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(57) Abrégée/Abstract:

The embodiments described herein relate to chemically and mechanically durable glass compositions and glass articles formed
from the same. In another embodiment, a glass composition may include from about 70 mol.% to about 80 mol.% SIO,,; from about
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(57) Abrege(suite)/Abstract(continued):

3 mol.% to about 13 mol.% alkaline earth oxide; X mol.% Al,O,; and Y mol.% alkali oxide. The alkall oxide may include Na,O In an
amount greater than about 8 mol.%. A ratio of Y:X may be greater than 1 and the glass composition may be free of boron and
compounds of boron. In some embodiments, the glass composition may also be free of phosphorous and compounds of
phosphorous. Glass articles formed from the glass composition may have at least a class S3 acid resistance according to DIN

12116, at least a class A2 base resistance according to ISO 695, and a type HGA1 hydrolytic resistance according to |ISO 720.
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(87) Abstract: The embodiments described hereimn relate to chemically and mechanically durable glass compositions and glass art-
icles formed from the same. In another embodiment, a glass composition may include from about 70 mol.% to about 80 mol.% S10 ,;
from about 3 mol.% to about 13 mol.% alkaline earth oxide; X mol.% Al,Os; and Y mol.% alkali oxide. The alkali oxide may mn-

clude Na,O in an amount g

reater than about 8 mol.%. A ratio of Y: X may be g

reater than 1 and the glass composition may be free of

boron and compounds of boron. In some embodiments, the glass composition may also be free of phosphorous and compounds of
phosphorous. Glass articles formed from the glass composition may have at least a class S3 acid resistance according to DIN 12116,
at least a class A2 base resistance according to ISO 695, and a type HGA1 hydrolytic resistance according to ISO 720.
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GLASS COMPOSITIONS WITH IMPROVED CHEMICAL AND MECHANICAL
DURABILITY

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to United Stated Provisional Patent
Application Serial No. 61/551,163, filed October 235, 2011 (Attorney Docket No. SP11-240P)
and entitled “Glass Compositions With Improved Chemical and Mechanical Durability,” the

entirety of which 18 incorporated by reference herein.

BACKGROUND

Field

[0002] The present specification gencrally relates to glass compositions and, more
specifically, to chemically and mechanically durable glass compositions which are suitable

for use 1n pharmaceutical packaging.

Technical Background

[0003] Historically, glass has been used as the preferred material for packaging
pharmaceuticals because of 1ts hermeticity, optical clarity and excellent chemical durability
relative to other materials. Specifically, the glass used i pharmaceutical packaging must
have adequate chemical durability so as not to affect the stability of the pharmaceutical
compositions contamned therem. Glasses having suitable chemical durability include those
glass compositions within the ASTM standard ‘“Type 1B’ glass compositions which have a

proven history of chemical durability.

[0004] However, use of glass for such applications 1s limited by the mechanical performance
of the glass. Specifically, in the pharmaceutical industry, glass breakage 1s a safety concern
for the end user as the broken package and/or the contents of the package may injure the end
user. Breakage can be costly to pharmaceutical manufacturers because breakage within a
filling line requires that neighboring unbroken containers be discarded as the containers may
contain fragments from the broken contamer. Breakage may also require that the filling line

be slowed or stopped, lowering production yields. In addition, breakage may also result in
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the loss of active drug product leading to increased costs. Further, non-catastrophic breakage
(1.c., when the glass cracks but does not break) may cause the contents to lose their sterility

which, 1n turn, may result in costly product recalls.

[0005] One approach to improving the mechanical durability of the glass package 1s to
thermally temper the glass package. Thermal tempering strengthens glass by inducing a
surface compressive stress during rapid cooling after formmg. This technique works well for
glass articles with flat gecometries (such as windows), glass articles with thicknesses > 2 mm,
and glass compositions with high thermal expansion. However, pharmaceutical glass
packages typically have complex geometries (vial, tubular, ampoule, etc.), thin walls (~1-1.5
mm), and are produced from low expansion glasses (30-55x107K") making glass

pharmaceutical packages unsuitable for strengthening by thermal tempering.

