-and-blow process, or any combination thereof. While in still further aspects,
disclosed herein articles can also be used in a variety of electronic devices or
portable computing devices, light diffusers, automotive, appliances, medical industry,
food industry, and sven architectural applications. In still further aspects, the arlicles

disclosed herein can have known in the art shape or configuration.

MO7]  Also disclosed herein is a tableware comprising anv of the disclosed above
glass-ceramic compesitions. In certain aspects and without limitations, the tableware
can comprise a blown and/or pressed product. in still further exemplary aspects, the
tableware can be formed by a press process, a press-and-blow process, a blow-and-
blow process, or any combination thereof. In vet other aspects, disclosed hereinis a
hollowware comprising any of the disclosaed above glass-ceramic compositions. In
certain aspects and without limitations, the hollowware can be formed by a press-
and-blow process, a blow-and-blow process, or a combination thereof. Also
disclosed herein is a cookware comprising any of the disclosed above glass-ceramic
compositions. In still further aspects, disclosed herein is a powder comprising any of

the disclosed above glass-ceramic compositions. In ceriain aspecis and without
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limitations, the cookware can be formed by a press process, a press-and-blow
process, a blow-and-blow process, or any combination thereof. While in other
aspecis, disclosed herein is a fiber comprising any of the disclosed above glass-
ceramic compositions. In certain aspects and without limitations, the fiber can
comprise a continuous or discontinuous fiber product or a fiberglass reinforced

composite.
METHODS

{108] Also disclosed herein are methods of making the disclosed compositions
and the disclosed articles. In cerfain aspects, disclosed herein is a method
comprising: a) forming a mixiure comprising from about 2 mol% 10 about 20 mol%% of
AlQOa, from about 2 molY% to about 45 mol% of LixO; and from about 48 mol% to
about 80 mol% of Si02; b) forming a homogeneous composition; and ¢) ceramming

the homogenecus composition to form a glass-ceramic compaosition.

{108] Yetin other aspects, disclosed herein is a method comprising: a) forming a
mixture comprising from about 3 mol% to about 12 mol% of AlCs, from about 13
mol% to about 45 moi% of Liz0; and from about 48 mol% to about 75 mol% of Si0g;
b} forming a homogeneous composition; and ¢} ceramming the homogeneous

composition to form a glass-ceramic composition.

{110] It is understood that Al2Cs, Li20, and SiC2 can be present in any amounts as

disclosed in the above-described compositions.

fM11]  In still further aspects, the mixture formed by the methods disclosed herein
can further comprise from O mol% {o about 8 mol% of ZrO:, or from O mol% to about
5 mol% of P20s, or a combination thereof. While in other aspects, the mixture formed
by the methods disclosed herein can further comprise from 0 mol% to about 3 mol%
of ZrO2, or from 0 mol% to about 3 mol% of P20s, or a combination thereof. it is
understood that both Zr02 and P20s can be present in any amounts as disclosed in

the above-described compositions.

[112] Inyetiurther aspects, the step of forming the homogenous composition
comprises melting the mixture in a furnace at a temperature from about 1300 °C o
about 1,700 °C for a first predetermined time. In such temperature the temperature in

the furnace can be any temperature in a range from about 1,300 °C to about 1,700
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°C, including exemplary valuas of ghout 1,310 °C, about 1,320 °C, about 1,330 °C,
about 1,340 °C, about 1350 °C, about 1,380 °C, about 1,370 °C, about 1,380 °C,
about 1,380 °C, about 1,400 °C, about 1,410 °C, about 1,420 °C, about 1,430 °C,
about 1,440 °C, about 1,450 “C, about 1,460 °C, about 1,470 °C, about 1,480 “C,
about 1,480 °C, about 1,500 °C, about 1,510 °C, about 1,520 °C, about 1,530 °C,
about 1,540 °C, about 1,550 “C, about 1,560 °C, about 1,570 °C, about 1,580 “C,
about 1,580 °C, about 1,600 °C, about 1,810 °C, about 1,820 °C, about 1,630 °C,
about 1,840 °C, about 1,650 “C, about 1,860 °C, about 1,870 °C, about 1,880 “C,
and about 1,690 °C.

137 In still further aspects, the methods disclosed herein can further comprise a
step of annealing at a temperature from about 450 °C to about 700 °C, including
exemplary values of about 460 °C, about 470 °C, about 480 °C, about 480 °C, about
500 °C, about 510 “C, about 520 °C, about 530 °C, about 540 °C, about 550 °C,
about 580 °C, about 570 °C, about 580 °C, about 590 °C, about 800 °C, about 810
°, about 820 °C, about 830 °C, about 840 °C, about 850 °C, about 6680°C, about
870 °C, about 680 °C, and about 680 °C.

{114} In yet further aspects, the step of ceramming comprises heating the
homogenous composition at a nucleation temperature for a second predetermined
time. In such exemplary aspects, the nucleation temperature is from 450 °C to about
700 °C, including exemplary values of about 460 °C, about 470 °C, about 480 °C,
about 480 °C, about 500 °C, about 510 °C, about 520 °C, about 530 °C, about 540
°C, about 550 °C, about 560 °C, about 570 °C, about 580 °C, about 580 ~C, about
800 °C, about 620 °C, about 830 °C, about 840 °C, about 850 °C, about 860°C,
about 670 °C, about 880 °C, about 830 °C.

{115] In still further aspects, in the methods disciosed herein, the step of
ceramming further comprises a step of heating the composition to a crystallization
temperature at a rate from about 5 °C/min to about 15 °C/min and keeping the
composition at the crystallization temperature for a third predetermined time. In such
exemplary aspects, the heating is performed at a rate from about 5 °C/min to about

15 °C/min, including exemplary aspects, of about 8 °C/min, about 7 °Cimin, about 8
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°C/min, about 9 °C/min, about 10 °C/min, about 11 °C/min, about 12 °C/min, about

13 °C/min, and about 14 “C/min.

[116] In siill further aspects, the crystallization temperature is from aboui 580 °C to
about 800 °C, including exemplary values of about 580 °C, about 600 °C, about 810
°C, about 820 °C, about 630 °C, about 840 °C, about 650 °C, about 660 °C, about
670 °C, about 680 °C, about 880 °C, about 700 °C, about 710 °C, about 720 °C,
about 730 °C, about 740 °C, about 750 °C, about 760 °C, about 770 °C, about 780
°, and about 790 °C.

(117] 1t is undersiood that one skilled in the art can adjust the nucieation and
crystallization temperatures to accommodate the different glass compositions within

the above-described range.

{118] In yetfurther aspects, the first predetermined iime is from about 0.5 hours to
about 20 hours, including exemplary values of about 1 hour, about 1.5 hours, about
2 hours, about 2.5 hours, about 3 hours, about 3.5 hours, about 4 hours, about 4.5
howrs, about & hours, about 5.5 hours, about 8 hours, about 8.5 hours, about 7
hours, about 7.5 howrs, about 8 hours, about 8.5 howrs, about 10 hours, about 10.5
hours, about 11 hours, about 11.5 hours, about 12 hours, about 12.5 hours, about 13
hours, about 13.5 hours, about 14 hours, about 14.5 hours, about 15 hours, about
15.5 hours, about 18 hours, about 18.5 hours, about 17 hours, about 17.5 hours,

about 18 hours, about 18.5 hours, about 19 hours, and about 19.5 hours.,

119]  Invyetfurther aspects, the first predetermined time is from about 3 hours to

about 5 hours, including exemplary values of about 3.1 hours, about 3.2 hours, about
3.3 hours, about 3.4 hours, about 3.5 hours, about 3.8 hours, about 3.7 hours, about
3.8 hours, about 3.9 hours, about 4.0 hours, about 4.1 hours, about 4.2 hours, about
4.3 hours, about 4.4 hours, about 4.5 hours, about 4.6 hours, about 4.7 hours, about

4 8 hours, and about 4.9 hours.

{1201 Invyetiurther aspects, the second predetermined time is from about 0.5
hours to about 20 hours, including exemplary values of about 1 hour, about 1.5
hours, about 2 hours, about 2.5 hours, about 3 hours, about 3.5 hours, about 4
hours, about 4.5 hours, about 5 hours, about 5.5 hours, about 8 hours, about 6.5

hours, about 7 hours, about 7.5 hours, about 8 hours, about 2.5 hours, about 10
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hours, about 10.5 hours, about 11 howrs, about 11.5 howrs, about 12 hours, about
12.5 hours, about 13 hours, about 13.5 hours, about 14 hours, about 14.5 hours,
about 15 hours, about 15.5 houwrs, about 16 hours, about 16.5 hours, about 17 hours,
about 17.5 hours, about 18 hours, about 18.5 hours, about 19 hours, and about 195

hours.

{121] Invetiurther aspects, the second predetermined time is from aboul 3 hours
to about 5 hours, including exemplary values of about 3.1 hours, about 3.2 hours,
about 3.3 hours, about 3.4 hours, about 3.5 hours, about 3.6 hours, about 3.7 hours,
about 3.8 hours, about 3.9 hours, about 4.0 hours, about 4.1 hours, about 4.2 hours,
about 4.3 hours, about 4.4 hours, about 4.5 hours, about 4.6 hours, about 4.7 hours,

about 4.8 hours, and about 4.9 hours.

{122] Invyetiurther aspects, the third predetermined time is from about 0.5 hours
to about 20 hours, including exemplary values of about 1 hour, about 1.5 hours,
about 2 hours, about 2.5 hours, about 3 hours, about 3.5 hours, about 4 hours, about
4.5 hours, about 5 hours, about 5.5 hours, about 6 hours, about 8.5 hours, about 7
hours, about 7.5 howrs, about 8 hours, about 8.5 hours, about 10 hours, about 10.5
hours, about 11 hours, about 11.5 hours, about 12 hours, about 12.5 hours, about 13
hours, about 13.5 hours, about 14 hours, about 14.5 hours, about 15 hours, about
15.5 hours, about 18 hours, about 186.5 hours, about 17 hours, about 17.5 hours,

about 18 hours, about 18.5 hours, about 19 hours, and about 18.5 hours.

{123] Invyet further aspects, the third predetermined time is from about 3 hours {o

about 5 hours, including exemplary values of about 3.1 hours, about 3.2 hours, about
3.3 hours, about 3.4 hours, about 3.5 hours, about 3.8 hours, about 3.7 hours, about
3.8 hours, about 3.9 hours, about 4.0 hours, about 4.1 hours, about 4.2 hours, about
4.3 hours, about 4.4 hours, about 4.5 hours, about 4.6 hours, about 4.7 hours, about

4 8 hours, and about 4.9 hours.

{124] In vet further aspects, the firsi, second, and/or third predetermined times can

be the same or different.

[125] In ceriain aspects, in the methods disclosed herein, P20s can behave as a
nucleation agent. As used herein, the term a “nucieation agent” refers to a

component in the glass-ceramics (and/or the precursor glass composition and/or
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glass that includes such a composition) that serves as the starting point of the nuclei
itself (i.e., is a discontinuity or defect in the homogenous or amorphous phase from
which the crysial phase is generated), and does not require other componeants {0
promote nucleation. it is understood that in other exemplary aspects, aiso TiCz

and/or ZrO: can aiso be used as the nucleation agents.
[126] While in other aspects, ZrQO2 can be a crystal size growth- imiting agent.

