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GLASS ARTICLES AND METHODS FOR IMPROVING THE RELIABILITY OF
GLASS ARTICLES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to United States Provisional Application
No. 62/046,208 filed September 5, 2014 and entitled “Methods For Improving The

Reliability Of Glass Articles,” the entirety of which is incorporated by reference herein.

BACKGROUND
Field

[0002] The present specification generally relates to glass articles and, more
particularly, to methods for mitigating mechanical failure and improving the reliability of

glass articles due to the presence of flaws.
Technical Background

[0003] Glass articles are increasingly employed in a wide variety of consumer and
commercial products including smart phones, tablets, lap-top computers, automated teller
machines, food and beverage packages, and the like. While various techniques are
available to improve the strength of glass articles, there is an ever present risk that the
glass articles may fail due to the presence of flaws in the material. As such, there is an

emphasis on reducing the likelihood of failure of these glass articles.

[0004] The strength of a glass article is determined by the damage history from melt
surface to use and the applied stress experienced during use, including the magnitude,
location, and duration of the stress. This leads to a strength distribution for any given

population of manufactured glass articles as no two glass articles have the same damage
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history. As a result, the probabilistic strength of a glass article can be difficult to predict,

particularly considering this strength distribution variability.

[0005] One method of decreasing strength distribution variability includes tempering
the as-manufactured glass article to ensure all surface flaws are within residual
compressive stress zone imparted to the glass article. Means of tempering include
thermal quenching of the surface or chemically exchanging network modifier ions (i.e.,
ion exchange strengthening). These processes are limited in effectively reducing strength
distribution variability by the depth of the residual compressive stress that they are able
to impart to the glass article. In particular, the depth of the residual compressive stress
depends on the thickness of glass used in the article as well as the composition of the
glass. If the depth of the compressive stress does not exceed the deepest flaw in the glass
article, there is little to no benefit of the residual compressive stress in load bearing
situations. Therefore, neither of these tempering approaches can be used to effectively
reduce strength distribution variability for glass articles with flaws that extend beyond

the depth of residual compressive stress.

[0006] Coatings, both organic and inorganic, have been shown to decrease the severity
of damage introduction in glass articles throughout their lifetime, thereby reducing the
strength distribution variability during the lifetime of the glass article. But, the effective
use of coatings first requires that the glass articles be produced according to a
manufacturing process which yields glass articles with an adequate strength distribution
for their intended use. The addition of the coating only maintains that strength
distribution throughout the lifetime of the product — it does not reduce the strength
distribution variability. That is, if the manufacturing process does not produce an
adequate strength distribution, then the coating is not going to decrease the strength

distribution variability.

[0007] Accordingly a need exists for alternative methods for decreasing the strength
distribution variability in glass articles, thereby mitigating mechanical failure of the glass

article and improving reliability.
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SUMMARY

[0008] According to one embodiment, a glass article may include a glass body having
a first surface and a second surface opposite the first surface. The first surface and the
second surface each have a radius of curvature. The first surface of the glass body
comprises a flaw population extending from the first surface into a thickness of the glass
body with a maximum initial flaw depth Ai. The first surface of the glass body may be
etched to a depth less than or equal to about 25% of the maximum initial flaw depth Ai
of the flaw population present in the first surface. When the glass article is under
uniaxial compressive loading, at least a portion of the first surface is in tension and a
uniaxial compressive strength of the glass article is greater than or equal to 90% of a

uniaxial compressive strength of a flaw-free glass article.

[0009] According to another embodiment, a method for improving the reliability of
glass articles may include providing a glass article having a first surface, a second surface
opposite the first surface, an initial thickness T; extending from the first surface to the
second surface, and a flaw population with a maximum initial flaw depth A; extending
from the first surface into the initial thickness Ti. Glass material is selectively removed
from the first surface of the glass article and adjacent to each flaw in the flaw population
at a uniform rate by chemically processing at least the first surface of the glass article at a
temperature and for a time such that, after chemically processing: flaws having the
maximum initial flaw depth A; remain in the glass article and have a post-processing
stress concentration factor Kt,, at a tip of the flaw which is less than an initial stress
concentration factor Kt; at the tip of the flaw prior to chemical processing; the flaw
population has a maximum post-processing flaw depth Ap, which is substantially equal
to Aj; a post-processing thickness T, of the glass article is less than the initial thickness

Ti; and [Ty, - Til is substantially equal to 1Ay, — Ajl.

[0010] Additional features and advantages of the methods for mitigating mechanical
failure in glass articles and improving reliability described herein will be set forth in the

detailed description which follows, and in part will be readily apparent to those skilled in
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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.

[0011] It is 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 included to provide a further
understanding of the various embodiments, and are incorporated into and constitute a
part of this specification. The drawings illustrate 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

[0012] FIG. 1 schematically depicts a cross section of a glass article according to one

or more embodiments described herein;
[0013] FIG. 2 schematically depicts a cross section of the glass article of FIG. 1;

[0014] FIG. 3 schematically depicts the glass article of FIG. 1 positioned in an

apparatus for determining the uniaxial compressive strength of the glass article;

[0015] FIG. 4 schematically depicts a portion of a glass article with a flaw prior to

chemical processing;

[0016] FIG. 5 schematically depicts a portion of a glass article with a flaw after

chemical processing;
[0017] FIG. 6A schematically depicts a close-up view of the flaw of FIG. 1;

[0018] FIG. 6B schematically depicts a close-up view of the flaw of FIG. 2;
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[0019] FIG. 7 graphically depicts the mass loss as a function of time for a glass article

etched with a solution of 1 M hydrofluoric acid and 4 M hydrochloric acid;

[0020] FIGS. 8A and 8B are SEM micrographs depicting a fracture surface and failure

origin of an untreated glass article;

[0021] FIGS. 9A and 9B are SEM micrographs depicting a fracture surface and failure

origin of a chemically processed glass article;

[0022] FIGS. 10A and 10B are SEM micrographs depicting a fracture surface and

failure origin of a chemically processed glass article;

[0023] FIGS. 11A and 11B are SEM micrographs depicting a fracture surface and

failure origin of a chemically processed glass article;

[0024] FIG. 12 graphically depicts the Weibull strength distribution (y-axis) as a
function of the load at failure (x-axis) for untreated glass articles and chemically

processed glass articles; and

[0025] FIG. 13 graphically depicts the percentage of uniaxial compression failures
occurring in the induced damage (y-axis) as a function of chemical processing time (x-

axis).