[0006] Chemical tempering also strengthens glass by the introduction of surface compressive
stress. The stress 1s mntroduced by submerging the article in a molten salt bath. As 1ons from
the glass are replaced by larger 1ons from the molten salt, a compressive stress 1s induced 1n
the surface of the glass. The advantage of chemical tempering 1s that it can be used on
complex geometrics, thin samples, and 1s relatively insensitive to the thermal expansion
characteristics of the glass substrate. However, glass compositions which exhibit a moderate
susceptibility to chemical tempering gencrally exhibit poor chemical durability and vice-

VIersd.

[0007] Accordingly, a need exists for glass compositions which are chemically durable and
susceptible to chemical strengthening by 1on exchange for use m glass pharmacecutical

packages, and similar applications.

SUMMARY

[0008] According to one embodiment, a glass composition may include: S10, mn a
concentration greater than about 70 mol.% and Y mol.% alkali oxide. The alkali oxide may
include Na,O 1n an amount greater than about 8 mol.%. The glass composition may be free

of boron and compounds of boron.

[0009] According to another embodiment, a glass composition may include: greater than

about 68 mol.% S10,; X mol.% ALOs; Y mol.% alkali oxide; and B,Os. The alkali oxide
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may include Na,O in an amount greater than about & mol%. A ratio (B,O; (mol.%)/(Y

mol.% — X mol.%) may be greater than 0 and less than 0.3.

[0010] In yet another embodiment, a glass article may have a type HGBI1 hydrolytic
resistance according to ISO 719. The glass article may include greater than about 8 mol.%

Na,O and less than about 4 mol.% B,Ox.

[0011] In still another embodiment, a glass pharmaceutical package may mclude: S10, mn an
amount greater than about 70 mol.%; X mol.% Al,Os; and Y mol.% alkal1 oxide. The alkali
oxide may mclude Na,O m an amount greater than about 8 mol.%. A ratio of a concentration
of B,O; (mol.%) 1 the glass pharmaceutical package to (Y mol.% — X mol.%) may be less
than 0.3. The glass pharmaceutical package may also have a type HGBI1 hydrolytic

resistance according to ISO 719.

[0012] In another embodiment, a glass composition may include from about 70 mol.% to
about 80 mol.% S10,; from about 3 mol.% to about 13 mol.% alkaline earth oxide; X mol.%
Al,Os; and Y mol.% alkal1 oxide. The alkali oxide may include Na,O 1in an amount greater
than about 8 mol.%. A ratio of Y:X may be greater than 1 and the glass composition may be

free of boron and compounds of boron.

[0013] In yet another embodiment, a glass composition may include: from about 72 mol.% to
about 78 mol.% S10,; from about 4 mol.% to about & mol.% alkaline earth oxide; X mol.%
Al,Os; and 'Y mol.% alkali oxide. The amount of alkaline earth oxide may be greater than or
cqual to about 4 mol.% and less than or equal to about 8 mol.%. The alkali oxide may
include Na,O 1n an amount greater than or equal to about 9 mol.% and less than or equal to
about 15 mol.%. A ratio of Y:X may be greater than 1. The glass composition may be free

of boron and compounds of boron.

[0014] In still another embodiment, a glass composition may include: from about 68 mol.%
to about 80 mol.% S10,; from about 3 mol.% to about 13 mol.% alkaline earth oxide; X
mol.% Al,Os; and Y mol.% alkali oxide. The alkali oxide may mmclude Na,O m an amount
greater than about 8 mol.%. The glass composition may also include B,Os3. A ratio (B;0Os
(mol.%)/(Y mol.% — X mol.%) may be greater than 0 and less than 0.3, and a ratio of Y:X

may be greater than 1.
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[0015] In another embodiment, a glass composition may include from about 70 mol.% to
about 80 mol.% S10,; from about 3 mol.% to about 13 mol.% alkaline earth oxide; X mol.%
Al,Os; and Y mol.% alkali oxide. The alkaline earth oxide may mclude CaO 1n an amount
greater than or equal to about 0.1 mol.% and less than or equal to about 1.0 mol.%. X may be
greater than or equal to about 2 mol.% and less than or equal to about 10 mol.%. The alkali
oxide may include from about 0.01 mol.% to about 1.0 mol.% K,0O. A ratio of Y:X may be

greater than 1. The glass composition may be free of boron and compounds of boron.