[127] Also disclosed herein are aspecis where the glass-ceramic compositions
formed by the disclosed herein methods can comprise B-spodumene phase,

optionally petalite phase, and a lithium silicate crystalline phase.

£128]  In still further aspects, the glass-ceramic composition formed by the
disclosed methods can comprise AlOs in an amount from about 5 mol% fo about 7.5
mol %, including exemplary values of about 5.1 mol%, about 5.2 mol%, aboui 5.3
moi%, about 5.4 moi%, about 5.5 mol%, about 5.8 mol%, about 5.7 moi%, about 5.8
moi%, about 5.9 moi%, about 8.0 mol%, about 6.1 mol%, about 6.2 mol%, about 8.3
moi%, about 6.4 moi%, about 8.5 mol%, about 6.6 mol%, about 6.7 mol%, about 6.8
moi%, about 8.8 moi%, about 8.9 mol¥%, aboul 7.0 mol%, about 7.1 moi%, about 7.2
mol%, about 7.3 mol%, and about 7.4 mol%. In such exemplary values, the glass-
ceramic article comprises a major crystaliine phase comprising from about 20 {o
about 80% of the B-spodumene phass, including exemplary values of 25%, about
30%, about 35%, about 40%, about 45%, about 50%, about 55%, about 80%, about
65%, about 70%, and about 75% of the -spodumene phase. in still further aspects,
the major phase can comprise from about 20 to about 80% of the petalite phase
25%, about 30%, about 35%, about 40%, about 45%, about 50%, about 55%, about
60%, about 85%, about 70%, and about 75% of the B-spodumene phase. In still
further aspecis, such compositions can comprise a minor crystalline phase
comprising up to about 10% of the lithium silicate phase, including exemplary values
of about 03.01%, about 0.05%, about 0.1%, about 0.5%, about 1%, about 2%, about
3%, about 4%, about 5%, about 6%, about 7%, about 8%, about 5%, about 9.5, and

about 9.98%.

{129] In yet further exemplary aspects, when Al20s is present from about 5§ mol%

to about 7.5 mol %, Li20 can be present from about 20 mol% to about 25 mol%,
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including exemplary values of about 21 mol%, about 21.5 mol%, about 22 mol%,
about 22.5 mol%, about 23 mol%, about 23.5 mol%, about 24 mol%, and about 24.5

mol%.

1301 In still further aspects, the glass-ceramic composition formed by the
disclosed methods can comprise AlOs in an amount from about 7 mol% to about 12
moi%, including exemplary values of aboul 7.1 mol%, about 7.2 mol%, about 7.3
moi%, about 7.4 moi%, about 7.5 molY%, aboul 7.6 mol%, about 7.7 moi%, about 7.8
mol%, about 7.9 moi%, about 8.0 mol9%, about 8.1 mol%, about 8.2 moi%, about 8.3
moi%, about 8.4 mol%, about 8.5 mol%, about 8.6 mol%, about 8.7 moi%, about 8.8
moi%, about 8.9 moi%, about 9.0 mol%, about 8.1 mol%, about 8.2 moi%, about 8.3
moi%, and about 9.4 moi%, about 9.5 mol%, about 9.6 mol%, about 8.7 mol%, about
9.8 mol%, about £.9 mol%, about 10.0 mol%, about 10.1 mol%, about 10.2 mol%,
about 10.3 mol%, about 10.4 mol%, about 10.5 mol%, about 10.6 mol%, about 10.7
moi%, about 10.8 mol%, about 10.8 mol%, about 11.00 mol%, about 11.1 moi%,
about 11.2 mol%, about 11.3 mol%, about 11.4 mol%, about 11.5 mol%, about 11.6
mol9%, about 11.7 mol%, about 11.8 mol%, and about 11.8 mol%. In such exemplary
aspects, the glass-ceramic composiion comprises a major crystalline phase
comprising from about 80% 1o about 30% of the B-spodumens phase and a minor
crystalline phase comprising up 1o about 10% of the lithium silicate phasse. In such
aspecis, the major crystaliine phase can comprise from about 80% to about 80% of
the B-spodumene phase, including exemplary values of about 85%, about 70%,
about 75%, about 80%, and about 85% of the B-spodumene phase. While in other
aspecis, the minor crystaliine phase comprising up to about 10% of the lithium
silicate phass, including exemplary values of greater than 0%, about 0.01%, about
0.05%, about 0.1%, about 0.5%, about 1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, about 2.5%, about 9.8%, and about
9.99%. In still further aspects, when the iithium silicate crystalline phase is present, i

can comprise a lithium metasilicate crystalline phase.

{1311  In still further aspects, the mixture formed by the disclosed herein
compaositions can further comprise from about from G mol% to about 8 mol% of 8203,
and from C mol% to about 8 mol% of Naz0. While in still further aspects, the mixture

formed by the disclosed herein compositions can further comprise from about from 0
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mol% {o about 5 moi% of BzGs, and from 0 mol% to about 3 mel% of Na:0. itis
understood that both B20Os and Nax0 can be present in any amounts, as disclosed in

the above-described compositions.

£132]  In still further aspects, the methods disclosed herein can comprise a step of
jon-exchange treatment comprising placing the glass-ceramic compositioninto a
moiten salt bath. In such aspects, the molten salt bath can comprise any ions that
can be used for an ion-exchange of the glass-ceramic composition. In certain
aspects, the molten bath can comprise sodium, potassium, silver, or copper (1) ons,
or a combination thereof. In still olher aspects, the ion-exchange freatment can be
performed at conditions effective to provide an ion-exchanged glass-ceramic

composition.

{133] In still further aspects, the molten bath can comprise any of the disclosed
ions or their mbdures. In certain aspects, the conditions effective to provide the ion-
exchanged glass-ceramic composition comprise exposure of the glass-ceramic
composition to a molten sait at a temperature from about 380 °C {o about 500 °C,
including exemplary values of about 390 °C, about 400 °C, about 410 °C, about 420
°C, about 430 °C, about 440 “C, about 450 °C, about 460 °C, about 470 °C, about
480 °C, and about 480 °C and for a time pericd from about 4 hours {o about 20
hours, including exemplary values of about 5 hours, about © hours, about 7 hours,
about 8 hours, about 8 hours, about 10 hours, about 11 hours, about 12 hours, about
13 hours, about 14 hours, about 15 hours, about 16 hours, about 17 hours, about 18

hours, and about 19 hours.

[134] In some further exemplary and unlimiting aspects, the step of ion exchange

freatment can be done after the step of ceramming.

[138] s further understood that in aspects disciosed herein, the step of ion-
exchange treatment can comprise placing the disclosed herein composition in a first
molten bath comprising one or more molten oxides and forming a first ion-exchanged
composition. While in other aspects, the methods can further comprise placing the
first-ion exchanged composition in a second bath comprising one or more molten
oxide and forming a second ion-exchanged composition, and 50 on until the desired

ion-exchanged composition is formed. it is understood that in these exemplary and
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unlimiting aspects, the first and the second molten bath compositions can comprise
the same or different molien oxides. In yet other aspects, the desired ion-exchanged
composition can be formed in one siep. in some exempiary aspects, the molten bath
comprising potassium (K} ions {or silver (Ag) or copper (Cu) (1)) or Cu (1) can
replace sodium {Na) ions or lithium {Li) ions in the glass-ceramic composition
depending on the temperature conditions. In yel other exemplary aspects, the molten
bath comprising sodium (Na) ions can further repiace lithium (L) ions in the glass-
ceramic composition depending on the temperature conditions. In still further
aspects, other alkali metal ions such as cesium or rubidium can also be present. In
yet other exemplary and unlimiting aspecis, the ion-exchange can also be done with
divalent metal ions, such as calcium, barium, or magnesium, if desired. it is also
understood that the molten baths can comprise any known in the art salls of the
desired metal ions, for example, the salts can comprise nitrates, sulfates, halides,
and the like.

£136] His further understoed that any kKnown in the art mechanisms of the ion-
exchange can be contemplated. In certain aspects, larger ions in the composition
can be replaced with the smaller ions in the bath. Yel, in further aspects, the smaller
ions the compositions are replaced with larger ions on the bath. Such ion-exchange

processes can be contfrolled by tuning the temperature and exposure time.

{1371 Inyet further aspects, when the bhath comprises silver or copper ions, the
formed ion-exchanged compositions can exhibit antimicrebial, antibacterial,

antifungal, or antiviral properties to the material.

£138]  In still further aspects, the ion-exchanged glass-ceramic compaosition
comprises: a) AlQs present from about 2 mol% to about 20 mol%:; by SiO: present
from about 48 mol% fo about 80 mol%; ¢) R20 preseni from greater than 0 mol% to
about 45 mol%; and wherein R20 comprises Liz0O, NaxQ, Kz, Aga0, Cux0, Cu(, or
a combination thereof, wherein the composition comprises a major crystalline phase
comprising a B-spodumene phase, and optionally, a petalite phase. While yet on
other aspects, the ion-exchanged glass-ceramic composition comprises: a) AlzOs
present from about 3 mol% to about 12 mol%; b) Si0: present from about 48 mol%
to about 75 mol%; ¢} R20 present from greater than 0 mol% to about 45 moi%,; and

wherein R 20 comprises LizQ, NazQ, K20, Ag20, Cux0, Cul, or a combination
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thereof, wherein the composition comprises a major crystalline phase comprising a
B-spodumene phase, and oplionally, a peialite phase. i is understood that any of the
components disclosed herein can comprise any amounts as disclosed in mentioned

above compositions.

£138]  In still further aspacts, the methods disclosed herein provide for the ion-
exchanged glass-ceramic composition comprising a compressive siress layer. ltis
understood that the compressive siress layer formed by the disclosed methods can
exhibit any properties described above and have any thickness or depth as
described above. In yel further aspects, the properties of the compressive siress
jayer can be luned by various ion-exchange treatment sieps, such as a single ion-

exchange step or multiple ion-exchange procedures, as described above.

{1407 It is further understood that in certain aspects, the amount and a type of ions
added through the ion-exchange can affect the transparency of the compaosition. Yet,
in other aspects, the amount and a type of ions added through the ion-exchange can
affect the coefficient of thermal expansion (CTE) of the composition. Without being
bound by theory, the addition of alkali oxide, for example, can increase the
coefficient of thermal expansion (CTE) and/or lower the chemical durability of the

glasses and/or glass-ceramics.

{141] In still further aspects, the giass-ceramic composilions and the ion-
exchanged glass-ceramic compositions can exhibit any of the disclosed above
characteristics and properties. In such exemplary aspects, these compositions can
be transparent, transiucent, or opaque and have any of the disciosed above medium

grain sizes.

[142] In still further aspecis, the methods disclosed herein comprise a step of
forming a glass-ceramic ariicle. Any known in the art methods of forming or shaping
an article can be utilized. For example, and without limitation, the methods of forming
a glass-ceramic article can comprise down drawing {by sither a slot draw or fusion
draw process), float processing, or thin rolling the glass. In yet other aspects, the
methods can comprise shaping the glass or glass-ceramic to any desired shape.
Various shaping methods can also be used, such as casting, molding, pressing,

rolling, floating, and the like. In vet further aspects, the articles disclosed herein can
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be formed by a flcal/flat glass press process, a press-and-blow process, a blow-and-

blow process, or any combination thereof.