DETAILED DESCRIPTION

[0026] Reference will now be made in detail to embodiments of glass articles and
methods for mitigating the mechanical failure of glass articles, examples of which are
illustrated in the accompanying drawings. Whenever possible, the same reference
numerals will be used throughout the drawings to refer to the same or like parts.
According to one embodiment, a glass article may include a glass body having a first
surface and a second surface opposite the first surface. The first surface and the second
surface each have a radius of curvature. The first surface of the glass body comprises a

flaw population extending from the first surface into a thickness of the glass body with a
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maximum initial flaw depth Ai. The first surface of the glass body may be etched to a
depth less than or equal to about 25% of the maximum initial flaw depth Ai of the flaw
population present in the first surface. When the glass article is under uniaxial
compressive loading, at least a portion of the first surface is in tension and a uniaxial
compressive strength of the glass article is greater than or equal to 90% of a uniaxial
compressive strength of a flaw-free glass article. Various embodiments of glass articles
and methods for mitigating mechanical failure of glass articles and improving the
reliability of glass articles will be described herein with specific reference to the

appended drawings.

[0027] Conventionally, the predominant method for reducing the strength distribution
variability of a population of glass articles has been to over engineer the glass articles to
account for the “worst case” flaw scenario. Specifically, the maximum size of a flaw
population introduced in a glass article during manufacturing or subsequent processing
may be statistically determined by studying a statistically significant population of glass

articles which have undergone the same manufacturing and/or processing conditions.

[0028] Once the maximum size of a flaw in the glass article has been determined, a
remediation treatment, such as an etching treatment or the like, may be developed to
remove glass material from the surface of the glass article to a depth greater than the
maximum size of a flaw in the glass article, effectively removing the entire flaw
population from the glass article. In many cases, the design of the glass article will be
revised to account for this loss of material by adding additional thickness to the glass
such that the finished product is within design specifications in terms of thickness

following any treatment to remove the flaw population.

[0029] While such a technique is effective for reducing the strength distribution
variability in a population of glass articles, it ultimately adds significantly to the cost of
the glass article by requiring the addition of glass material in the design to account for

material lost during any remediation treatments.
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[0030] The methods described herein reduce the strength distribution variability in a
population of glass articles without the removal of glass material from the surface of the
glass article to a depth greater than or equal to the maximum size of a flaw in the glass
article. That is, the methods described herein do not completely remove the flaw

population from the surface of the glass article.

[0031] Referring now to FIGS. 1 and 2, one embodiment of a glass article 100 is
schematically depicted. The glass article 100 includes a glass body 101 having a first
surface 106, a second surface 108, and a thickness T; extending between the first surface
106 and the second surface 108. In embodiments, the glass article 100 may have a
curved geometry, such as when the glass article 100 is a rod or cylinder. For example, in
embodiments, the glass article 100 may have curved geometry with a substantially
continuous sidewall at least partially enclosing an interior volume, such as when the glass
article 100 is a glass container as depicted in FIG. 1. The glass container may be used for
storing food or beverages, or even as a pharmaceutical package. For example, in some
embodiments, the glass container may be a vial, Vacutainer®, cartridge, syringe,
ampoule, bottle, flask, phial, tube, beaker or the like, including both round-form glass
containers and non-round-form glass containers. In these embodiments, the first surface
106 of the glass article 100 may be an exterior surface of the glass container and the
second surface 108 may be an interior surface of the glass container. Further, the first
surface 106 of the glass article 100 may have a first radius of curvature ri, as measured
from the long axis 103 of the glass article 100, and the second surface 108 of the glass
article 100 may have a second radius of curvature r,, also measured from the long axis
103 of the glass article 100. The second radius of curvature r, may be the same as the
first radius of curvature r; or, alternatively, the second radius of curvature r, may be

different than the first radius of curvature ry.

[0032] In embodiments where the glass article 100 is a glass container as depicted in
FIGS. 1 and 2, the glass article 100 has a uniaxial compressive strength. In
embodiments, the uniaxial compressive strength may be measured using, for example,

the horizontal compression test apparatus described at paragraph [00149] of pending U.S.
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Patent Application Serial No. 13/780,740, filed February 28, 2013 and entitled “Glass
Articles With Low-Friction Coatings.” Specifically referring to FIG. 3 of the present
specification, the uniaxial compressive strength of the glass article 100 may be measured
by placing the glass article 100 between two opposed platens 202, 204 of the apparatus
such that the long axis 103 of the glass article is generally orthogonal to the applied
compressive load (schematically represented by arrows 300, 302) applied to the glass
article 100 by the platens 202, 204. Thereafter, at least one of the platens 202, 204 is
advanced toward the other to apply the compressive load to the glass article 100. When
the glass article 100 is under compression, at least a portion of the first surface 106 of the
glass body 101 is in tension. For example, when the glass article 100 is under
compression, at least the region 107 of the first surface 106 of the glass article 100 is
under tension. The compressive load applied to the glass article 100 by the platens 202,
204 is further increased until the glass article 100 fails through fracture. The
compressive load applied at failure is considered the uniaxial compressive strength of the
glass article. In embodiments where the compressive load is applied generally
orthogonal to the long axis of the glass article, the uniaxial compressive strength may

also be referred to as the horizontal compression strength.