[0016] In yet another embodiment, a glass composition may include S10; in an amount
greater than about 70 mol.% and less than or equal to about 80 mol.%; from about 3 mol.% to
about 13 mol.% alkaline earth oxide; X mol.% Al,O;; and Y mol.% alkali oxide. The alkal1
oxide may include Na,O 1n an amount greater than about 8 mol.%. A ratio of a concentration
of B,O3; (mol.%) 1 the glass composition to (Y mol.% — X mol.%) may be less than 0.3. A
ratio of Y:X may be greater than 1.

[0017] In another embodiment, a glass article may have a type HGBI1 hydrolytic resistance
according to ISO 719. The glass article may also have a threshold diffusivity of greater than
16 um®/hr at a temperature less than or equal to 450°C.

[0018] In yet another embodiment, a glass article may have a type HGBI1 hydrolytic
resistance according to ISO 719. The glass article may also have a compressive stress layer
with a depth of layer of greater than 25 um and a surface compressive stress of greater than or
cqual to 350 MPa. The glass article may be 1on exchange strengthened and the 1on exchange
strengthening may iclude treating the glass article 1n a molten salt bath for a time less than

or equal to 5 hours at a temperature less than or equal to 450°C.

[0019] Additional features and advantages will be set forth in the detailed description which
follows, and 1n part will be readily apparent to those skilled 1n the art from that description or
recognized by practicing the embodiments described herein, including the detailed

description which follows, the claims, as well as the appended drawings.

[0020] It 1s to be understood that both the foregoing general description and the following
detailed description describe various embodiments and are intended to provide an overview
or framework for understanding the nature and character of the claimed subject matter. The
accompanying drawings are mcluded to provide a further understanding of the various

embodiments, and are incorporated into and constitute a part of this specification. The
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drawings 1llustrate the various embodiments described herein, and together with the

description serve to explain the principles and operations of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 graphically depicts the relationship between the ratio of alkali oxides to
alumina (x-axis) and the stran point, anncaling point, and softening point (y-axes) of

inventive and comparative glass compositions;

[0022] FIG. 2 graphically depicts the relationship between the ratio of alkali oxides to
alumina (x-axis) and the maximum compressive stress and stress change (y-axes) of mventive

and comparative glass compositions;

[0023] FIG. 3 graphically depicts the relationship between the ratio of alkali oxides to
alumina (x-axis) and hydrolytic resistance as determined from the ISO 720 standard (y-axis)

of mventive and comparative glass compositions;

[0024] FIG. 4 graphically depicts diffusivity D (y-axis) as a function of the ratio

(Ca0/(Ca0+Mg0)) (x-axi1s) for mventive and comparative glass compositions;

[0025] FIG. 5 graphically depicts the maximum compressive stress (y-axis) as a function

of the ratio (CaO/(CaO+MgQO)) (x-axis) for inventive and comparative glass compositions;

[0026] FIG. 6 graphically depicts diffusivity D (y-axis) as a function of the ratio

(B,0O3/(R,0-Al,03)) (x-ax1s) for mmventive and comparative glass compositions; and

[0027] FIG. 7 graphically depicts the hydrolytic resistance as determined from the ISO 720
standard (y-axis) as a function of the ratio (B,03/(R,0-Al,03)) (x-axis) for mventive and

comparative glass compositions.

DETAILED DESCRIPTION

[0028] Reference will now be made m detail to various embodiments of glass compositions
which exhibit improved chemical and mechanical durability. Such glass compositions are
suitable for use 1n various applications mcluding, without limitation, as pharmaceutical
packaging materials. The glass compositions may also be chemically strengthened thereby
imparting increased mechanical durability to the glass. The glass compositions described

heremn may generally comprise silica (S10;), alumina (Al,O3), alkaline earth oxides (such as
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MgO and/or Ca0), and alkali oxides (such as Na;O and/or K,O) in amounts which impart
chemical durability to the glass composition. Morecover, the alkali oxides present in the glass
compositions facilitate chemically strengthening the glass compositions by 1on exchange.
Various embodiments of the glass compositions will be described heremm and further

illustrated with reference to specific examples.

[0029] The term “softening point,” as used herein, refers to the temperature at which the

viscosity of the glass composition is 1x10"° poise.

[0030] The term “anncaling point,” as used herein, refers to the temperature at which the

viscosity of the glass composition is 1x10'" poise.

[0031] The terms “strain point” and “Tgyain as used herein, refers to the temperature at which

the viscosity of the glass composition is 3x10'* poise.