1431  In still further aspects, the articles formed by the disclosed herein methods
can comprise a hollowware, tableware, container, plate, sheet, floal/flat sheel,

cookware, powder, fiber, cones, spheres, blades, or any combination thereof.
EXAMPLES

{144] The following exampies are put forth so as to provide those of ordinary skili
in the art with a compiete disclosure and description of how the compounds,
compositions, articles, devices, and/or methods claimed herein are made and
evaluated and are intended to be purely exempilary and are not intended to limit the
disclosure. Efforts have been made to ensure accuracy with respect to numbers
{e.¢., amounts, femperature, eic.), but some errors and deviations should be

accounted for.

[1458] The LAS glass-ceramics samples were prepared using the powder of Li2COs
(Alfa Aesar, USA, 99%), S0z (Alfa Aesar, USA, 89.5%), Alz0s (Alfa Aesar, USA,
899.5%), H:BOa (Acros Organics, USA, 89+%), NaxC0s (J.T.Baker, USA), A{FPOa)s
{(Alfa Aesar, USA), ZrOz (Fisher Chemical, USA). The compositions of Li2COs, Si02,
and AizOs are mainly based on the phase diagram of SiO2-AlO:-Li20 (as shown in
FIG. 1, M. Krishna Murthy et al., Fhase equilibria in the system lithium metasilicate—
B-eucryptite, J. Am. Ceram. Soc. 37 (1) (1954) 14-17). As the compositions of the
residue glass are different from those of crystals, the gradient of Liz0O and AlzQz was
investigated o maximize the percent of petailite and B-spodumene crystals in final
glass-ceramics. F20s was used as a nucleation agent to introduce bulk nucleation
and accelerate the nucleation rate of crystal phases, and ZrQ2 was used to limit the
crystal size to obtain transparency. Different amounts of P03 and ZrQ2 were
investigated to change numbers and sizes of crystals in order to optimize
fransparency and increase mechanical strength. B203 and Nax(O were used {o
promoie glass-forming abilities. The compositions of the various glass-ceramic

samples as prepared herein are shown in Table 1.

{1461 In this example, mixtures of 200 g powders were double meled in a

platinum crucible at 1,550 °C and kept for 3 and 5 h for homogenization and fining.
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Molten glasses were poured on a stainiess-stesl plate, annealed at 520 °C for more
than 8 h, and slowly cooled {o room temperature in the fumace o release thermal
stress. The homogeneity was verified using Polariscope to avoid unwanted

nucleation and crystal growth in glass-ceramics.

{147] Glass samples were cut into small pieces and prepared for ceramming.
Different temperatures were selected for nucieation temperature, in a small range
above the glass transition temperature (T measured by Differential Scanning
Calorimetry (DEC). Different were selected for crystal growth, according to the
crystallization temperature measured by DSC. Small glass pieces were kept at
nucleation temperature for 4 h, increased to crystal growth temperature at 10 °C/min,
held for 4 h for crystal growth, and siowly cooled down to room temperature in the

furnace.

[148] Glass samples were ground into a powder and measured by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) {o investigate the
compositional differences between glass samples and batch materials. DSC
measurement performed heat-cool-heat experiments at 10 °C/min using SDT 600
from TA company 1o learn glass transition temperature and crystallization
temperature. The cooling process provides a known thermal history, and T; was
recorded as the onset temperaiure in the glass transition area. Viscosity-temperature
parameters were measured using a rotational viscometer (VIS 403, TA Instruments)
at & 20 K/min cooling rate in the range of 10°7-10%% Pa-s. The observed high cooling
rate was assumed to be due o the crystallization of the supercooled liguid of lithium

aluminosilicate glass.

{149] Densities of both glass and glass-ceramics were measured using the
Archimedes method with distilled water as a liguid medium at room temperature. X-
ray diffraction (XRD) patterns (28 from 10° to 70°) were obtained to identify crystal
phases and calculate the percent of different crystals using PANalytical Emprvean X-

ray Diffractometer with Cu Kq radiation (40 kV& 40 mA) source.

[180] Ultraviolet-visible (UV-VIS) transmittance spectra in a range from 250 to 800
nm were obtained using Perkin-Elmer Lambda 950 UV-VIS-NIR Spectrophotometer.
The glass-ceramics samples for UV-VIS spectra were oplically polished to equal
thickness (2.0£0.1 mm).
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Table 1. The composition of LAS glass-ceramics batch materials.

LAB1-8 LASY LASE LASS LAS1O LAS1 LAS12
mol% moi% mol% mol% mol% mol% moi%
Sic» 58.3 89.5 871 659 68.3 683 868.3
AlzDs 94 9.4 5.4 9.4 54 7.4 34
820, 0.6 0.6 06 0.6 08 8.6 08
Li2O 18.5 18.5 18.5 18.5 225 20.5 245
Na0 1.6 1.6 18 1.6 18 1.6 1.8
K20 0.0 0.0 0N 8.0 oNe] 00 0.0
Zrn 1.2 0o 2.4 386 12 12 1.2
Pa0s 0.6 0.6 06 0.6 g6 0.8 06
Total 100 100 100 100 100 100 100
LAB13 LAS14 LASTS LAS1S LASTT LAS1E LAS1S
moli% moi% mol% mol% mol% maol% moi%
Si: 68.3 67 .1 87.1 67.1 88.9 668.9 849
Al(s 11.4 7.4 54 3.4 54 54 54
820 0.6 g6 06 g8 8.0 2.0 40
Liz0O 16.5 205 22.58 245 22.5 225 22.5
Na( 1.6 1.6 18 1.6 18 1.6 1.6
K20 0.0 0.0 0.0 0.0 0.0 8.0 0.0
Zr(e 12 2.4 24 2.4 12 1.2 1.2
2205 06 06 08 06 08 g6 08
Total 100 100 100 100 100 100 100
LAS20 LASZ21 LAB22 LAS23 LAS24 LAS2S LASZ8
mol% moi% mol% mol% mol% mol% moi%
Si0: 68.¢ 87.7 8671 87.7 £8.3 68.3 69,1
AlO: 54 9.4 54 54 6.4 4.4 7.4
B8:0s 0.8 0.6 06 08 06 08 086
Li20 225 18.5 22.5 225 21.5 235 18.5
Na:0 1.6 1.6 18 1.6 16 1.8 1.6
Ko 0.C .G 0.0 GG 8.0 0.0 0.0
Zr{n 1.2 1.2 12 1.2 12 1.2 1.2
P:0s 0.¢ 1.2 1.8 1.2 0.8 06 1.8
Total 100 100 100 100 100 100 100
f181] Vickers hardness and {oughness were determined by using a Mitutoyo HM-

200 microhardness tester. At least 10 indents were measured on the polished

surface of each sample under a 1386° diamond indenter. The hardness was

measured under 0.1 kgf (1 kgf=98.8 N} and calculated following Eguation (1):

HY = 0.0182

F
dsd;
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where HV is the Vickers hardness in GPa, £ is the load in kgf, and d; and d; are the
lengths of two diagonals left by indenter in mm. Vickers {oughness was measured

under 0.8 kgf and calculated using Eqguation {2):

4.5 n

Kie = 0016 x 107 (£) - (=5 2):

K Co

where Kic is the indentation fracture toughness in MPa-m®5 E is the elastic Young's
modulus in GPa, H is the hardness in GPa, P is the [oad in N, ¢ is half of the
diagonal crack iength in m. Elastic moduius is measured using nancindentation.
Indentation test is used for fracture foughness, instead of three-point bending test in
current research, for the reason of low dimensional requests and fewer sample

numbers.

f182] Hwas found that the number of cracks in the indentation {est increases with
increasing load following the sigmodal-like shape. Weibull's equation was used {o fit
the curve of sodium aluminosilicate glasses by Yoshida et al. and calcium
aluminosilicate glasses by Ponitzsch ef al. (Yoshida, A. et al., Crack inifiation
behavior of sedium aluminosilicate glasses. J. of Non-Cryst. Solids 344 (1-2) (2004)
37-43; A. Pénitzsch et al., Bulk elastic properiies, hardness, and fatigue of caicium
aluminosilicate glasses in the intermediate-silica range. J. of Non-Cryst. Solids 434
(2016) 1-12).

{183] Weibull's equation is shown in Equation (3):

5\ m]

F(Py=1-exp|— (%) (3

where F{P) is the probability of cracks (the number of ideal cracks divided by four), 7
is the load, 8 is the scale parameter, and m is the Weibull modulus. The crack
resistance is defined as F(P)=0.5, meaning the load required {0 generale two out of

four cracks.

[184] Linear thermal expansion coefficient (CTE) of glass-ceramics samples were
obtained under 0.0500 N force using a Thermomechanical Analyzer (TMA) Q400
from the TA company. The samples were ground 1o 8x6x20 mm, and heated from

room temperature fo 300 °C at a 5 °C /min heating rate.
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EXAMPLE 2
Glass composition

[185] It was found that the composition from [CP data is very close {o that of baich
materials, with an error of less than 0.5 mol% for major oxides and 0.2 mol% for
minor oxides. Due o the evaporation loss, the amounts of P20s, LizO, B20Os were
found to be less than that of the baich materials, causing the increasing percent of
SOz and AlzOs in glass compositions. Due to the large atomic mass and high
meiting point, the amount of ZrOz2 in the glass was found to be slightly less than that

in the batch materials.
Crystal phases

f186] I was further found that the types of the crystal phases from the XRD
patiern mainly change with the amount of Al20s and Si02 when LizOis kept in
excess amount. When the molar percent of Al2Os: Li20: Si02 s from 5.4:22.5:68.2 to
7.4:20.5.:68.3, the main crystal phases are petalite and LIAISIzOs, with Li2SiCz as a
minor phase (FIG. 24).

{157] Without wishing to be bound by any theory, based on the XRD pattern,
LiAISIsOs is belisved to be the solid solution of B-spodumene due to similar peak
positions. When the amount of AlOs is more than 7.4 mol%, the XRD shows the
only presence of the B-spodumene solid solution, as the petalite phase does not
appear in the XRD pattern (FIG. 2B). Again, without wishing to be bound by any
theory, it was hypothesized that LIAISI3Os is more preferable to crystalize than
petalite (LIAISLO10), as the ratio of LIAIC2:8i0z is higher in LIAISIzOs.

{188] It was also found that when AlCs is lower than 5.4 mol%, the crystal peak at
28~38 .4° pecomes intensive (FIG. 2B). This peak is several times higher than others
when the amount of AlOs is decreases 1o 3.4 mol%. Again, without wishing o be
bound by any theory, this intensive peak (the plane (002) of Li2SiCs) is believed to be
due {o the anisotropic growth of iithium metasilicate crystals in glass-ceramics. VWhen
the amount of 3i02 is {oo high compared with AlOs, the crystal of Si02 can be
present in the XRD pattern (FIG. 2B). Further, without wishing to be bound by any
theory, it was found that the nucieation and crystal growth temperatures do not

influence the types of crystal phases but influence the ratios of different crystals. The
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peak of the B-spodumene solid solution was found 10 be more intensive, while the

lithium metasilicate peak has disappeared at high temperatures.