[0033] While FIG. 3 depicts the compressive load as being applied in a direction
generally orthogonal to the long axis 103 of the glass article 100 such that a portion of
the first surface 106 of the glass article 100 is in tension, it should be understood that
other methods for determining the uniaxial compressive strength of the glass article 100
are contemplated and possible. For example, in some embodiments (not shown), the
uniaxial compressive strength of the glass article 100 may be determined by orienting the
glass article 100 between the platens 202, 204 such that the long axis 103 of the glass
article 100 is parallel to the applied compressive load. In this embodiment, at least a
portion of the first surface 106 of the glass article 100 is under tension during application
of the compressive load, such as when the wall of the glass article buckles radially
outward. In this embodiment, a portion of the first surface 106 of the glass article 100

around the entire circumference of the glass article 100 is under tension.
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[0034] In some embodiments, the glass articles described herein are formed from
aluminosilicate glass compositions, such as the glass compositions described in U.S.
Patent No. 8,980,777, U.S. Patent No. 8,551,898, or U.S. Patent No. 8,753,994.
Alternatively, the glass articles may be formed from borosilicate glass compositions,
such as conventional Type 1, Class A or Class B borosilicate glasses according to ASTM
E438-92(2011) or even Type II glass compositions according to ASTM E438-92(2011).
However, it should be understood that the specific type of glass composition from which
the glass articles are formed is not particularly limited and that other suitable glass

compositions are contemplated.

[0035] Referring now to FIGS. 4 and 6A, in the embodiments described herein, the
glass articles 100 include a flaw population in at least the first surface 106 of the glass
article 100. In general, the presence of the flaw population decreases the uniaxial
compressive strength of the glass article relative to a flaw-free glass article. As used
herein, the phrase “flaw-free” glass body or glass article refers to a theoretical glass
article or glass body formed from the same material and having the same shape and
dimensions as the glass article or glass body being assessed but which is completely free
of flaws. The flaw population extends from the first surface 106 into the thickness T; of
the glass article 100 towards the second surface 108. Each flaw 102 in the flaw
population has a flaw depth which is less than or equal to the maximum initial flaw depth
A; as measured from the first surface 106 of the glass article to the tip 110 of the flaw
102. In the embodiments described herein, each flaw 102 is described as an elliptical
crack. That is, the flaw 102 has the shape of half of an ellipse with a major axis 2A; and
a minor axis 2d;. Thus, each flaw extends into the thickness T; of the glass article 100 to
a depth that is less than or equal to A;. The initial radius of curvature 1; at the tip 110 of
the flaw 102 is a function of the width and depth of the crack such that r; = diZ/Ai.

[0036] In embodiments, the maximum initial flaw depth A; for a given population of
glass articles exposed to identical manufacturing, processing, and handling conditions
(and therefore subject to the same mechanical insults potentially resulting in the

introduction of flaws) can be determined by examining a statistically significant subset of
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the population of glass articles to determine a flaw depth distribution for the entire
population. The maximum initial flaw depth A; can be determined directly from the flaw

depth distribution.

[0037] Each flaw 102 has an initial stress intensity factor Kt The initial stress
intensity factor Kt; is a dimensionless factor which relates to the magnitude of stress in
the material surrounding the tip 110 of the flaw and, as such, directly relates to the
propensity of the flaw 102 to propagate through the material, ultimately resulting in the
failure of the glass article 100. Specifically, larger values of the initial stress intensity
factor Kt; indicate greater tensile stress in the material and a greater propensity for crack
propagation, particular when the internal residual tensile stresses are combined with
externally applied stresses acting on the glass article. The initial stress intensity factor
Kt; is inversely proportional to the initial radius of curvature r; at the tip 110 of the flaw
102. That is, the initial stress intensity factor Kt; is greater for a flaw 102 with a small
initial radius of curvature r; at the tip 110 of the flaw 102 and lower for a flaw 102 with a

relatively larger initial radius of curvature rj at the tip 110 of the flaw 102.

[0038] Referring again to FIG. 4, the glass articles 100 further include a crack affected
zone 104 which surrounds the flaw 102. The crack affected zone 104 extends into the
initial thickness T; of the material to a depth greater than or equal to the maximum initial
flaw depth A; of the flaw 102. In addition, the crack affected zone 104 has a width
greater than the width 2d; of the flaw 102. The glass material within the crack affected
zone 104 is compositionally the same as the material in the remainder of the glass article.
However, while not wishing to be bound by theory, it is hypothesized that the glass
material within the crack affected zone 104 has slightly different physical properties due
to the introduction of a flaw 102 into the first surface 106 of the glass article 100.
Specifically, it is hypothesized that the introduction of a flaw 102 into the first surface
106 of the glass article 100 leaves the glass material directly adjacent to the flaw 102 in
the crack affected zone 104 at a higher energy state by creating stretched and/or broken
molecular bonds in the constituent components of the glass network. As a result, it is

hypothesized that the material directly adjacent to the flaw 102 in the crack affected zone
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has a higher energy state and, as a result, is more susceptible to dissolution upon
exposure to a chemical treatment, such as an etching solution or the like, than the

material in the bulk of the glass article 100 that is not within the crack affected zone 104.

[0039] In the embodiments described herein, the strength distribution variability in the
glass article 100 due to the presence of the flaw population is reduced or mitigated and
the reliability of the glass article 100 is improved by selectively removing material along
the depth of each flaw in the population and, specifically, selectively removing material
along the maximum initial flaw depth A; (i.e., selectively removing glass material from
the crack affected zone) while minimizing the removal of material from the first surface
106 of the glass article 100. As a result, the tip 110 of the flaw 102 is widened or
“blunted” by enlarging the radius of curvature at the tip 110, thereby reducing the initial
stress intensity factor Kt; and the propensity of the flaw 102 to propagate through the
thickness of the glass material. However, after, the selective removal of material along
the maximum initial flaw depth A, at least a portion of the flaw population remains in
the glass article. More specifically, at least those flaws which have the maximum initial

flaw depth A; are still present in the glass article following removal of the glass material.

[0040] In embodiments where the glass article comprises curved surfaces, as described
herein, the selective removal of material from along the depth of the flaws in the flaw
population increases the uniaxial compressive strength of the glass article relative to a
flaw-free glass article. That is, selective removal of material from along the depth of the
flaws in the flaw population increases the uniaxial compressive strength such that the
uniaxial compressive strength approaches the uniaxial compressive strength of a flaw-
free glass article. For example, in embodiments, the selective removal of material from
along the depth of the flaws in the flaw population increases the uniaxial compressive
strength of the glass article to greater than or equal to 90% of the uniaxial compressive
strength of a flaw-free glass article. In some embodiments, the selective removal of
material from along the depth of the flaws in the flaw population increases the uniaxial
compressive strength of the glass article to greater than or equal to 92% of the uniaxial

compressive strength of a flaw-free glass article or even greater than or equal to 95% of
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the uniaxial compressive strength of a flaw-free glass article. In some other
embodiments, the selective removal of material from along the depth of the flaws in the
flaw population increases the uniaxial compressive strength of the glass article to greater

than or equal to 98% of the uniaxial compressive strength of a flaw-free glass article.