[0032] The term “CTE,” as used herein, refers to the coetficient of thermal expansion of the

glass composition over a temperature range from about room temperature (RT) to about

300°C.

[0033] In the embodiments of the glass compositions described herein, the concentrations
of constituent components (¢.g., S10,, Al,Osz, and the like) are specified mm mole percent

(mol.%) on an oxide basis, unless otherwise specified.

[0034] The terms “free” and “substantially free,” when used to describe the concentration
and/or absence of a particular constituent component in a glass composition, means that the
constituent component 1s not intentionally added to the glass composition. However, the
glass composition may contain traces of the constituent component as a contaminant or tramp

in amounts of less than 0.01 mol. %.

[0035] The term “chemical durability,” as used herein, refers to the ability of the glass
composition to resist degradation upon exposure to specified chemical conditions.
Specifically, the chemical durability of the glass compositions described heremn was assessed
according to three established material testing standards: DIN 12116 dated March 2001 and
entitled “Testing of glass - Resistance to attack by a boiling aqueous solution of hydrochloric
acid - Method of test and classification™; ISO 695:1991 entitled “Glass -- Resistance to attack

by a boiling aqueous solution of mixed alkali -- Method of test and classification™; and ISO
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720:1985 entitled “Glass -- Hydrolytic resistance of glass grains at 121 degrees C -- Method

b/

of test and classification.” The chemical durability of the glass may also be assessed
according to ISO 719:1985 “Glass -- Hydrolytic resistance of glass grains at 98 degrees C --
Method of test and classification,” 1n addition to the above reterenced standards. The ISO
719 standard 1s a less rigorous version of the ISO 720 standard and, as such, it 1s believed that
a glass which meets a specified classification of the ISO 720 standard will also meet the
corresponding classification of the ISO 719 standard. The classifications associated with

cach standard are described 1in further detail herein.

[0036] The glass compositions described herein are alkali aluminosilicate glass compositions
which may generally mmclude a combiation of S10;, and one or more alkali oxides, such as
Na,O and/or K,O. The glass composition may also include Al,O; and at least one alkaline
carth oxide. In some embodiments, the glass compositions may be free from boron and
compounds contaming boron. The glass compositions are resistant to chemical degradation
and are also suitable for chemical strengthening by 1on exchange. In some embodiments the
glass compositions may further comprise minor amounts of one or more additional oxides
such as, for example, SnO,, ZrO,, ZnO, T10,, As,O3 or the like. These components may be
added as fining agents and/or to further enhance the chemical durability of the glass

composition.

[0037] In the embodiments of the glass compositions described heremn Si10, is the largest
constituent of the composition and, as such, 1s the primary constituent of the resulting glass
network. S10, enhances the chemical durability of the glass and, in particular, the resistance
of the glass composition to decomposition 1n acid and the resistance of the glass composition
to decomposition in water. Accordingly, a high Si10, concentration is generally desired.
However, 1f the content of S10; 18 too high, the formability of the glass may be diminished as
higher concentrations of Si10;, increase the difficulty of melting the glass which, m turn,
adversely 1mpacts the formability of the glass. In the embodiments described herein, the
glass composition generally comprises S10; 1n an amount greater than or equal to 67 mol.%
and less than or equal to about 80 mol.% or even less than or equal to 78 mol.%. In some
embodiments, the amount of S10; 1n the glass composition may be greater than about 68
mol.%, greater than about 69 mol.% or even greater than about 70 mol.%. In some other
embodiments, the amount of S10, 1n the glass composition may be greater than 72 mol.%,

oreater than 73 mol.% or even greater than 74 mol.%. For example, in some embodiments,
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the glass composition may include from about 68 mol.% to about 80 mol.% or even to about
78 mol.% S10,. In some other embodiments the glass composition may include from about
69 mol.% to about 80 mol.% or even to about 78 mol.% S10,. In some other embodiments
the glass composition may include from about 70 mol.% to about 80 mol.% or even to about
78 mol.% S10,. In still other embodiments, the glass composition comprises S10, n an
amount greater than or equal to 70 mol.% and less than or equal to 78 mol.%. In some
embodiments, S10, may be present m the glass composition in an amount from about 72
mol.% to about 78 mol.%. In some other embodiments, S10, may be present in the glass
composition in an amount from about 73 mol.% to about 78 mol.%. In other embodiments,
S10, may be present m the glass composition mn an amount from about 74 mol.% to about 78
mol.%. In still other embodiments, S10, may be present mn the glass composition in an

amount from about 70 mol.% to about 76 mol.%.