1891 As the crystal growth rate of transparent glass-ceramics is far less than the
maxdmum growth rate, the crystalline to amorphous ratio continuously increases with
increasing crystal growth temperature. This ratio can also be influenced by the
amount of P20s, B20Os, and Zr02. Again, without wishing o be bound by any theory, it
is assumed that large Zr atoms increase the activation barrier, and thus, leading to
the decrease of the frequency of successtul jJumps of atoms from liguid to crystals.
As a resull, the crysialline to amorphous ratic largely decreases with more amount of
Zr32. P20s, as the nucleation agent, can decrease the nucleation temperature and
increase the nucleation rate, and thus, resulling in an increase of crystalline to
amorphous ratio. B20s has less influence on the ratio than ZrO; and P20s. But high
amount of B2Os can lead to a decrease in the viscosity at crystal growth temperature,
which slightly decreasing the activation barrier for the movement of atoms from liquid

to crystals, and thus, causing the increase of crystaliine 1o amorphous ratio.
EXAMPLE 3

DEC pattern and viscosify

{160] Variations in glass transition temperature, melting point {Ty), and
crystallization temperature were investigated as a function of Li20 and AlzCs
amounts (FIG.3A-B). It was found that 7y linearly increases with an increasing
amount of AlzOs and a decreasing amount of LizO (FIG.3B). It was found that Ty is
484 °C for sample 12 with 3.4 mol% AlzOCs and 24.5 mol% L0, increasing around
80 °C for sample 13 with 11.4 mol% AkOs and 18.5 mol% LizO. it was further found
that Ty, decreases with an increasing amount of Al2Os and a decreasing amount of
Li20.

{161] Without wishing (o be bound by any theory, the crysiallization peak around
750 °C is believed to be the peak of B-spodumene solid solution, according o the
phase diagram of LIAIC2-SIO: (FIG.4). The depth of this peak decreases with a
decreasing amount of AlOs, indicating that the $-spodumene solid solution is less
preferable in the low concentration of AlzOs. It was further found that in sample
LAS12 with 3.4 mol% AlQOs, the negative peak at 723 °C appears, which can

possibly correspond to the melting point of Liz5i0a. Analysis of this sample also has
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shown the appearance of ancther crystallization peak arcund 860 °C. Which wishing
to be bound by any theory, this peak was attributed to B-spodumene based on the
phase diagram. No peaks of pelalite were observed in the DSC pattern. Again,
without wishing to be bound by any theory, it was hypothesized that such
phenomena are due 1o the possible slow growth of petalite, compared with the 10
°C/min heating rate in DSC. Again, without wishing to be bound by any theory, it was
further hypothesized that this slow growth is responsible for the glass-ceramics

samples staying transparent while being in the furnace for hours.

{162] The viscosity-temperature curves of LAS10 and LAS11, as shown in FIGS.
5A-B were also compared with standard soda lime silicate glass (8G 80{(a)). itwas
found that both LAS10 and LAS11 crystaliize around 950 °C at a 20 K/min cooling
rate. The viscosity of lithium aluminosilicate glass was found {o be less than SG80 at
high temperatures. The data of LAS11 was then fitted with the Mauro-Yue-Ellison-
Gupta-Allan (MYEGA) equation, using -2.93 for logone. Ty filted in the MYEGA
equation is 451 °C, which is 81 °C lower than T, from DSC. Without wishing to be
bound by any theory, it was assumed that this error can be due to the limited range
of viscosity data at high temperatures. Fragility (m), the parameter useful in
understanding liquid dynamics and glass transition behavior, can also be predicted
from the MYEGA equation. It was found that the fragility of LAS11 is 27.

EXAMPLE 4
Density of glass samples and glass-ceramics samples

{163] The densities of the glass samples were measured and were found to be in
the range from 2.38 to 2.47 g/cm®, mainly influenced by the amount of ZrQ». FIG. 6
shows that the densities of glass increase with the amount of ZrQ.. Multiple linear
regression equation was used {o predict the influence of different oxides o the

densities of glass (Eguation 4):

plglemd)=2 . 37745+0.00027[ALO:]1+0.00002[Li201+0.00078[B20:]+0.00000[Naz
O1+0.02481[Zr02]+0.00000[P20s] (4)

where g is the density, 2.37745 g/om?® is the predicted density of pure silicate glass
from a muitiple linear regression equation with a percent error of 8.1% compared

with experimental data (2.20 g/cm®). Again, without wishing to be bound by any
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theory, this percent error was assumed to be mainly due to the simplified linear
model. R?of the fitting model was found to be 0.92, indicating that 92 percent of the
variabilities can be explained by the linear regression of different oxides. From the
fitted data, the density of the glass samples is mainly increased with the amount of
Zra.

{164] 1t was shown that the densities of the glass-ceramics sample are slightly
higher than their mother glass. Without wishing to be bound by any theory, it was
assumed that this is due 10 the crystals in glass-ceramics having ordered structure
and less open space. However, it was also found that the densities of glass-ceramics

are less than about 2% higher than the density of their mother glass.
EXAMPLE 5
Transmittances

[165] FiG. 7 shows the transmittance of different glass-ceramics samples
preparad herein. The first number in the glass-ceramics, as shown in FIG. 7, refers
to the nuclegtion temperature and nucleation time, and the second one refers to the
crystal growth temperature and crystal growth time. It was found that most of the
samples, except for sample LAS 28, exhibited the average transmittances in the
visible light region (380-700 nm} higher than about 80% (Table 2).

Table 2. The transmittance of exemplary glass-ceramics samples.

T, % LAS1O LASTE LAS24 LAS2S
Ave. Trans. at 380 81.3 82.0 87.7 38.4
nm-700nm
Trans. at 550 nm 82.6 845 88.2 40.9
Trans. at 400 nm 721 72.3 863 72.5

[166] It was further found that most of the investigated samples were transparent
at low crystal growth temperature and tended to become translucent and opaque at
a higher crystal growth temperature. Further, it was found that the samples
containing a high amount of lithium metasilicate tended to be translucent or opaguse
at the low crystal growth temperature. Without wishing to be bound by any theory, it

was assumed that transparency of the glass-ceramic composiiions correlates with
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the anisotropic growth of lithium metasilicate, corresponding to the intensive peak in
the XRD patiern.

671 Further, samples containing a high amount of 8-spodumens solid solution
were found to be transparent at the high crystal growth temperature. It was found, as
shown in the DSC pattern, while B-spodumene crystallizes at a higher temperature,
compared to petalite and lithium metasilicate crystallization, ithe B-spodumene
crystals are smaller than petalite and lithium metasilicate crystals at the same crystal

growth temperature.
EXAMPLE B
Microstructure

{168] FIGS. BA-BC show the secondary electron images of the microstructure of
opaque, translucent, and transparent LAS glass-ceramics from SEM. Due to the
different chemical durability of crystals and glass {o hydrofluoric acid, crystals are
observed under the electron microscope. It shows that the crystal sizes increase with
crystal growth temperature and exposure time. The crystal sizes of transparent glass
ceramics are between 20 and 40 nm, which were measured directly under SEM.
Some small pits were observed on the surface of crystals due to the etching of

hydrofivoric acid through the dislocations of crystals.
EXAMPLE 7
Vickers hardness and crack resistance

{169] Indeniation hardness and foughness of the exemplary sampiles disciosed
herein are shown in Table 3. PPG, a standard soda lime silicate glass with 74 mol%
SiO2, 13.3 mol% NazO, 8.3 mol% Ca0, 0.06 mol% AlOs and 3.7 mol% MgO [43],
were measured under the same condition. indentation hardness of glass-ceramics
samples, increasing with higher crystal growth temperature, was far higher than that
of PPG. The indentation toughness of glass-ceramics samples was higher than that
of soda-lime silicate glass (0.75 MPa -m'?) and Pyrex (0.70 MPa-m"?). Samples with
a higher amount of Al20s were found to have higher indentation hardness and

toughness.

[170] FIGS. 9A-B show the crack probabilities of glass-ceramics samples with

different loads of indenters, comparad with that of PPG. R? of the Weibull distribution
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on different samples was greater than 0.87. The average crack resistance of the
samples was found to be 0.58 kgf, or four times higher than that of PPG. Without
wishing to be bound by any theory, it was assumed that this high crack resisiance is
the result of the ceramming process. The interlocking microstruciure created from
crystal grains in glass-ceramics can promote crack bridging and deflection and thus,

lead to an increase in crack resistancsa.
EXAMPLE B
Thermal expansion coefficients

{1711 FIG. 10 shows the linear thermal expansion coefficients (CTE) obtained
from TMA in the range from 25 °C to 300 °C for both LAS10 and LAS11 glass and
glass-ceramics. The thermal expansion coefficients of glass-ceramics were found o
be in the range of 40-80x107 /°C, significantly higher than that of SiQ2 glass
{(5.5x107 /°C). CTE of glass-ceramics was found to be lower than the corresponding
glass, indicating that CTE of petalite and B-spodumene crystals are lower than the

glass matrix. CTE was higher in samples with a higher amount of Li2O.

[172] The claims are notintended {o include, and should not be interpreted to
include, means-plus- or step-plus-function limitations, unless such a limitation is
explicitly recited in a given claim using the phrase(s) “means for’ or “step for)”

respeciively.

73]  Inview of the described processes and compositions, hereinbelow are
described certain more particularly described aspects of the inventions. These
particularly recited aspects should not, however, be interpreted to have any limiting
effect on any different claims containing different or more general teachings
described herein, or that the “particular” aspects are somehow limited in some way

other than the inherent meanings of the language and formulas literally used therein.
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Table 3. indentation hardness and toughness of LAS glass-ceramics

LAS1O LAS10 LAS10 LAS1O
Sample Glass 580 4590 4 580 4610 4 580 4630 4
indentation 502+£0.34 GPa 7203015 GPa 7.19£0.16 GPa 7.64+0.34 GPa
Hardness
indentation 0.8510.02 0.971x0.04 0.911£0.04 0.8910.05
Toughness MPa-m'? MPa-m'? MPa-m'? MPa-m'?
Sample LASHO LASTO LASTO LASIO

580 4730 4 580 4750 4 580 4770 4 580 4790 4
indentation 7778026 GPa 7.7230.20 GPa 7.70x0.18 GPa 7.90+0.25 GPa
Hardness
indentation 1.05+0.04 1.1840.09 1.2040.03 1.28+0.07
Toughness MPa-m'? MPa-m'? MPa-m'? MPa-m'?
Sample LASTH LASTHT LASTHT LASTY

Glass 580 4590 4 580 4610 4 580 4630 4
indentation 6.03x0.17 GPa 8.30x0.08 GPa 7962013 GPa 7.80+0.50 GPa
Hardness
indentation 0.898+0.02 1.43+0.05 0.88+0.02 0.91x0.13
Toughness MPa-m'? MPa-m'? MPa-m'? MPa-m'?
Sample LASTH LAST LAST Soda-lime

580 4730 4 580 4750 4 580 4770 4  silicate

glass{PPG)

indentation 7.8120.28 GPa 7.78x019 GPa 7.81x0.28 GPa 5.35x0.07 GPa
Hardness
indentation 1.08:0.02 1.3640.06 1.2340.04 3.75£0.01
Toughness MPa-m'- MPa-m!~? MPa-m!~? MPa-m'?
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ASPECTS:

[174] Aspect 1. A glass-ceramic compaosition comprising: from about 2 mol% {o
about 20 mol% of AlOa: from about 2 mol% to about 45 mol% of Lix0; and from
about 48 mol% to about 80 mol% of Si0z having a B-spodumene phase and a

lithium silicate crystalline phase, and optionally a petaliie phase.