[0041] In some embodiments, glass material is selectively removed along the
maximum initial flaw depth A; of the flaw 102 by chemical processing. In embodiments,
chemical processing may include contacting the glass article 100 with an etching
solution. In embodiments, the glass article may be chemically processed by bringing an
etching solution into contact with both the first surface 106 and the second surface 108 of
the glass article 100, such as when the glass article is completely immersed in a bath of
the etching solution. In some other embodiments, the etching solution is brought into
contact with only the first surface 106 of the glass article 100. For example, in
embodiments where the glass article 100 is a glass container in which the first surface
106 is an external surface of the glass container and one of the ends of the glass container
is closed, such as when the glass container is a glass vial, the glass article may be
immersed in a bath of the etching solution such that the etching solution only contacts the
external surface of the glass container and not the interior surface (i.e., the second surface

108) of the glass container.

[0042] In some embodiments, each flaw 102 in the flaw population may be closed
prior to chemical processing. That is, the flaws in the glass container may be the result of
elastically derived frictive damage which, following the introduction of the damage,
causes the flaws to close such that the fracture faces on either side of the flaw are in
contact with one another along the depth of each flaw. In this scenario, when the
chemical processing treatment involves contacting the first surface of the glass article
with an etching solution, the etching solution may not be able to enter the flaw itself;
instead, the selective removal of material from within the crack affected zone 104 due to
contact with the etching solution proceeds from the first surface 106 of the glass article to
the tip 110 of the flaw 102 (i.e., from the surface of the glass article to the interior of the

glass article) without a corresponding removal of glass material to the same depth from
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the first surface 106 of the glass article in areas outside of the crack affected zone 104.
This behavior, which has been observed experimentally, supports the hypothesis that the
glass material in the crack affected zone 104 is more susceptible to dissolution than the

glass material in the bulk of the glass article outside of the crack affected zone 104.

[0043] In embodiments, chemical processing is carried out by contacting at least the
first surface of the glass article with an etching solution at a concentration and for a time
and at a temperature sufficient to selectively remove the material along the maximum
initial flaw depth A; in the crack affected zone 104 while removing less than or equal to
the same amount of material (at least in terms of depth) from the first surface 106 and/or
the second surface 108 of the glass article. That is, the etching solution applied to at least
the first surface 106, and the conditions under which the etching solution is applied, does
not result in the removal of glass material from the first surface 106 of the glass article
down to a depth corresponding to the maximum initial flaw depth A; such that the entire
flaw population is removed from the first surface 106 of the glass article; instead, the
etching solution applied to at least the first surface 106, and the conditions under which
the etching solution is applied, are sufficient to remove the material within the crack
affected zone 104 surrounding the flaw with minimal removal of material from either the
first surface 106 and the second surface 108 of the glass article. This has the effect of
leaving behind at least a portion of the flaw population in the first surface 106 of the

glass article 100, albeit with a different morphology, following chemical processing.

[0044] In embodiments, at least the first surface of the glass article is etched to a depth
less than or equal to about 25% of the maximum initial flaw depth A; of the flaw
population present in the first surface of the of the glass article. For example, in some
embodiments, the first surface of the glass article may be etched to a depth less than or
equal to about 20% or even less than or equal to about 15% of the maximum initial flaw
depth A; of the flaw population present in the first surface of the glass article. In some
embodiments, the glass article is etched to a depth less than or equal to about 25% and
greater than or equal to about 5% of the maximum initial flaw depth A; of the flaw

population present in the first surface of the of the glass article. In some other



WO 2016/037083 PCT/US2015/048592

-14 -

embodiments, the glass article may be etched to a depth less than or equal to about 20%
and greater than or equal to about 5% of the maximum initial flaw depth A; of the flaw
population present in the first surface of the of the glass article. In still other
embodiments, the glass article is etched to a depth less than or equal to about 15% and
greater than or equal to about 5% of the maximum initial flaw depth A; of the flaw
population present in the first surface of the of the glass article. In some other
embodiments, the glass article is etched to a depth less than or equal to about 25% and
greater than or equal to about 10% of the maximum initial flaw depth A; of the flaw
population present in the first surface of the of the glass article. In some other
embodiments, the glass article may be etched to a depth less than or equal to about 20%
and greater than or equal to about 10% of the maximum initial flaw depth A; of the flaw
population present in the first surface of the of the glass article. In still other
embodiments, the glass article is etched to a depth less than or equal to about 15% and
greater than or equal to about 10% of the maximum initial flaw depth A; of the flaw

population present in the first surface of the of the glass article.

[0045] In embodiments, the etching solution comprises a mixture of hydrofluoric acid
having a first molarity and at least one mineral acid with a second, different molarity.
The molarity of the hydrofluoric acid and the molarity of the mineral acid(s) are selected
to satisfy a predetermined relationship to facilitate uniform etching of the glass article.
Specifically, the hydrofluoric acid is included in the etching solution to facilitate the
dissolution of SiO, from the glass network. The mineral acid(s) are included in the
mixture and specifically selected to facilitate the dissolution of other constituent
components of the glass network. For example, for glasses with high concentrations of
MgO and/or CaO, hydrochloric acid may be used to dissolve these components of the
glass network. However, it has also been found that differences in the dissolution rate of
the hydrofluoric and the mineral acid(s) may result in non-uniform removal of material

from the glass article.

[0046] Specifically, it has been found that when the molarity of the at least one mineral

acid is less than 3 times the molarity of the hydrofluoric acid, the mineral acid and the
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glass constituent components dissolved in the mineral acid form a gel layer (i.e.,
gelation) which coats the surface of the glass article and slows and/or inhibits further
dissolution of material from the glass article, resulting in non-uniform material removal
from the surface of the glass article. In situations where the glass article is etched to
mitigate failure from flaws, as described herein, the gel layer may hinder modification of
the crack tip morphology which, in turn, may result in a higher stress intensity factor at
the crack tip and a greater propensity for failure from the flaw. For example, when a
glass article is etched to remove flaws from a surface of the glass article, the gel layer
resulting from a low-molarity mineral acid in the etching solution (that is, low molarity
relative to the molarity of the hydrofluoric acid) may accumulate proximate the tip of the
flaw, effectively closing off the tip and preventing further modification of the crack tip

morphology.