[0038] The glass compositions described herein may further include Al;Os;. AlLOs, 1n
conjunction with alkali oxides present in the glass compositions such as Na,O or the like,
improves the susceptibility of the glass to 1on exchange strengthening. In the embodiments
described heremn, ALOs; 1s present m the glass compositions in X mol.% while the alkali
oxides are present in the glass composition m Y mol.%. The ratio Y:X in the glass
compositions described herein is greater than 1 1 order to facilitate the aforementioned
susceptibility to 1on exchange strengthening. Specifically, the diffusion coefficient or
diffusivity D of the glass composition relates to the rate at which alkali 1ons penetrate into the
glass surface during 10n exchange. Glasses which have a ratio Y:X greater than about 0.9 or
even greater than about 1 have a greater diffusivity than glasses which have a ratio Y: X less
than 0.9. Glasses mm which the alkali 1ons have a greater diffusivity can obtain a greater depth
of layer for a given 1on exchange time and 1on exchange temperature than glasses in which
the alkali 1ons have a lower diffusivity. Moreover, as the ratio of Y:X increases, the strain
point, anncal point, and softening point of the glass decrease, such that the glass 1s more
readily formable. In addition, for a given 1on exchange time and 1on exchange temperature,
it has been found that compressive stresses induced n glasses which have a ratio Y: X greater
than about 0.9 and less than or equal to 2 are generally greater than those generated 1n glasses
in which the ratio Y:X 1s less than 0.9 or greater than 2. Accordingly, m some
embodiments, the ratio of Y:X 1s greater than 0.9 or even greater than 1. In some
embodiments, the ratio of Y:X 1s greater than 0.9, or even greater than 1, and less than or

cqual to about 2. In still other embodiments, the ratio of Y:X may be greater than or equal to
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about 1.3 and less than or equal to about 2.0 1n order to maximize the amount of compressive
stress induced 1n the glass for a specified 1on exchange time and a specified 1on exchange

temperature.

[0039] However, 1f the amount of AlL,O3; m the glass composition 1s too high, the resistance
of the glass composition to acid attack 1s diminished. Accordingly, the glass compositions
described herein generally include Al,Osz 1n an amount greater than or equal to about 2 mol.%
and less than or equal to about 10 mol.%. In some embodiments, the amount of Al,Os 1n the
glass composition 1s greater than or equal to about 4 mol.% and less than or equal to about &
mol.%. In some other embodiments, the amount of Al,O3 1n the glass composition 1s greater
than or equal to about 5 mol.% to less than or equal to about 7 mol.%. In some other
embodiments, the amount of ALO3; 1n the glass composition 1s greater than or equal to about
6 mol.% to less than or equal to about 8 mol.%. In still other embodiments, the amount of
Al,O3 1n the glass composition 1s greater than or equal to about 5 mol.% to less than or equal

to about 6 mol.%.

[0040] The glass compositions also mnclude one or more alkali oxides such as Na,O and/or
K;0O. The alkali oxides facilitate the 1on exchangeability of the glass composition and, as
such, facilitate chemically strengthening the glass. The alkali oxide may include one or more
of Na,O and K,O. The alkali oxides are generally present in the glass composition in a total
concentration of Y mol.%. In some embodiments described herein, Y may be greater than
about 2 mol.% and less than or equal to about 18 mol.%. In some other embodiments, Y may
be greater than about 8 mol.%, greater than about 9 mol.%, greater than about 10 mol.% or
even greater than about 11 mol.%. For example, in some embodiments described herein Y 18
greater than or equal to about 8 mol.% and less than or equal to about 18 mol.%. In still other
embodiments, Y may be greater than or equal to about 9 mol.% and less than or equal to

about 14 mol.%.