[175] Aspect 2 The glass-ceramic composition of Aspect 1, wherein AlkOs is
present from about 5 moi% to about 7.5 moi %, the glass-ceramic composition
comprises a major crystalline phase comprising from about 20 {0 about 80% of the pB-
spodumene phase and from about 20 {0 about 80% of the petalite phase and a

minor crystalline phase comprising up to about 10% of the lithium silicate phase.

[1768] Aspect 3 The glass-ceramic composition of Aspect 2, wherein LizO is

present from about 20 mel% o about 25 mol%.

[177] Aspect 4. The glass-ceramic composition of Aspect 1, wherein Al:Os is
present from about 7 mol% to about 12 mol%, the glass-ceramic composition
comprises a major crystaliine phase comprising from about 80% fo about 80% of the
B-spodumene phase and a minor crystaliine phase comprising up to about 10% of

the lithium silicale phase.

[178] Aspect 5 The glass-ceramic composition of any one of Aspects of 1-4,
wherein the lithium silicate crysialiine phase comprises a lithium metasilicale

crystalline phase.

1791  Aspect 8. The glass-ceramic composition of any one of Aspects 1-5, further
comprising from 0 moi% to about 8 mol% of B20s, from 0 mol% to about 8 mol% of
ZrQz, from 0 mol% to about 5 mol% of P20s and from 0 mol% to about § moi% of
NaxO.

1801 Aspect 7. The glass-ceramic composition of any one of Aspects 1-8,

wherein the composition exhibits density from about 2.00 g/em® to about 2.6 g/em?.

f181] Aspect 8. The glass-ceramic composition of any one of Aspects 1-7,

exhibiting an average transmitiance greater than about 80% over a wavelength
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range from about 380 nm 1o about 700 nm as measured for a sample prepared from

the composition and having a thickness of about 2.00 mm.

1821 Aspect 9 The glass-ceramic composition of any one of Aspecis 1-7,
exhibiting an average transmittance between 20% and 80% over a wavelength range
from about 380 nm o about 700 nm as measured for a sampie prepared from the

composition and having a thickness of about 2.00 mm.

[183] Aspect 10 The glass-ceramic composition of any one of Aspects 1-7,
exhibiting an average transmitiance lower than 20% over a wavelength range from
about 380 nm to about 700 nm as measured for a sample prepared from the

composition and having a thickness of about 2.00 mm.

{184] Aspect 11: The glass-ceramic composition of Aspect &, comprising a
plurality of crystal grains, wherein the median size of a crystal grain is from about 20

to about 80 nim.

[185] Aspect 12: The glass-ceramic composition of Aspect 9, comprising a
plurality of crystal grains, wherein the median size of a crystal grain is from greater

than about 80 nm o about 500 nm.

[186] Aspect 13: The glass-ceramic composition of Aspect 10, comprising a
plurality of crystal grains, wherein the median size of a crystal grain is from greater
than about 500 nm.

1871 Aspect 14, The glass-ceramic composition of any ong of Aspects 1-13,

exhibiting Vickers hardness equal to or greater than about 6.0 GPa.

{188] Aspect 15 The glass-ceramic composition of any one of Aspects 1-14,
exhibiting Vickers hardness of at least about 5% greater than Vickers hardness of a

standard soda lime silicate glass.

[189] Aspect 16 The glass-ceramic composition of any one of Aspects 1-15,

exhibiling a crack-resistance greater than about 0.2 kgf.

{180] Aspect 17: The glass-ceramic composition of any one of Aspects 1-16,

exhibiting a crack-resistance greater than about 0.4 kgf.
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[191] Aspect 18 The glass-ceramic composition of any one of Aspects 1-17,
exhibiting a crack-resistance that at least 4 times higher than a crack-resistance of &

standard soda lime silicate glass.

[192] Aspect 19 The glass-ceramic composition of any one of Aspects 1-18

exhibiting a thermal expansion coefficient from about 40x107 to about 80x107 /°C.

193] Aspect 20: The glass-ceramic composition of any one of Aspects 1-19,
wherein the composition exhibits a glass transition temperature (T} from aboui 450
°CC to about 600 °C.

[194] Aspect 21 The glass-ceramic composition of any one of Aspects 1-20,
wherein the composition further comprises one or more of fining agents selected
from CeCaz, SnO2, Fe20s, As20s, Shz0s, Min(z, or a combination thereof, and
wherein the one or more fining agents are present in a total amount equal 1o or less

than about 1 mol %.

[185] Aspect 22: The glass-ceramic composition of any one of Aspects 1-21,
further comprising one or more of coloring components seiected from transition
metal oxides and/or rare earth metal oxide, and wherein the one or more coloring

components are present in a total amount equal to or less than about 1 mol%.

1861 Aspect 23: The glass-ceramic composition of any one of Aspects 1-22,
further comprising a decolorizing agent comprising sodium sulphate, selenium
compounds, erbium oxide, cerium oxide, coball oxide, manganese oxide, or any

combination therecof.

971  Aspect 24. The glass-ceramic composition of any one of Aspects 1-23,

whereain the composition is ion-exchangeable.

{188] Aspect 25 A glass-ceramic composition comprising: AlzQs present from
about 2 mol% to about 20 mol%, SiO: present from about 48 mol% to about 80
mol%: R0 present from greater than 0 mol% to about 45 moi%; and wherein R20
comprises Li20, Nax0, KO, AgzO, CuxC, Cu, or a combination thereof, wherein
the composition comprises a major crystalline phase comprising a B-spodumene

phase, and optonally, a petalite phase.
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{189] Aspect 268: The glass-ceramic composition of Aspect 25, wherein when R0
comprises Li20, the composition comprises a minor crystalline phase comprising a

fithium silicate phase.

[200] Aspect 27: The glass-ceramic composition of Aspect 25 or 28, wherein
Alz0s is present from about 5 mol% to about 7.5 mol %, the glass-ceramic
composition comprises a major crystalline phase comprising from about 20 to about
80% of the B-spodumene phase and from about 20 to about 80% of the petalite

phase.

[201] Aspect 28 The glass-ceramic composition of Aspect 26, wherein Al2Os is

present from about 5 moi% io about 7.5 mol % and Li2O is present from 20 mol% to
about 25 mol%, the glass-ceramic composition comprises a major crystalline phase
comprising from about 20 to about 80% of the p-spodumens phase and from about
20 to about 80% of the petalite phase, and a minor phase comprises up 10 10 molSs

of the lithium silicate phase.

[202] Aspect 29 The glass-ceramic composition of Aspect 25 or 28, wherein
AlzQOs is present from about 7 mol% to about 12 mol%, the glass-ceramic
composition comprises a major crystalline phase comprising from about 80% {o

about 30% of the B-spodumene phase.

[203] Aspect 30: The glass-ceramic composition of Aspect 26, whersin AlOs is
present from about 7 mol% to about 12 mol%, the glass-ceramic composition
comprises a major crysialiine phase comprising from about 80% to about 90% of the
B-spodumene phase and a minor crysialiine phase comprising up o about 10% of

the lithium silicate phase.

f204]  Aspect 31 The glass-ceramic composition of any ong of Aspecis 25-3C,
wherein the composition further comprises: B2Os present from 0 mol% to about 8

mol%, ZrQz from O moi% o about 8 mol%, and PCs from O mol® 1o about 5 moi%.

[205] Aspect 32: The glass-ceramic composition of any one of Aspects 25-31,

wherein the composition is transparent, franslucent, or cpague.
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[206] Aspect 33 The glass-ceramic composition of any ong of Aspects 25-32,

comprising a compressive stress layer.

[2071  Aspect 34: The glass-ceramic composition of any one of Aspects 25-33,

wherein the composition exhibits density from about 2.00 g/cm?® to about 2.8 g/em?

[208] Aspect 35 The glass-ceramic composition of any one of Aspecis 32-34,
wherein the composition is transparent and comprises a plurality of crystal grains,

wherein the median size of a crystal grain is from about 20 to about 80 nm.

[209] Aspect 36 The glass-ceramic composition of any one of Aspects 32-34,
wherein the composition is translucent and comprises a plurality of crystal grains,
wherein the median size of a crystal grain is from greater than about 80 nm to about
500 nm.

[210] Aspect 37: The glass-ceramic composition of any one of Aspects 32-34,
wherein the composition is opaque and comprises a plurality of crystal grains,

wherein the median size of a crystal grain is from greater than about 500 nm.

2111  Aspect 38 The glass-ceramic composition of any one of Aspects 25-37,

exhibiting Vickers hardness equal to or greater than about 6.0 GPa.

[212] Aspect 39 The glass-ceramic composition of any ong of Aspects 25-38,
exhibiting Vickers hardness of at least about 5% greater than Vickers hardness of a

standard soda lime silicate glass.

[213] Aspect 40: The glass-ceramic composition of any one of Aspects 25-39,

exhibiling a crack-resistance greater than about 0.2 kgf.

{214] Aspect 41. The glass-ceramic composition of any one of Aspects 25-40,

exhibiting a crack-resistance greater than about 0.4 kgf.

[215] Aspect 42: The glass-ceramic composition of any one of Aspects 25-41,
exhibiting a crack-resistance that at least 4 times higher than a crack-resistance of a

standard soda lime silicate glass.
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[216] Aspect 43 The glass-ceramic composition of any ong of Aspects 25-42,

axhibiting a thermal expansion coefficient from about 40x107 to about 20x107 /°C.

[217]  Aspect 44 The glass-ceramic composition of any ong of Aspects 25-43,
wherein the composition exhibits a glass transition temperature (Tg) from about 450
°C to about 800 °C.

[218] Aspect 45 The glass-ceramic composition of any ong of Aspects 25-44,
wherein the composition further comprises one or more fining agents selected from
CeOz2, SnOs2, Fex0s, As20s, Sb20s, MnOs2, or a combination thereof, and wherein the
one of more fining agents are present in a total amount equal 1o or less than about 1

mol %.

[218] Aspect 46 The glass-ceramic composition of any ong of Aspects 25-45,
wherein the composition further comprises a decolorizing agent comprising sodium
suiphate, selenium compounds, erbium oxide, cerium oxide, cobalt oxide,

manganese oxide, or any combination thereof.

[220] Aspect 47 The glass-ceramic composition of any one of Aspects 25-46,
further comprising one or more coloring components selected from transition metal
oxides and/or rare earth metal oxide, and wherein the one or more coloring

components are present in a total amount equal to or less than about 1 mol%.

[221] Aspect 48: The glass-ceramic composition of any one of Aspects 25-47,
wherein Ag20Q, and/or Cuz0, and/or CuO is present and wherein the glass-ceramic
composition exhibits antimicrobial, antiviral, antibacterial, and/or antifungal

properties.

[222] Aspect 48 A glass-ceramic article comprising the composition of any ong of
Aspects 1-48.

[223] Aspect 50: A glass-ceramic article comprising the composition of any one of
Aspects 33-48, wherein the compressive siress layer extends from a surface of the
article to a depth of the compressive stress layer, and wherein the depth is from

about 1 um to about 100 um.
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[224] Aspect 51: A glass-ceramic article comprising the composition of any one of
Aspects 33-48, wherein the compressive stress layer extends from a surface of the
article to a depth of the compressive siress laver, and wherein the depth is up to

about 25 % of a thickness of the glass-ceramic article.