[0047] However, it has been determined that when the molarity of the mineral acid(s)
of the etching solution is greater than or equal to about 3 times the molarity of the
hydrofluoric acid in the etching solution and less than or equal to about 6 times the
molarity of the hydrofluoric acid in the etching solution, the etching solution does not
form a gel layer on the surface (or within the flaws) of the glass article and, as such, glass
material is removed from the surface of the glass article (and from within the flaws) at a
substantially uniform rate. Accordingly, in the embodiments described herein, the
molarity of the mineral acid(s) is greater than or equal to 3 times and less than or equal to
6 times the molarity of the hydrofluoric acid. That is, the second molarity is greater than

or equal to 3 times and less than or equal to 6 times the first molarity.

[0048] In the embodiments described herein, the molarity of the hydrofluoric acid (i.e.,
the first molarity) is greater than or equal to 0.5 M and less than or equal to about 3.0 M
and the molarity of the mineral acid (i.e., the second molarity) is from about 3 to about 6
times the first molarity to achieve a uniform dissolution and removal of material from the

first surface of the glass article and adjacent to the flaws in the glass article.
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[0049] In the embodiments described herein, the mineral acid includes at least one
mineral acid other than hydrofluoric acid. For example, the mineral acid may include at
least one of hydrochloric acid, nitric acid, phosphoric acid, sulfuric acid, boric acid,
hydrobromic acid, and perchloric acid. In embodiments, the mineral acid may include
more than one mineral acid. For example, a combination of mineral acids may be used to
affect the uniform dissolution and removal of a range of glass constituent components

depending on the chemistry of the glass being etched.

[0050] In the embodiments described herein, the etching solution is suitable to
uniformly dissolve and remove material from the first surface of the glass article at a rate
of less than 10% of the mass of the glass article over a treatment time greater than or
equal to about 90 minutes and less than or equal to about 360 minutes. This relatively
low rate of material removal enhances the uniformity of material removal while
minimizing the overall amount of material removed and reducing the stress intensity

factor at the tip of each flaw in the flaw population present in the glass article.

[0051] In one embodiment, the etching solution used in the chemical processing may
comprise a mixture of 1 molar (I M) hydrofluoric acid with 4 molar (4 M) hydrochloric
acid in water. For example, in one embodiment, the etching solution may comprise a
solution of 3.4 % 1M HF by volume, 33.3 % 4M HCI by volume, with the balance being
water (e.g., a solution of 136 mL of 1M HF, 1332 mL of 4M HCI and 2532 mL H,0).

[0052] In embodiments, the etching solution and the glass article are at ambient
temperature (e.g., at a temperature of 25°C) when brought into contact with one another.
However, the temperature of the etching solution may be varied (i.e., increased or

decreased) to control the rate at which glass material is removed from the glass article.

[0053] In embodiments, the glass article may be contacted with the etching solution for
a treatment time less than or equal to 360 minutes. In some embodiments, the glass
article may be contacted with the etching solution for a treatment time less than or equal
to 270 minutes, or even less than or equal to 180 minutes. In some other embodiments

the glass article may be contacted with the etching solution for a treatment time less than
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or equal to 90 minutes or even less than or equal to 60 minutes. In some embodiments,
the glass article may be contacted with the etching solution for a treatment time greater
than or equal to 60 minutes or even 90 minutes and less than or equal to 360 minutes. In
some other embodiments, the glass article may be contacted with the etching solution for
a treatment time greater than or equal to 60 minutes or even 90 minutes and less than or
equal to 270 minutes. In some other embodiments, the glass article may be contacted
with the etching solution for a treatment time greater than or equal to 60 minutes or even
90 minutes and less than or equal to 180 minutes. In still other embodiments, the glass
article may be contacted with the etching solution for a treatment time greater than or

equal to 60 minutes and less than or equal to 90 minutes.

[0054] In one particular embodiment where the etching solution is a mixture of 3.4 %
IM HF by volume and 33.3 % 4M HCI by volume in water at a temperature of 25°C, the
glass article is contacted with the etching solution for a treatment time which is greater
than or equal to 90 minutes in order to facilitate removal of material in the crack affected
zone 104. In this embodiment, the treatment time may be less than or equal to 360
minutes. That is, the treatment time may be from about 90 minutes to about 360 minutes.
However, it should be understood that the treatment time may be varied according to the
specific etching solution, the temperature of the etching solution, and the glass
composition of the glass article. It should also be understood that the treatment time may
be varied depending on the maximum initial flaw depth A; of the flaw population within
the glass article. That is, flaw populations which have a greater maximum initial flaw
depth A; may require longer etching time to complete the selective removal of material

from the surface to the crack tip.

[0055] Referring now to FIGS. 5 and 6B, after the selective removal of glass material
from along the initial maximum flaw depth A; in the crack affected zone 104, the glass
article 100 still includes at least a portion of the flaws present in the initial flaw
population, including at least those flaws which had the maximum initial flaw depth A;.
That is, in embodiments where glass material is removed from along the depth of the

flaw by etching, the etching treatment is not sufficiently aggressive to completely remove
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material from the first surface 106 of the glass article 100 to a depth greater than the
initial maximum flaw depth A;. Following the etching treatment, the post-processing
thickness of the glass article may be T,,. In embodiments, the post-processing thickness
Tpp 1s less than or equal to the initial thickness T;. In some embodiments, the etching
treatment is selected to minimize the removal of material from the first surface 106 of the
glass article 100 such that the post-processing thickness Tp, is as close to the initial

thickness T; as possible. That is, the change in thickness AT = (IT; — Tppl) is minimized.