[0041] The 10n exchangeability of the glass composition 1s primarily imparted to the glass
composition by the amount of the alkali oxide Na,O maitially present i the glass composition
prior to 10on exchange. Accordingly, in the embodiments of the glass compositions described
herem, the alkali oxide present in the glass composition includes at least Na,O. Specifically,
in order to achieve the desired compressive strength and depth of layer in the glass
composition upon 1on e¢xchange strengthening, the glass compositions include Na,O 1n an

amount from about 2 mol.% to about 15 mol.% based on the molecular weight of the glass
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composition. In some embodiments the glass composition includes at least about 8 mol.% of
NaO based on the molecular weight of the glass composition. For example, the
concentration of Na,O may be greater than 9 mol.%, greater than 10 mol.% or even greater
than 11 mol.%. In some embodiments, the concentration of Na,O may be greater than or
cequal to 9 mol.% or even greater than or equal to 10 mol.%. For example, in some
embodiments the glass composition may include Na,O 1n an amount greater than or equal to
about 9 mol.% and less than or equal to about 15 mol.% or even greater than or equal to

about 9 mol.% and less than or equal to 13 mol.%.

[0042] As noted above, the alkali oxide 1n the glass composition may further mclude K,O.
The amount of K,O present 1n the glass composition also relates to the 1on exchangeability of
the glass composition. Specifically, as the amount of K,O present 1 the glass composition
increases, the compressive stress obtainable through 10n exchange decreases as a result of the
exchange of potassium and sodium 1ons. Accordingly, it 1s desirable to limit the amount of
K,O present 1n the glass composition. In some embodiments, the amount of K,O 15 greater
than or equal to 0 mol.% and less than or equal to 3 mol.%. In some embodiments, the
amount of K,0O 1s less or equal to 2 mol.% or even less than or equal to 1.0 mol.%. In
embodiments where the glass composition mcludes K;0O, the K;O may be present in a
concentration greater than or equal to about 0.01 mol.% and less than or equal to about 3.0
mol.% or even greater than or equal to about 0.01 mol.% and less than or equal to about 2.0
mol.%. In some embodiments, the amount of K,O present in the glass composition 1s greater
than or equal to about 0.01 mol.% and less than or equal to about 1.0 mol.%. Accordingly, 1t
should be understood that K,O need not be present i the glass composition. However, when
K50 1s included 1n the glass composition, the amount of K,O 18 generally less than about 3

mol.% based on the molecular weight of the glass composition.

[0043] Alkaline earth oxides may be present in the composition to improve the meltability of
the glass batch materials and mcrease the chemical durability of the glass composition. In the
olass compositions described herein, the total mol.% of alkaline earth oxides present in the
glass compositions 18 generally less than the total mol.% of alkali oxides present 1 the glass
compositions m order to improve the 1on exchangeability of the glass composition. In the
embodiments described herein, the glass compositions generally include from about 3 mol.%

to about 13 mol.% of alkaline earth oxide. In some of these embodiments, the amount of
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alkaline earth oxide in the glass composition may be from about 4 mol.% to about 8 mol.% or

even from about 4 mol.% to about 7 mol.%.

[0044] The alkaline earth oxide 1n the glass composition may include MgQO, CaO, SrO, BaO
or combinations thercof. In some embodiments, the alkaline earth oxide includes MgO, CaO
or combinations thercof. For example, in the embodiments described herein the alkaline
carth oxide mcludes MgO. MgO 1s present 1 the glass composition in an amount which 1s
grcater than or equal to about 3 mol.% and less than or equal to about 8 mol.% MgO. In
some embodiments, MgO may be present in the glass composition i an amount which 1s
greater than or equal to about 3 mol.% and less than or equal to about 7 mol.% or even
greater than or equal to 4 mol.% and less than or equal to about 7 mol.% by molecular weight

of the glass composition.

[0045] In some embodiments, the alkaline earth oxide may further mclude CaO. In these
embodiments CaO 1s present 1 the glass composition in an amount from about 0 mol.% to
less than or equal to 6 mol.% by molecular weight of the glass composition. For example, the
amount of CaO present 1n the glass composition may be less than or equal to 5 mol.%, less
than or equal to 4 mol.%, less than or equal to 3 mol.%, or even less than or equal to 2
mol.%. In some of these embodiments, CaO may be present in the glass composition 1n an
amount greater than or equal to about 0.1 mol.% and less than or equal to about 1.0 mol.%.
For example, CaO may be present in the glass composition 1n an amount greater than or equal
to about 0.2 mol.% and less than or equal to about 0.7 mol.% or even 1n an amount greater

than or equal to about 0.3 mol.% and less than or equal to about 0.6 mol.%.