[225] Aspect 52: A glass-ceramic article comprising: from about 2 mol% to about
20 mol% of AlzOs; from about 2 mol% to about 45 mol% of Li20; and from about 48
mol% to about 80 mol% of SI0z2; having a B-spodumene phase and a lithium silicate

crystailine phase, and optionally a petalite phase.

{226] Aspect 53: A glass-ceramic article comprising: Al2Os present from about 2
moi% to about 20 mol%; Si02 present from about 48 mol% fo about 80 mol%; and
R0 present from greater than 0 mol% to about 45 mol%,; whersin R20 comprises
LizO, Na:0, K20, AgC, Cux0, CuQ, or a combination thereof, wherein the
composition comprises a major crystaliine phase comprising a B-spodumene phase,

and opticnally, a petalite phase.

{227  Aspect 54: The arlicle of any one of Aspects 49-53, wherein the article
comprises a hollowware, tableware, container, plate, sheet, float/flat sheet,

cookware, powder, fiber, cones, spheres, blades, or any combination thereof.

[228] Aspect 55 The article of any one of Aspects 49-54, wherein the article is
formed by a float/flat glass press process, a press-and-blow process, a blow-and-

blow process, or any combination thereof.

[228] Aspect 56 A tableware comprising the composition of any one of Aspecis 1-
43.

[2301 Aspect 57 The tableware of Aspect 58, wherein the tableware is formed by

a glass press process, a press-and-blow process, and/or g blow-and-blow process.

[231] Aspect 58: A hollowware comprising the composition of any one of Aspects
1-48.
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[232] Aspect 59 The hollowware of Aspect 57, wherein the hollowware is formed
by a glass press process, a press-and-blow process, and/or a blow-and-blow

process.

[233] Aspect 80: A powder comprising the composition of any one of Aspects 1-
43,

[234] Aspeci 81. A cookware comprising the composition of any one of Aspects 1-
48.

[235] Aspect 62 The cookware of Aspect 81, wherein the cockware is formed by

a glass press process, a press-and-blow process, and/or a blow-and-blow process.
[236] Aspect 83. A fiber comprising the composition of any one of Aspects 1-48.

[237] Aspect 64: The fiber of Aspect 83, wherein the fiber is formed by a

continuous or discontinuous fiber drawing or spinning process.

[238] Aspect 85 A float or flat glass press product comprising the composition of

any one of Aspects 1-48.

[238] Aspect 66 A press-and-blow process product comprising the composition of

any one of Aspecis 1-48.

[2401 Aspect 87 A blow-and-blow process product comprising the composition of

any one of Aspects 1-48.

[241] Aspect 88: A method comprising: forming a mixiure comprising: a) from
about 2 mol% to about 20 mol% of AO: from about 2 mol% {0 about 45 mol% of
LizC; and from about 48 mol% to about 80 mol% of Si02; b) forming a homogeneous
composition; and ¢} ceramming the homogeneous composition 1o form a glass-

ceramic composition.

f242] Aspect 69 The method of Aspect 68, wherein the mixture further comprises
from O mol% to about 8 mol% of ZrOz, or from 0 moi% {o about 5 mol% of P20s, or a

combination thereof,

56



WO 2022/024007 PCT/1IB2021/056881

[243] Aspect 70: The method of Aspect 68 or 89, wherein the step of forming the
homogenous composition comprises melting the mixture in a fumace ata

temperature from about 1,300 °C to about 1,700 °C for a first predetermined time.

f244] Aspect 71 The method of Aspect 70, further comprising a step of annealing
at a temperature from about 450 °C to about 700 °C.

[245] Aspect 72: The method of any one of Aspects 88-71, whersin the step of
ceramming comprises heating the homogencous composition at a nucleation

temperature for a second predetermined time.

[246] Aspect 73 The method of Aspect 72, wherein the nucleation temperature is
from about 450 °C to about 650 °C.

[247] Aspect 74 The method of Aspect 71 or 72, wherein the siep of ceramming
further comprises a step of healing the composition to a crysiallization temperature
at a rate from about 5 °C/min to about 15 °C/min and keeping the composition at the

crystallization temperature for a third predstermined fime.

[248] Aspect 75 The method of Aspect 74, wherein the crysiallization temperature
is from about 580 °C to about 800 °C.

[249] Aspect 76 The method of any one of Aspecis 74-75, wherein the first, the

second, and/or the third predetermined times are from about 3 to 5 hours.

[280] Aspect 77 The method of any one of Aspects 72-78, wherein P20s is a

nucleation agent.

[251] Aspect 78 The method of any one of Aspects 74-77, wherein ZrCz is a

crystal size growih-limiting agent.

[282] Aspect 79 The method of any one of Aspects 68-78, wherein the glass-
ceramic composition comprises a -spodumene phase, optionally petalite phase,

and a lithium silicate crystalline phase.

[253] Aspect 80: The method of Aspect 79, wherein Al:O: is present from about 5

mol% to about 7.5 mol %, the glass-ceramic composition comprises a major
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crystalline phase comprising from about 20 to about 80% of the B-spodumene phase
and from about 20 to about 80% of the petalite phase and a minor crystalline phase

comprising up to about 10% of the lithium silicate phase.

{254] Aspect 81: The method of Aspect 80, wherein Li2O is present in the

composition from about 20 mol% to about 25 mol%.

[255] Aspect 82: The method of Aspect 81, wherein Al2Os is present from about 7
moi% 1o about 12 moi%, the glass-ceramic composition comprises a major
crystalline phase comprising from about 60% {o about 80% of the B-spodumene
phase and a minor crysialline phase comprising up to about 10% of the lithium

silicate phase.

[256] Aspect 83: The method of any one of Aspects 80-82, wherein the lithium

silicate crystalline phase comprises a lithium metasilicate crystalline phase.

12571 Aspect 84 The method of any one of claims 68-83, wherein the mixture
further comprises from 0 moi% to about 8 moi% of B20s3, and from 0 mol% to about 8

mol% of Nax(0.

[288] Aspect 85 The method of any one of Aspects 88-84, further comprising a
step of ion exchange treatment comprising exposure to a salt bath, spray, paste, a
vapor-assisted ion exchange, a plasma-assisted ion exchange, or any combination

thereof.

f2589] Aspect 86 The method of Aspect 85, wherein the ion exchangs treatment is

electrically accelerated.

[260] Aspect 87 The method of Aspect 85 or 86, wherein the siep of ion-
exchange treatment comprises placing the glass-ceramic compaosition into a moiten
salt bath comprising sodium, potassium, silver, or copper () ions, or a combination
thereof at conditions effective to provide an ion-exchanged glass-ceramic

composition.

[261] Aspect 88: The method of Aspect 87, wherein the ion-exchanged glass-

ceramic compaosition comprises: Al:Os present from about 2 mol% to about 20 mol%,
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SiCa2 present from about 48 moi% to about 80 moi%; R20 present from greater than
0 mol% to about 45 mol%; and wherein R'>0 comprises L0, Nax0, K0, Ag:0,
Cu20, Cu, or a combination thereof, wherein the composition comprises a major

crystalline phase comprising a B-spodurmene phase, and oplionally, a petalite phase.

[262] Aspect 89 The method of Aspect 87 or 88, wherein the conditions effective
to provide the ion-exchanged glass-ceramic compaosition comprise exposure of the
glass-ceramic composition to a molten salt at a temperaturs from about 380 °C {o

about 500 °C for a time pericd from about 4 hours {0 about 20 hours.

[263] Aspect 80 The method of any one of Aspecis 87-89, wherein the ion-

exchanged glass-ceramic composition comprises a compressive stress layer.

[264] Aspect 81 The method of any one of Aspects 88-80, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic compaosition exhibit

density from about 2.00 g/cm? to about 2.8 g/om?®.

[265] Aspect 82: The method of any one of Aspects §8-91 wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit an
average ransmittance greater than about 80% over a wavelength range from about
380 nm to about 700 nm for a sample formed from the glass-ceramic and/or the ion-

exchanged glass-ceramic composition and having a thickness of about 2.00 mm.

f266] Aspect 93: The method of any one of Aspects 68-82, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit an
average ransmittance between 20% and 80% over a wavelength range from about
380 nm to about 700 nm as measured for a sample formed from the glass-ceramic
and/or the ion-exchanged glass-ceramic composition and having a thickness of
about 2.00 mm.

[267] Aspect 84 The method of any one of Aspects 68-83, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit an
average transmittance lower than 20% over a wavelength range from about 390 nm

to about 700 nm as measured for a sample formed from the glass-ceramic and/or
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the ion-exchanged glass-ceramic composition and having a thickness of about 2.00

mm.

[268] Aspect 85 The method of Aspect 94, wherein the glass-ceramic
composition and/or the ion-exchanged glass-ceramic composition comprise a
plurality of crystal grains, wherein a size of a crystai grain is from about 20 o about
80 nm.

[269] Aspect 98 The method of Aspect 85, wherein the glass-ceramic
composition and/or the ion-exchanged glass-ceramic composition comprises a
plurality of crystal grains, wherein the median size of a crystal grain is from greater

than about 80 nm to about 500 nm.

[270] Aspeci 87 The method of Aspect 88, wherein the glass-ceramic
composition and/or the ion-exchanged glass-ceramic composition comprise a
plurality of crystal grains, wherein the median size of a crystal grain is from greater
than about 500 nm.

[271] Aspect 88: The method of any one of Aspects 68-97, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic compaosition exhibit

Vickers hardness equal to or greater than about 8.0 GPa.

[272] Aspect 89 The method of any one of Aspecis 68-88, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit
Vickers hardness of at least about 5% greater than Vickers hardness of a

composition comprising a standard soda lime silicate glass.

[273] Aspect 100 The method of any one of Aspects 68-89, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit a

crack-resistance greater than about 0.2 kgf.

[274] Aspect 101 The method of any one of Aspects 68-100, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit a

crack-resistance greater than 0.4 kgf.
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[275] Aspect 102 The method of any one of Aspects 68-101, wherein the glass-
ceramic composition exhibits a crack-resisiance that at least 4 times higher than a

crack -resistance of a composition comprising a standard soda lime silicate glass.

[276] Aspecti03: The method of any one of Aspects 88-102, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit a

thermal expansion coefficient from about 40x107 to about 90x107 /°C.

[277] Aspect 104 The method of any one of Aspects 638-103, wherein the glass-
ceramic composition and/or the ion-exchanged glass-ceramic composition exhibit a

glass transition temperature Ty from about 450 °C to about 600 °C.

[278] Aspect 105 The method of any one of Aspects 63-104 further comprising a

step of forming a glass-ceramic article.

[2791  Aspect 106 The method of Aspect 108, wherein the step of forming the
glass-ceramic articles comprises a float or flat press process, a press-and-blow

process, a blow-and-blow process, or any combination thereof.

f2807  Aspect 107 The method of Aspect 105 or 106, wherein the glass-ceramic
article comprises the ion-exchange composition and wherein the compressive stress
layer extends from a surface of the article to a depth of the compressive stress layer,

wherein the depth is from about 1 yum to about 100 um.

[281] Aspect 108 The method of any one of Aspects 105-107, wherein the glass-
ceramic article comprises the ion-exchange composition and whersin the
compressive stress layer extends from a surface of the arlicle to a depth of the
compressive stress layer, and wherain the depth is up to about 25 % of a thickness

of the glass-ceramic article.