[0056] As noted above, the material in the crack affected zone 104 may be more
susceptible to dissolution upon exposure to an etching solution than the glass material in
the bulk of the glass article 100, including the glass material at the first surface 106 of the
glass article. After the etching treatment, each flaw 102 in the flaw population has a
depth which is less than or equal to the maximum post-processing flaw depth A,
measured from the processed first surface 106pp of the glass article to the tip 110 of the
flaw 102. In some embodiments described herein, the maximum post-processing flaw
depth Ay, is greater than or substantially equal to the maximum initial flaw depth A;.
That is, in some embodiments, the maximum initial flaw depth A; may actually increase
as a result of the chemical processing treatment. While not wishing to be bound by
theory, it is believed that this increase may be due to the difference in the solubility of the
glass material in crack affected zone 104 (FIG. 4), including the material surrounding the
tip 110 of the flaw 102, and the solubility of the glass material in the bulk of the glass
article 100 and, in particular, the solubility of the glass material at the first surface 106 of
the glass article 100. Thus, the difference AA between the maximum post-processing
flaw depth Ap, and the maximum initial flaw depth A; may be greater than or

substantially equal to the change in thickness AT. That is (ITp, - Til) < (1A — Ail).

[0057] The chemical processing treatment also increases the width of the flaw 102 as
well as the radius of curvature of the flaw 102 at the tip 110. That is, after the chemical
processing treatment, each flaw 102 remaining in the flaw population has a post-etching
width 2dp, which is greater than the initial width 2d;. Similarly, the post-processing

radius rp, of the tip 110 of each flaw 102 remaining in the flaw population after chemical
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processing is greater than the initial radius r; of the flaw 102. That is dppz/App is greater

than d;/A,;.

[0058] As noted above, the stress intensity factor Kt of a flaw is inversely proportional
to the radius of the flaw at its tip. Thus, increasing the radius of the flaw 102 at the tip
110 through chemical processing decreases the stress concentration factor Kt.
Specifically, the post-processing stress concentration factor Kty, of the flaw 102 after
chemical processing, such as after exposure to an etching treatment, is less than the
initial stress concentration factor Kt; of the flaw 102 prior to chemical processing (i.e.,
Kty, < Kt;). This means that, after chemical processing, any flaws remaining in the flaw
population have a lower propensity for propagating through the thickness of the glass
article 100 and, as a result, mechanical failure of the glass article 100 is mitigated and the

reliability of the glass article 100 is improved.

[0059] Said differently, prior to chemical processing (e.g., prior to exposure to an
etching treatment), the glass article 100 has an initial failure probability P;. After
chemical processing (e.g., after exposure to the etching treatment), the glass article has a
post-processing failure probability P, which is less than the initial failure probability P;
despite the fact that at least a portion of the flaws in the flaw population remain in the
glass article 100 after exposure to the etching treatment, such as those flaws which
initially had the maximum initial flaw depth A;, and the maximum initial flaw depth A;
has been increased to Ay, This reduction in the failure probability after chemical
processing is due, at least in part, to the change in the morphology of the flaw 102 along
its depth and at the tip 110 of the flaw 102.

[0060] In embodiments, after the glass article has been chemically processed by
exposure to the etching solution such that the glass article is etched to a depth less than or
equal to 25% of the maximum initial flaw depth Ai, the uniaxial compressive strength of
the chemically processed glass article is substantially the same as the uniaxial
compressive strength of a glass article etched to the maximum initial flaw depth of Ai

under the same uniaxial compression loading condition.
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[0061] As noted above, the width 2d,, of the flaw 102 increases as a result of chemical
processing, exposing the fracture faces of the flaw, which faces are now roughly parallel
to one another. While not wishing to be bound by theory, it is believed that the increased
width of the flaw 102 allows for other processing fluids to penetrate into the depth of the
flaw 102 to the tip 110. For example, the glass article 100 may be ion-exchange
processed in a molten salt bath after chemical treatment in order to introduce a layer of
compressive stress in at least the first surface 106pp of the glass article 100. While not
wishing to be bound by theory, it is believed that the increased width of the flaw after
chemical processing may allow the molten salt of the salt bath to penetrate to the tip 110
of the flaw 102 such that at least the tip 110 of the flaw 102 is in compression, further
improving the strength of the glass article 100 with the existing flaw population. This
may also provide remediation of flaws that would normally extend beyond the depth of
the compressive layer achieved by ion-exchange processing as the tips of such flaws are

placed in compression.

[0062] The methods described herein can be utilized to reduce the Weibull strength
distribution variability in a population of glass articles, mitigating the probability of
mechanical failure of the glass articles under similar loading conditions, and improving
the reliability of the glass articles over their lifetime. That is, a reduction in the Weibull
strength distribution variability of a population of glass articles utilizing the methods
described herein can increase the ultimate reliability of the glass articles as the glass

articles are subjected to randomly applied loading events during their intended lifetime.

[0063] Specifically, the methods described herein increase the low end of the Weibull
strength distribution to more closely match the high end of the Weibull strength
distribution by reducing the stress concentration factor at the tip of flaws in the flaw
population without removing all the flaws in the flaw population. As such, the
variability in the Weibull strength distribution is reduced across the population of glass
containers which, in turn, enables an increased allowable applied loading event
magnitude during the lifetime of the glass containers. Said differently, by reducing the

propensity for failure from low strength outliers (e.g., those flaws having the maximum
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initial flaw depth A;), the reliability of the population of glass articles is increased by
preventing breakage of the glass articles from known applied loading events. This
approach to damage mitigation can be tailored to ensure ultra-high reliability glass

articles by eliminating known failure mode root causes.

[0064] In terms of Weibull statistics, this increase in the reliability of a population of
glass articles by decreasing the variability in the Weibull strength distribution (i.e.,
decreasing the width of the strength distribution) and increasing the magnitude of the
distribution means an increase in Weibull modulus as well as an increase in characteristic
strength of the population of glass articles for a known flaw source, each of which may
be achieved by the methods described herein which effectively reduce the stress
concentration factor at the tip of a flaw and increase the strength of the glass article.
Using the methods described herein, those flaws which have the maximum initial flaw
depth A; are modified to have a reduced stress concentration factor without removing the
flaws from the glass article. The reduction in the stress concentration factor effectively
reduces the stress magnitudes required to propagate any given flaw remaining in the glass

article after treatment, thereby reducing the variability in observed strength.