[0046] In the embodiments described herein, the glass compositions are generally rich in
MgQO, (1., the concentration of MgO 1n the glass composition 1s greater than the
concentration of the other alkaline earth oxides 1in the glass composition mcluding, without
[imitation, CaQ). Forming the glass composition such that the glass composition 18 MgO-rich
improves the hydrolytic resistance of the resultant glass, particularly following 1on exchange
strengthening.  Morcover, glass compositions which are MgO-rich generally exhibit
improved 1on exchange performance relative to glass compositions which are rich m other
alkaline ecarth oxides. Specifically, glasses formed from MgO-rich glass compositions
generally have a greater diffusivity than glass compositions which are rich n other alkaline
carth oxides, such as CaO. The greater diffusivity enables the formation of a deeper depth of

layer 1n the glass. MgO-rich glass compositions also enable a higher compressive stress to be
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achieved m the surface of the glass compared to glass compositions which are rich 1n other
alkaline earth oxides such as CaO. In addition, 1t 18 generally understood that as the ion
exchange process proceeds and alkali 10ns penetrate more deeply mnto the glass, the maximum
compressive stress achieved at the surface of the glass may decrease with time. However,
glasses formed from glass compositions which are MgO-rich exhibit a lower reduction 1n
compressive stress than glasses formed from glass compositions that are CaO-rich or rich 1n
other alkaline earth oxides (1.c., glasses which are MgO-poor). Thus, MgO-rich glass
compositions cnable glasses which have higher compressive stress at the surface and greater

depths of layer than glasses which are rich in other alkaline earth oxides.

[0047] In order to fully realize the benefits of MgO 1n the glass compositions described
herein, 1t has been determined that the ratio of the concentration ot CaO to the sum of the
concentration of CaO and the concentration of MgO 1n mol. % (1.e., (CaO/(CaO+MgO))
should be minimized. Specifically, 1t has been determined that (CaO/(CaO+MgO)) should be
less than or equal to 0.5. In some embodiments (CaO/(CaO+MgQO)) 1s less than or equal to
0.3 or even less than or equal to 0.2. In some other embodiments (CaO/(CaO+MgQO)) may

cven be less than or equal to 0.1.

[0048] Boron oxide (B,03) 1s a flux which may be added to glass compositions to reduce the
viscosity at a given temperature (¢.g., the strain, anneal and softening temperatures) thereby
improving the formability of the glass. However, 1t has been found that additions of boron
significantly decrease the diffusivity of sodium and potassium ions in the glass composition
which, 1n turn, adversely impacts the 1on exchange performance of the resultant glass. In
particular, 1t has been found that additions of boron significantly increase the time required to
achieve a given depth of layer relative to glass compositions which are boron free.
Accordmgly, i some embodiments described herein, the amount of boron added to the glass
composition 18 mimnimized in order to improve the 10on exchange performance of the glass

composition.

[0049] For example, it has been determined that the impact of boron on the ion exchange
performance of a glass composition can be mitigated by controlling the ratio of the
concentration of B,Oz to the difference between the total concentration of the alkali oxides
(1.c., RyO, where R 1s the alkali metals) and alumina (1.¢., BoO3 (mol.%)/(R,0 (mol.%)-Al,0x
(mol.%)). In particular, 1t has been determined that when the ratio of B,Os /(R,0-Al,03) 18

orcater than or equal to about 0 and less than about 0.3 or even less than about 0.2, the
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diffusivities of alkali oxides m the glass compositions are not diminished and, as such, the 1on
exchange performance of the glass composition 18 maintained. Accordingly, in some
embodiments, the ratio of B,Os; /(R,0-ALO3) 1s greater than 0 and less than or equal to 0.3.
In some of these embodiments, the ratio of B,Os /(R,0-AlLO3) 18 greater than 0 and less than
or equal to 0.2. In some embodiments, the ratio of B,Os; /(R,0-AlLO3) 1s greater than 0 and
less than or equal to 0.15 or even less than or equal to 0.1. In some other embodiments, the
ratio of B,O3 /(R,0-Al,0O3) may be greater than 0 and less than or equal to 0.05. Maintaining
the ratio B,Os /(R,0-AlLO3) to be less than or equal to 0.3 or even less than or equal to 0.2
permits the mclusion of B,Os to lower the strain point, anneal point and softening point of the
glass composition without the B,O3 adversely impacting the 1on exchange performance of the

glass.