[282] Aspect 109 The method of any one of Aspects 105-108, wherein the arlicle
comprises a hollowware, tableware, container, plate, sheet, float/flat shest,

cookware, powder, fiber, cones, spheres, blades, or any combination thereof.

[283] Aspect 110 A method of forming an article comprising forming a

composition of any one of Aspects 1-48; and then forming the article, wherein the
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article comprises a hollowware, tableware, container, plate, sheet, float/flat sheet,

cookware, powder, fiber, cones, spheres, blades, or any combination thereof.

[2841 Aspect 111 The method of Aspect 110, wherein the step of forming
comprises a floal/flat press process, a press-and-blow process, a blow-and-blow

process, or any combination thereof,

[285] Aspect 112: The method of Aspect 110 or 111, wherein the siep of forming

the composition comprises the method of any one of Aspects 68-104.
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CLAIMS

What is claimed is:

1. A glass-ceramic composition comprising:
a) from about 2 moi% to about 20 moi% of AlaOs;
by from about 2 mol% to about 45 moi% of Liz0; and
¢} from about 48 mol% to about 80 mol% of Si0:;

having a B-spodumene phase and a lithium silicate crystalline phase, and

optionailly a petalite phase.

2. The glass-ceramic composition of claim 1, wherein AlzOs is present from about 5
moi% to about 7.5 mol %, the glass-ceramic compaosiiion comprises a major
crystalline phase comprising from about 20 to about 80% of the B-spodumens
phase and from about 20 to about 80% of the petalite phase and a minor

crystalline phase comprising up 10 about 10% of the lithium silicate phase.

3. The glass-ceramic composition of claim 2, wherein Li2O is present from about 20

mai% to about 25 moi%.

4. The glass-ceramic composition of claim 1, wherein AlzOs is present from about 7
mol% 1o about 12 mol%, the glass-ceramic composition comprises a major
crysialline phase comprising from about 80% to about 80% of the B-spodumene
phase and a minor crystalline phase comprising up to about 10% of the lithium

silicate phase.

5 The glass-ceramic composition of any one of claims 1-4, wherein the lithium

siticate crystalline phase comprises a lithium metasilicate crystalline phase.
8. The glass-ceramic composition of any one of claims 1-5, further comprising
a) from O mol% to about 8 moi% of B2Os,
by from O mol% to about 8 mol% of ZrOs,
¢} from O mol% to about 5 mol% of P20s, and

d) from O mol% fo about 5 mol% of Nax(.
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~

The glass-ceramic composition of any one of claims 1-6, wherein the composition

exhibits density from about 2.00 g/cm? to about 2.8 g/em?.

8. The glass-ceramic composition of any one of claims 1-7, exhibiting an average
transmittance greater than about 80% over a wavelength range from about 380
nim to about 700 nm as measured for a sample prepared from the composition

and having a thickness of about 2.00 mm.

9. The glass-ceramic composition of any one of claims 1-7, exhibiting an average
transmiltance between 20% and 80% over a wavelength range from about 280
nm to about 700 nm as measured for a sample prepared from the composition

and having a thickness of about 2.00 mm.

10. The glass-ceramic composition of any one of claims 1-7, exhibiling an average
transmitiance lower than 20% over a wavelength range from about 390 nm to
about 700 nim as measwred for a sample prepared from the composition and
having a thickness of about 2.00 mm.

11. The glass-ceramic composition of claim 8, comprising a plurality of crystal grains,

wherein the median size of a crystal grain is from about 20 to about 80 nm.

12. The glass-ceramic composition of claim 9, comprising a plurality of crystal grains,
wherein the median size of g crystal grain is from greater than aboul 80 nm o
about 500 nm.

13. The glass-ceramic composition of claim 10, comprising a plurality of crystal
grains, wherein the median size of g crystal grain is from greater than about 500

im.

14. The glass-ceramic composition of any one of claims 1-13, exhibiting Vickers

hardness equal {0 or greater than about 6.0 GPa.

1&. The glass-ceramic composition of any one of claims 1-14, exhibiting Vickers
hardness of at least about 5% greater than Vickers hardness of a standard soda

lime silicate giass.

16. The glass-ceramic composition of any one of claims 1-15, exhibiting a crack-

resistance greater than about 0.2 kgf.
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17. The glass-ceramic composition of any one of claims 1-16, exhibiting a crack-

resistance greater than about 0.4 kgf.

18. The glass-ceramic composition of any one of claims 1-17, exhibiting a crack-
resistance that at least 4 times higher than a crack-resistance of g standard soda

lime silicate glass.

18. The glass-ceramic composition of any one of claims 1-18 exhibiting a thermal

expansion coefficient from about 40x107 to about 90x107 /°C.

20.The glass-ceramic composition of any one of claims 1-18, wherein the
composition exhibits a glass transition temperature (Tg) from about 450 °C {o
about 600 °C.

21.The glass-ceramic composition of any one of claims 1-20, wherein the
composition further comprises one or more of fining agents selected from CeOs,
Sn2, Fea(0s, As20s3, Sba0s, MnOz, or a combination thereof, and wherein the

one or more fining agents are present in a total amount equal to or less than

about 1 mol %.

22. The glass-ceramic composition of any one of claims 1-21, further comprising one
or more of coloring components selected from transition metal oxides and/or rare
earth metal oxide, and wherein the one or more coloring components are present

in a tolal amount equal to or less than about 1 mol%.

23. The glass-ceramic composition of any one of claims 1-22, further comprising a
decolorizing agent comprising sodium sulphate, selenium compounds, erbium

oxide, cerium oxide, cobalt oxide, manganese oxide, or any combination thereof.

24. The glass-ceramic composition of any one of claims 1-23, wherein the

composition is ion-exchangeable.
25 A glass-ceramic composition comprising:
a) AkQ:present from about 2 mol% to about 20 mol%,
by SiO: present from about 48 mol% to about 80 mol%;

¢} R0 present from greater than 0 mol% {o about 45 mol%; and
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wherein R’20 comprises LizC, Na2C, Ka0, AgeO, Cu, Cu, or a combination
thereof, wherein the composition comprises a major crystalline phase comprising

a B-spodumene phase, and optionally, a petalite phase.

28. The glass-ceramic composition of claim 25, wherein when R 20 comprises Liz(0,
the composition comprises a minor crysialline phase comprising a lithium silicate

phase.

27. The glass-ceramic composition of claim 25 or 26, wherein Az is present from
about 5 mol% to about 7.5 mol %, the glass-ceramic composition comprises a
major crystalline phase comprising from about 20 to about 80% of the B-

spodumene phase and from about 20 {o about 80% of the petaiite phase.

28.The glass-ceramic composition of claim 26, wherein AlQs is present from about
5 mol% to about 7.5 mol % and LixO is present from 20 mol% to about 25 mol%,
the glass-ceramic composition comprises a major crysialline phase comprising
from about 20 {o about 80% of the B-spodumene phase and from about 20 {o
about 80% of the petalite phase, and a minor phase comprises up to 10 mol% of

the lithium silicate phase.

29. The glass-ceramic composition of claim 25 or 28, wherein Alz0Os3 is present from
about 7 mol% to about 12 mol%, the glass-ceramic composition comprises a
maijor crysialiine phase comprising from about 60% fo about 80% of the B-

spodumene phase.

30. The glass-ceramic composition of claim 26, wherein Al(Q: is present from about
7 moi% 1o about 12 mol%, the glass-ceramic composition comprises a major
crystailine phase comprising from about 80% to about 80% of the B-spodumene
phase and a minor crystalline phase comprising up to about 10% of the iithium

silicate phase.

31. The glass-ceramic composition of any one of claims 25-30, wherein the

composition further comprises:
a) B20apresent from 0 mol% to about 8 mol%,
by Zr3z from O mol% o about 8 mol%, and

¢y P20s from O mol% to about 5 mol%.
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32. The glass-ceramic composition of any one of claims 25-31, wherein the

composition is transparent, translucent, or cpague.

33. The glass-ceramic composition of any one of claims 25-32, comprising a

comprassive stress layer.

34. The glass-ceramic composition of any one of claims 25-33, wherein the

composition exhibits density from about 2.00 g/cm? o about 2.8 g/om®.

35. The glass-ceramic composition of any one of claims 32-34, wherein the
composition is transparent and comprises a plurality of crystal grains, wherein the

median size of a crystal grain is from about 20 o about 80 nm.

38. The glass-ceramic composition of any one of claims 32-34, wherein the
compaosition is translucent and comprises a plurality of crystal grains, wherein the

median size of a crystal grain is from greater than about 80 nm to about 500 nm.

37. The glass-ceramic composition of any one of claims 32-34, wherein the
composition is opague and comprises a plurality of crystal grains, wherein the

median size of a crystal grain is from greater than about 500 nm.

38. The glass-ceramic composition of any one of claims 25-37, exhibiting Vickers

hardness equal to or greater than about 6.0 GPa.

39. The glass-ceramic composition of any one of claims 25-38, exhibiting Vickers
hardness of at least about 5% greater than Vickers hardness of a standard soda

lime silicate glass.

40. The glass-ceramic composition of any one of claims 25-39, exhibiting a crack-

resistance greater than about 0.2 kgf.

41. The glass-ceramic composition of any one of claims 25-40, exhibiting a crack-

resistance greater than about 0.4 kgf.

42.The glass-ceramic composition of any one of claims 25-41, exhibiting a crack-
resistance that at lsast 4 times higher than a crack-resistance of a standard scda

lime silicate glass.

43. The glass-ceramic composition of any one of claims 25-42, exhibiting a thermal

expansion coefficient from about 40x107 to about 30x107 /°C.

71



WO 2022/024007 PCT/1IB2021/056881

44 The glass-ceramic composition of any one of claims 25-43, wherein the
compaosition exhibits a glass fransition temperature (Tg) from about 450 °C to
about 600 °C.

45. The glass-ceramic composition of any one of claims 25-44, wherein the
composition further comprises one or more fining agents selected from Ce(:,
SnOz, Feala, As20s, Sh0s, MnO2, or a combination thereof, and wherein the
one or more fining agents are present in a total amount equal to or less than

about 1 mol %.

48. The glass-ceramic composition of any one of claims 25-45, wherein the
composition further comprises a decolorizing agent comprising sodium suiphate,
sslenium compounds, erbium oxide, cerium oxide, cobalt oxide, manganese

oxide, or any combination thereof.

47.The glass-ceramic composition of any one of claims 25-46, further comprising
one or more coloring components selected from transition metal oxides and/or
rare earth metal oxide, and wherein the one or more coloring components are

present in a total amount equal to or less than about 1 mol%.

48. The glass-ceramic composition of any one of claims 25-47, wherein Ag20, and/or
Cu20, and/or CuQ is present and wherein the glass-ceramic composition exhibits

antimicrobial, antiviral, antibacterial, and/or antifungal properties.
48 A glass-ceramic article comprising the composition of any one of claims 1-48.

50 A glass-ceramic article comprising the composition of any one of claims 33-48,
wherein the compressive stress layer extends from a surface of the arlicle to a
depth of the compressive stress layer, and wherein the depth is from about 1 um

to about 100 pm.