[0065] The reduction in the failure probability after chemical processing can be
equated to the failure probability of a flaw-free glass body or article. Specifically, the
Weibull strength distribution of the glass body or article after chemical processing can be
related to the theoretical Weibull strength distribution of a flaw-free glass body or article.
The theoretical Weibull strength distribution of the flaw-free glass article may be
calculated for a given loading condition (such as uniaxial compressive loading as
described herein) using fracture mechanics. In the embodiments described herein, the
actual Weibull strength distribution of the glass article following chemical processing
and under uniaxial compressive loading is within 10% of the theoretical Weibull strength
distribution of a flaw-free glass article under the same loading conditions. That is, if the
flaw-free glass article has a theoretical Weibull strength distribution of X for the applied
uniaxial compressive loading condition, the chemically processed glass article will have

an actual Weibull strength distribution that is greater than or equal to 90% of the



WO 2016/037083 PCT/US2015/048592

-22 -

theoretical Weibull strength distribution of the flaw-free glass article under the same
loading conditions. In some embodiments described herein, the actual Weibull strength
distribution of the glass article following chemical processing and under uniaxial
compressive loading is within 5% of the theoretical Weibull strength distribution of a
flaw-free glass article under the same loading conditions. In some other embodiments,
the actual Weibull strength distribution of the glass article following chemical processing
and under uniaxial compressive loading is within 2% of the theoretical Weibull strength

distribution of a flaw-free glass article under the same loading conditions.

Examples

[0066] The embodiments described herein will be further clarified by the following

example.
EXAMPLE 1

[0067] In order to demonstrate the increased reliability of glass articles processed
according to the methods described herein, a laboratory scale experiment was set up to
compare the load-to-failure distribution of a population of untreated glass articles with
the load-to-failure distributions of populations of glass articles treated according to the

methods described herein.

[0068] Six populations of glass articles were initially subjected to elastically derived
frictive contact damage under identical conditions in order to effectively eliminate the
existing damage history of each population. The glass articles consisted of 3 ml round-
form glass vials. The elastically derived frictive contact damage essentially is a damage
introduction event where the localized stress magnitude exceeds that of the surface
strength of the glass article and a deep (>100 micron) flaw is introduced. In particular,
each population of glass articles was subjected to glass-on-glass frictive contact using the
vial-on-vial testing jig described at paragraphs [00140]-[00142] and shown in FIG. 1 of
pending U.S. Patent Application Serial No. 13/780,740, filed February 28, 2013 and

entitled “Glass Articles With Low-Friction Coatings” in order to induce damage in the
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surface of the glass article. The frictive damage imparted to each population was done so

under an applied load of 6 N.

[0069] Following the introduction of elastically derived frictive damage, a first
population of glass articles was segregated from the remaining populations and was not
subjected to any further processing (i.e., the “No Processing” population). The remaining
populations were subjected to chemical processing in which each population was placed
in a circulating bath consisting of a mixture of a mixture of 3.4 % 1M HF by volume and
33.3 % 4M HCI by volume in water. The temperature of the bath was 25°C. The second
population of glass articles was placed in the bath for 22.4 minutes; the third population
of glass articles was placed in the bath for 45 minutes; the fourth population was placed
in the bath for 90 minutes; the fifth population of glass articles was placed in the bath for
180 minutes; and the sixth population of glass articles was placed in the bath for 360
minutes. Each glass article was weighed before exposure to the etching solution. Upon
removal from the bath, each population was rinsed and dried and each glass article in
each population was again weighed so that the mass loss due to exposure to the etching
solution could be determined based on the pre- and post-etching mass. Table 1 below
shows the target etch time, actual etch time, average mass loss, and calculated removal
depth for each of the populations. FIG. 7 graphically depicts the average mass loss (y-
axis) as a function of etching time (x-axis) for the second through sixth populations. As
can be seen in FIG. 7, use of the combination of 1M HF and 4M HCI (i.e., an etching
solution in which the molarity of the mineral acid is 3-6 times the molarity of the
hydrofluoric acid) resulted in the uniform removal of glass material as a function of time.
That is, the rate of material did not decrease with increasing time due to the gelation of
the etching solution. It is noted that the depth of the material removed from the surface
of the glass article in each population was less than the maximum initial flaw depth A;

(i.e., less than 100 um).

[0070] Table 1: Etching Data
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Etch Time Range {min} | Actual Etch Time {min) | Average Mass Loss {g] | Calculated Removal Depth {pm}

g it o a
21.7-22.7 22.4 $.0386 7
43.5-43.5 45 $.0682 12
87.0-20.9 a0 0,125 25
173.5-181.8 180 0,255 47
347,8-353.6 380 {.518 gs

[0071] Thereafter, each of the first through sixth populations were tested in uniaxial
compression until failure using a horizontal compression test apparatus as described at
paragraph [00149] of pending U.S. Patent Application Serial No. 13/780,740, filed
February 28, 2013 and entitled “Glass Articles With Low-Friction Coatings.” FIGS. 8A
and 8B are SEM micrographs depicting a failure origin of one glass article from the “No
Processing” population. FIGS. 9A-11B are SEM micrographs showing the modified
flaw morphology of glass articles from the populations subjected to chemical processing.
In each case, the etching treatment resulted in a rounding of the tip of the flaw which is

believed to have improved the load bearing capability of the glass article.

[0072] The load at failure for each glass article in each population is plotted in FIG.
12. As shown in FIG. 12, the populations of glass articles treated in the etching solution
for 22.4 minutes and 45 minutes had an observable increase in the failure load relative to
the “No Processing” population while the populations of glass articles treated in the
etching solution for 90 minutes, 180 minutes, and 360 minutes had an even more
pronounced increase in the failure load relative to the “No Processing” population. Table
2 below shows the failure load distribution improvement (%) relative to the “No

Processing” population for each population of glass articles subjected to the etching

treatment.

[0073] Table 1: Failure Load Distribution Improvement
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. Failure Load
Processing e s

. Distribution

Time
nprovement

fmin) {36)
22.4 74.0856

45 88,6235

a0 G5 4278

180 §5.2101
360 9a.6905

[0074] As shown in FIG. 12 and Table 2, a marked improvement in load bearing
capability was achieved for those glass articles subjected to the etching treatment for
greater than or equal to 90 minutes relative to the “No Processing” population or even the
population subjected to the etching treatment for 45 minutes. In each case, the
improvement in the failure load distribution was greater than 99% of the load to failure
distribution for the “No Processing” population demonstrating that the etching treatment

was effective for improving the reliability of the glass containers in these populations.