[0050] In the embodiments described heremn, the concentration of B;O; m the glass
composition 18 generally less than or equal to about 4 mol.%, less than or equal to about 3
mol.%, less than or equal to about 2 mol.%, or even less than or equal to 1 mol.%. For
example, in embodiments where B,0Os 1s present in the glass composition, the concentration
of B,O3 may be greater than about 0.01 mol.% and less than or equal to 4 mol.%. In some of
these embodiments, the concentration of B,O3 may be greater than about 0.01 mol.% and less
than or equal to 3 mol.% In some embodiments, the B,Os; may be present in an amount
greater than or equal to about 0.01 mol.% and less than or equal to 2 mol.%, or even less than
or equal to 1.5 mol.%. Alternatively, the B,Os may be present i an amount greater than or
cqual to about 1 mol.% and less than or equal to 4 mol.%, greater than or equal to about 1
mol.% and less than or equal to 3 mol.% or even greater than or equal to about 1 mol.% and
less than or equal to 2 mol.%. In some of these embodiments, the concentration of B,O3 may

be greater than or equal to about 0.1 mol.% and less than or equal to 1.0 mol.%.

[0051] While in some embodiments the concentration of B,O; 1 the glass composition 18
minimized to mmprove the forming properties of the glass without detracting from the 1on
exchange performance of the glass, in some other embodiments the glass compositions are
free from boron and compounds of boron such as B,Os;. Specifically, 1t has been determined
that forming the glass composition without boron or compounds of boron improves the 1on
cxchangeability of the glass compositions by reducing the process time and/or temperature

required to achieve a specific value of compressive stress and/or depth of layer.
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[0052] In some embodiments of the glass compositions described heremn, the glass
compositions ar¢ free from phosphorous and compounds containing phosphorous including,
without Iimitation, P,Os. Specifically, 1t has been determined that formulating the glass
composition without phosphorous or compounds of phosphorous mcreases the chemical

durability of the glass composition.

[0053] In addition to the S10,, Al,Os;, alkali oxides and alkaline carth oxides, the glass
compositions described herein may optionally further comprise one or more fining agents
such as, for example, SnO,, As;03, and/or CI” (from NaCl or the like). When a fining agent
1s present 1 the glass composition, the fining agent may be present in an amount less than or
cqual to about 1 mol.% or even less than or equal to about 0.4 mol.%. For example, n some
embodiments the glass composition may include SnO, as a fiming agent. In these
embodiments SnO, may be present in the glass composition in an amount greater than about
0 mol.% and less than or equal to about 1 mol.% or even an amount greater than or equal to

about 0.01 mol.% and less than or equal to about 0.30 mol.%.

[0054] Morcover, the glass compositions described herein may comprise one or more
additional metal oxides to further improve the chemical durability of the glass composition.
For example, the glass composition may further include ZnO, T10,, or ZrO,, cach of which
further 1mproves the resistance of the glass composition to chemical attack. In these
embodiments, the additional metal oxide may be present in an amount which 1s greater than
or equal to about 0 mol.% and less than or equal to about 2 mol.%. For example, when the
additional metal oxide 18 ZnO, the ZnO may be present 1n an amount greater than or equal to
1 mol.% and less than or equal to about 2 mol.%. When the additional metal oxide 1s ZrO; or

T10,, the ZrO, or T10, may be present in an amount less than or equal to about 1 mol.%.

[0055] As noted above, the presence of alkali oxides in the glass composition facilitates
chemically strengthening the glass by 1on exchange. Specifically, alkali 1ons, such as
potassium 10ns, sodium 1ons and the like, are sufficiently mobile 1 the glass to facilitate 1on
exchange. In some embodiments, the glass composition 1s 10n exchangeable to form a
compressive stress layer having a depth of layer greater than or equal to 10 um. In some
embodiments, the depth of layer may be greater than or equal to about 25 um or even greater
than or equal to about 50 um. In some other embodiments, the depth of the layer may be
orcater than or equal to 75 um or even greater than or equal to 100 um. In still other

embodiments, the depth of layer may be greater than or equal to 10 um and less than or equal
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