51.A glass-ceramic article comprising the composition of any one of claims 33-48,
wherein the compressive siress layer exiends from a surface of the article to a
depth of the compressive stress layer, and wherein the depth is up o about 25 %

of a thickness of the glass-ceramic article.
52. A glass-ceramic article comprising:

a) from about 2 mol% to about 20 mol% of Al20Os3;
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by from about 2 moi% to about 45 moi% of Liz0; and
¢} from about 48 mol% to about 80 mol% of Si0:;

having a B-spodumene phase and a lithium silicate crystalline phase, and

optionally a petalite phase.
53.A glass-ceramic article comprising:
a) AkQOspresent from about 2 mol% to about 20 mol%
by Si02 present from about 48 mol% {o about 80 mol%. and
¢y R0 present from greater than O mol% to about 45 mol%;

wherein R'20 comprises Liz0, Nax0, K20, AgO, CuxQ, CuQ, or a combination
thereof, wherein the composition comprises a major crystalline phase comprising

a B-spodumene phase, and optionally, a petalite phasse.

54 The article of any one of claims 49-53, whersin the article comprises a
hollowware, tableware, container, plate, sheet, float/fiat shest, cookware, powder,

fiber, cones, spheres, blades, or any combination thereof.

55. The article of any one of claims 49-54, wherein the article is formed by a float or
flat glass press process, a press-and-blow process, a blow-and-blow process, or

any combination thereof.
56 A tableware comprising the composition of any one of claims 1-48.

57. The tableware of claim 58, wherein the tableware is formed by a press process, a

press-and-blow process, and/or a blow-and-blow process.
58. A hollowware comprising the composition of any one of claims 1-48.

59 The hollowware of claim 57, wherein the hollowware is formed by a press

process, a press-and-blow process, and/or a blow-and-blow process.
B0, A powder comprising the composition of any one of claims 1-48.
1. A cookware comprising the composition of any one of claims 1-48.

62. The cookware of claim 81, wherein the cockware is formed by a press process, a

press-and-blow process, and/or a blow-and-blow process.

53. A fiber comprising the compaosition of any one of claims 1-48.
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54. The fiber of claim 63, wherein the fiber is formed by a continuous or

discontinuous fiber drawing or spinning process.

65, A float/flal-glass-press product comprising the composition of any one of claims
1-48.

06. A press-and-blow product comprising the composition of any one of claims 1-48.
67. A blow-and-blow product comprising the composition of any one of claims 1-48.
68. A method comprising:
a) forming a mixture comprising:
from about 2 mol% o about 20 mol% of AlQs;
from about 2 mol% to about 45 mol% of Lix0; and
from about 48 mol9% to about 80 mol% of SiOs
by forming a homogeneous composiiion; and

¢} ceramming the homogeneous composition to form a glass-ceramic

composition.

62. The methed of claim 68, wherein the mixiure further comprises from 0 moi% to
about 8 mol% of ZrO2, or from 0 moi% to about 5 mol% of P20s, or a combination

thereof.

70. The method of claim 68 or 69, wherein the siep of forming the homogenous
composition comprises melting the mixiure in a furnace at a temperature from

about 1,300 *C to about 1,700 °C for a first predetermined time.

71. The method of claim 70, further comprising a step of annealing at a lemperature
from about 450 °C to about 700 °C.

72. The method of any one of claims 68-71, wherein the step of ceramming
comprises heating the homogenous composition at a nucleation temperature for

a second predetermined time.

73. The method of claim 72, wherein the nucleation temperature is from about 450 °C
to about 650 °C.
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74.The method of claim 71 or 72, wherein the step of ceramming further comprises a
step of heating the composition to a crystallization temperature at a rate from
about 5 *C/min fo about 15 °C/min and keeping the composition at the

crystailization temperature for a third predetermined time.

75. The method of claim 74, wherein the crystallization temperature is from about
580 °C to aboui 800 °C.

78. The method of any one of claims 74-75, wherein the first, the second, and/or the

third predetermined times are from about 3 to 5 hours.
77.The method of any one of claims 72-76, wherein P20s is a nucleation agent.

78. The method of any one of claims 74-77, wherein Zr(Q:; is a crystal size growth-

limiting agent.

79. The method of any one of claims 88-78, wherein the glass-ceramic composition
comprises a B-spodumene phase, optionally petalite phase, and g lithium silicate

crystailine phase.

80. The method of claim 79, wherein AlzOs is present from about 5 moi% to about 7.5
mol %, the glass-ceramic composition comprises a major crystalline phase
comprising from about 20 {0 about 80% of the B-spodumene phase and from
about 20 to about 80% of the petalite phase and a minor crystalline phase

comprising up io about 10% of the lithium silicale phase.

81. The method of claim 80, wherein Li20 is present in the composition from about 20

moi% to about 25 mol%.

82.The method of claim 81, wherein AlOs is present from about 7 mol% {o about 12
mol%, the glass-ceramic composition comprises a major crystalline phase
comprising from about 80% to about 80% of the B-spodumene phase and a minor

crystalline phase comprising up to about 10% of the lithium silicate phase.

83. The method of any one of claims 80-82, wherein the lithium silicate crystalline

phase comprises a lithium metasilicate crystalline phase.
24. The method of any one of claims 68-83, wherein the mixiure further comprises

a) from O mol% to about 8 mol% of B20s, and
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by from O mol% to about 8 mol% of Na20.

85. The method of any one of claims 68-84, further comprising a step of ion
exchange treatment comprising exposure to a salt bath, spray, paste, a vapor-
assisted ion exchange, a plasma-assisted ion exchange, or any combination

thersof.

86. The method of claim 85, wherein the ion exchange treatment is electrically
accelerated.

87. The method of claim 85 or 86, wharein the step of ion-exchange treatment
comprises placing the glass-ceramic composition into a molten salt bath
comprising sodium, potassium, silver, or copper (1) ions, or a combination
thereof at conditions effective o provide an ion-exchanged glass-ceramic

composiion.

88. The method of claim 87, wherein the ion-exchanged glass-ceramic composition

comprises:
ay AkQOspresent from about 2 mol% to about 20 mol%;
by Si02 present from about 48 mol% {o about 80 mol%.
¢} R20 present from greater than 0 mol% to about 45 mol%; and

wherein K20 comprises Liz0, Naz0, K0, Ag0, Cu0, Cul, or a combination
thereof, wherein the composition comprises a major crystalline phase comprising

a B-spodumene phase, and optionally, a petalite phasse.

88. The method of claim 87 or 88, wherein the conditions effective {o provide the ion-
exchanged glass-ceramic composition comprise exposure of the glass-ceramic
composition to a molten salt at a temperature from about 380 °C to about 500 °C

for a time period from about 4 hours to about 20 hours.

90. The method of any one of claims 87-88, wherein the ion-exchanged glass-

ceramic composition comprises a compressive stress layer.

91. The method of any one of claims 88-90, wherein the glass-ceramic composition
and/or the ion-exchanged glass-ceramic composition exhibit density from about
2.00 g/om?® to about 2.6 glem?.
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92. The method of any one of claims 88-91 wherein the glass-ceramic composition
and/or the ion-exchanged glass-ceramic composition exhibit an average
transmiltance greater than about 80% over a wavelength range from about 380
nm to about 700 nm for a sample formed from the glass-ceramic and/or the ion-

exchanged glass-ceramic composition and having a thickness of about 2.00 mm.

83. The method of any one of claims 88-92, wherein the glass-ceramic composition
and/or the ion-exchanged glass-ceramic composition exhibit an average
transmitiance between 20% and 80% over a wavelength range from about 380
nm o aboul 700 nm as measured for a sample formed from the glass-ceramic
and/or the ion-exchanged glass-ceramic composition and having a thickness of
about 2.00 mm.

894. The method of any one of claims 88-93, wherein the glass-ceramic composition
and/or the ion-exchanged glass-ceramic composition exhibit an average
transmitiance lower than 20% over a wavelength range from about 3890 nm o
about 700 nm as measured for a sample formed from the glass-ceramic and/or
the ion-exchanged glass-ceramic composition and having a thickness of about
2.00 mm.

85. The method of claim 94, wherein the glass-ceramic composition and/or the ion-
exchanged glass-ceramic composition comprise a plurality of crystal grains,

wherein a size of a crysial grain is from about 20 to about 80 nm.

98. The method of claim 95, wherein the glass-ceramic composition and/or the ion-
exchanged glass-ceramic composition comgprise a plurality of crystal grains,
wherein the median size of a crystal grain is from greater than about 80 nm to
about 500 nm.

§7.The method of claim 88, wherein the glass-ceramic composition and/or the ion-
exchanged glass-ceramic compaosition comprise a plurality of crystal grains,

wherein the median size of a crystal grain is from greater than about 500 nm.

88. The method of any one of claims 88-97, wherein the glass-ceramic composition
and/or the ion-exchanged glass-ceramic composition exhibit Vickers hardness

equal to or greater than about 6.0 GPa.
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99. The method of any one of claims 88-98, wherein the glass-ceramic composition
and/or the ion-exchanged glass-ceramic composition exhibit Vickers hardness of
at least about 5% greater than Vickers hardness of a composition comprising a

standard soda lime silicate glass.

100.  The method of any one of claims 68-99, wherein the glass-ceramic
compaosition and/or the ion-exchanged glass-ceramic composition exhibit a crack-

resistance greater than about 0.2 kgf.

101.  The method of any one of claims 88-100, whersin the glass-ceramic
composition and/or the ion-exchanged glass-ceramic composition exhibit a crack-

resistance greater than 0.4 kgf.

102.  The method of any one of claims 68-101, wherein the glass-ceramic
composition exhibits a crack-resistance that at least 4 times higher than a crack -

resistance of a composition comprising a standard soda lime silicate glass.

103,  The method of any one of claims 68-102, wherein the glass-ceramic
composition and/or the ion-exchanged glass-ceramic composition exhibit a

thermal expansion coefficient from about 40x107 to about 90x107 /°C,

104. The method of any one of claims 88-103, wherein the glass-ceramic
composition and/or the ion-exchanged glass-ceramic composition exhibit a glass

transition temperature Ty from about 450 °C to about 600 °C.

105. The method of any one of claims 63-104 further comprising a step of forming

a glass-ceramic article.

108.  The method of claim 105, wherein the step of forming the glass-ceramic
articies comprises a floai or flat press process, a press-and-blow process, a blow-

and-blow process, or any combination thereof.

107.  The method of claim 105 or 108, wherein the glass-ceramic arlicle comprises
the ion-exchange composition and wherein the compressive stress layer extends
from a surface of the article 10 a depth of the compressive stress layer, wherein

the depth is from about 1 um to about 100 um.

108. The method of any one of claims 105-107, wherein the glass-ceramic article

comprises the ion-exchange composition and wherein the compressive stress
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laver extends from a surface of the article to a depth of the compressive stress
layer, and wherein the depth is up {o about 25 % of a thickness of the glass-

ceramic article.

109. The method of any one of claims 105-108, wherein the article comprises a
hollowware, tableware, container, plate, sheet, float/fiat sheel, cookware, powder,

fiber, cones, spheres, blades, or any combination thereof.
110. A method of forming an article comprising
forming a composition of any ong of claims 1-48; and then

forming the arlicle, wherein the article comprises a hollowware, tableware,
corfainer, plate, sheet, float/flat sheet, coockware, powder, fiber, cones, spheres,

blades, or any combination thereof.

111.  The method of claim 110, wherein the siep of forming comprises a float/flat
press process, a press-and-blow process, a blow-and-blow process, or any
combination thereof.

112.  The methed of claim 110 or 111, wherein the step of forming the composition

comprises the method of any one of claims 68-104.
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