[0075] It is also noted that only minimal improvement in load bearing capability was
observed for those glass articles subjected to the etching treatment for greater than 90
minutes. For example, FIG. 13 graphically depicts the percentage of uniaxial
compression failures (y-axis) as function of etch time (x-axis). As shown in FIG. 13, the
number of failures from the induced damage was 100% for the “No Processing”
population and the population treated at 22.4 minutes. However, for treatments of 90
minutes or greater, the failures in uniaxial compression occurred outside of the induced
damage, indicating that the etching treatment was successful in mitigating failure from
the induced damage. This data indicates that the strength of the glass container can be
restored to almost its theoretical maximum (i.e., the strength of a glass container with no
flaws) without completely removing the entire flaw population, as is done in
conventional practices. Indeed, the data demonstrates that less aggressive chemical

processing treatments which remove a relatively small percentage of material can be as
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effective in restoring the strength of a glass article as more aggressive chemical

treatments which completely remove the flaw population.

[0076] It should now be understood that the methods described herein are effective for
mitigating mechanical failure in glass articles and improving the reliability of the glass

articles without removing the entire flaw population from the glass articles.

[0077] It will be apparent to those skilled in the art that various modifications and
variations can be made to the embodiments described herein without departing from the
spirit and scope of the claimed subject matter. Thus it is intended that the specification
cover the modifications and variations of the various embodiments described herein
provided such modification and variations come within the scope of the appended claims

and their equivalents.
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CLAIMS

1. A glass article comprising:
a glass body comprising a first surface and a second surface opposite the first
surface, the first surface and the second surface each having a radius of curvature;
the first surface of the glass body comprising a flaw population extending from
the first surface into a thickness of the glass body with a maximum initial flaw depth Ai,
wherein:
the first surface of the glass body is etched to a depth less than or equal to
about 25% of the maximum initial flaw depth Ai of the flaw population present in
the first surface; and
under uniaxial compressive loading, at least a portion of the first surface is
in tension and a uniaxial compressive strength of the glass article is greater than

or equal to 90% of a uniaxial compressive strength of a flaw-free glass article.

2. The glass article of claim 1, wherein a uniaxial compressive strength of the glass
article is greater than or equal to 95% of a uniaxial compressive strength of a flaw-free

glass article.

3. The glass article of claim 1, wherein a uniaxial compressive strength of the glass
article is greater than or equal to 98% of a uniaxial compressive strength of a flaw-free

glass article.

4. The glass article of claim 1, wherein a failure probability of the glass article is

within 10% of a calculated failure probability of a flaw-free glass article.

5. The glass article of claim 1, wherein a failure probability of the glass article is

within 5% of a calculated failure probability of the flaw-free glass article.
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6. The glass article of claim 1, wherein the first surface of the glass article is etched
to a depth greater than or equal to about 5% of the maximum initial flaw depth Ai of the

flaw population present in the first surface.

7. The glass article of claim 1, wherein the glass article is a glass container and the
first surface of the glass article is an external surface of the glass container and the

second surface is an internal surface of the glass container.

8. The glass article of claim 7, wherein the glass container is a pharmaceutical
package.
0. The glass article of claim 1, wherein the glass article is formed from an alkali-

aluminosilicate glass composition.

10. A method for improving the reliability of glass articles, the method comprising:
providing a glass article having a first surface, a second surface opposite the first
surface, an initial thickness T; extending from the first surface to the second surface, and
a flaw population with a maximum initial flaw depth A; extending from the first surface
into the initial thickness Tj;
selectively removing glass material from the first surface of the glass article and
adjacent to each flaw in the flaw population at a uniform rate by chemically processing at
least the first surface of the glass article at a temperature and for a time such that, after
chemically processing:
flaws having the maximum initial flaw depth A; remain in the glass article
and have a post-processing stress concentration factor Kt,, at a tip of the flaw which is
less than an initial stress concentration factor Kt; at the tip of the flaw prior to chemical
processing;
the flaw population has a maximum post-processing flaw depth Ay, which

is substantially equal to A;;
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a post-processing thickness T, of the glass article is less than the initial
thickness Tj; and

IT,p - Til is substantially equal to |1A,, — Ajl.

11. The method of claim 10, wherein the first surface and the second surface each

have a radius of curvature.

12. The method of claim 10, wherein:

the glass article is chemically processed by contacting the first surface of the glass
article with an etching solution, wherein the etching solution comprises a mixture of
hydrofluoric acid having a first molarity from about 0.5 M to about 3.0 M and at least
one mineral acid having a second molarity that is 3 to 6 times the first molarity; and

the etching solution uniformly removes glass material from the first surface of the

glass article and adjacent to each flaw in the flaw population without creating a gel layer.

13. The method of claim 12, wherein the at least one mineral acid is at least one of
hydrochloric acid, nitric acid, phosphoric acid, sulfuric acid, boric acid, hydrobromic

acid, and perchloric acid.

14. The method of claim 10, wherein the glass article is chemically processed by
contacting the first surface of the glass article with an etching solution for a treatment

time of less than or equal to 360 minutes.

15. The method of claim 10, wherein the glass article is chemically processed by
contacting the first surface of the glass article with an etching solution for a treatment

time of less than or equal to 90 minutes.

16. The method of claim 10, wherein the glass article is chemically process by
contacting the first surface of the glass article with an etching solution for a treatment

time greater than or equal to 90 minutes and less than or equal to 360 minutes.
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17. The method of claim 10, wherein the glass article has an initial failure probability
P; prior to chemical processing and a post-etching failure probability Py, after the glass

article is chemically processed and Py, is less than P;.

18. The method of claim 10, wherein each flaw in the flaw population has an initial
radius of curvature 1; at the tip of the flaw prior to chemical processing and a post-etching
radius of curvature 1y, at the tip of the flaw after chemical processing and 1; <1pp.

19. The method of claim 10, wherein the glass article is a glass container.

20. The method of claim 10, wherein the glass article is a pharmaceutical package.
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