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FIG.1

equal to 10 and at least one marking is described. The body has an inner surtace, an outer
surface, and a wall thickness extending between the outer surface and the inner surface. The
marking is located within the wall thickness. In particular, the marking is a portion of the
body having a refractive index that differs from a refractive index of an unmarked portion
of the body. Methods of forming the marking within the body are also described.

[Continued on next page]



CA 03025663 2018-11-26

WO 20177210315 A1 {00000 0 T IO

SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



CA 03025663 2018-11-26

WO 2017/210315 PCT/US2017/035246

ANTI-COUNTERFEITING MEASURES FOR GLASS ARTICLES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Application No.
62/343,289 filed May 31, 2016, entitled, “Anti-Counterfeiting Measures for Glass
Articles,” and U.S. Provisional Application No. 62/426,745 filed November 28, 2016,
entitled, “Anti-Counterfeiting Measures for Glass Articles,” the entireties of which are

incorporated by reference herein.

BACKGROUND

FiELD

[0002] The present specification generally relates to glass articles and, more
particularly, to glass articles having anti-counterfeiting features formed within the glass

article.

TECHNICAL BACKGROUND

[0003] It is estimated that up to 30% of the pharmaceutical drug supply in developing
countries is counterfeit, posing regulatory and health risks to end users. In order to
combat counterfeiting, regulatory bodies may require that pharmaceutical companies

track and trace products through the supply chain.

[0004] Tracking of individual doses and/or products can be accomplished by covert
and/or overt markers. While overt markers, which are visible to consumers and potential
counterfeiters, can prevent or deter counterfeiting and improve traceability, covert
markers, which may be difficult to observe with the naked eye, can limit interrogation of

the mark and increase the difficulty of duplicating the mark.

[0005] Accordingly, alternative glass articles that include anti-counterfeiting features

are desired.
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SUMMARY

[0006] According to one embodiment, a glass container includes a body having a
delamination factor less than or equal to 10 and at least one marking. The body has an
inner surface, an outer surface, and a wall thickness extending between the outer surface
and the inner surface. The marking is located within the wall thickness. In particular,
the marking is a portion of the body having a refractive index that differs from a

refractive index of an unmarked portion of the body.

[0007] According to another embodiment, a method of forming an anti-counterfeit
marking in a glass container is provided. The method includes focusing a pulsed laser
beam at a point within a wall thickness of a body formed from an alkali-aluminosilicate
glass composition and translating the pulsed laser beam along a scan path within the wall
thickness effective to induce a change in a refractive index along the scan path relative to

a refractive index of a portion of the body unexposed to the pulsed laser beam.

[0008] According to another embodiment, a method of forming an anti-counterfeit
marking in a glass article is provided. The method includes focusing a pulsed laser beam
at a point on a surface of a glass body formed from an alkali-aluminosilicate glass
composition and translating the pulsed laser beam along a scan path along the surface
effective to remove a polymer-based coating from the surface of the glass body, thereby

forming the anti-counterfeit marking on the glass article.

[0009] According to another embodiment, a method of detecting an anti-counterfeit
marking on a glass article is provided. The method includes directing a light source
toward a surface containing the anti-counterfeit marking at a projection angle of from
about 0° to about 45°, and projecting the anti-counterfeit marking onto an image plane
for detection. In various embodiments, the anti-counterfeit marking is not detectable

through direct inspection or by direct illumination with the light source.

[0010] According to yet another embodiment, a glass article includes a body having a
delamination factor of less than or equal to 10. The body has an inner surface, an outer

surface, and a wall thickness extending between the outer surface and the inner surface.
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The glass article further includes a polymer-based coating disposed on at least a portion
of the outer surface of the body and a marking within the polymer-based coating. The
marking includes at least a portion of the polymer-based coating that has been removed

from the outer surface of the body.

[0011] In another embodiment, a method of forming an anti-counterfeit marking in a
glass article is provided. The method includes focusing, using a lens having a numerical
aperture of from 0.3 to 0.7, a laser at a point within a thickness of a wall of a glass body
formed from an alkali-aluminosilicate glass composition prior to annealing the glass
body. The method also includes operating the laser at a repetition rate of from about 80
kHz to about 300 kHz and translating the laser along a scan path, thereby forming the

anti-counterfeit marking in the glass article.

[0012] Additional features and advantages will be set forth in the detailed description
which follows, and in part will be readily apparent to those skilled in 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.

[0013] 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

[0014] FIG. 1 schematically depicts a cross section of a glass container in accordance

with one or more embodiments described herein;
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[0015] FIG. 2 schematically depicts a compressively stressed layer in a portion of the

sidewall of the glass container of FIG. 1;

[0016] FIG. 3 schematically depicts a portion of a sidewall of a glass container having

a persistent layer homogeneitys;

[0017] FIG. 4 schematically depicts a portion of a sidewall of a glass container having

a persistent surface homogeneitys;

[0018] FIG. 5 schematically depicts a process for forming a glass container in

accordance with one or more embodiments described herein;

[0019] FIG. 6 schematically depicts a laser writing system for generating a marking in

accordance with one or more embodiments described herein;

[0020] FIG. 7 schematically depicts another laser writing system for generating a

marking in accordance with one or more embodiments described herein;

[0021] FIG. 8A depicts one example of a marking prior to annealing in accordance

with one or more embodiments described herein;

[0022] FIG. 8B depicts the example of the marking of FIG. 8A after annealing in

accordance with one or more embodiments described herein;

[0023] FIG. 8C depicts another example of a marking prior to annealing in accordance

with one or more embodiments described herein;

[0024] FIG. 8D depicts the example of the marking of FIG. 8C after annealing in

accordance with one or more embodiments described herein;

[0025] FIG. 9 schematically depicts an optical imaging system for decoding
information encoded in a marking in accordance with one or more embodiments

described herein;

[0026] FIG. 10 depicts an exemplary marking in the form of a microstructure in

accordance with one or more embodiments described herein;
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[0027] FIG. 11 schematically depicts an ultraviolet light sensor for detecting the

markings in accordance with one or more embodiments described herein;

[0028] FIG. 12A depicts one example of a marking in accordance with one or more

embodiments described herein; and

[0029] FIG. 12B depicts another example of a marking in accordance with one or

more embodiments described herein.

DETAILED DESCRIPTION

[0030] Reference will now be made in detail to various embodiments of methods for
forming anti-counterfeit markings within a glass container and of glass containers
including anti-counterfeit markings, examples of which are illustrated in the
accompanying drawings. One example of a glass container with an anti-counterfeit
marking is schematically depicted in FIG. 1. The glass containers described herein are
strengthened glass containers which have a resistance to delamination and damage. The
markings described herein for inclusion in the glass containers may be overt, covert, or a
combination of overt and covert, enabling the glass containers to be tracked or validated
as authentic. In particular, the markings are included within a wall thickness of the glass
container, and have minimal impact on the strength, delamination resistance, and/or
damage resistance. Various embodiments of glass containers with anti-counterfeit
markings and methods for making the same will be described in further detail herein

with specific reference to the appended drawings.

[0031] In the embodiments of the glass compositions described herein, the
concentration of constituent components (e.g., Si0,, ALOs, B,Os3, and the like) is

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

[0032] The term “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 is not intentionally added to the glass composition. However, the
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glass composition may contain traces of the constituent component as a contaminant or

tramp in amounts of less than 0.1 mol. %.

[0033] Referring now to FIGS. 1 and 2, one embodiment of a glass container 100 for
storing a pharmaceutical formulation is schematically depicted in cross section.
Although various embodiments described herein employ glass containers, it is further
contemplated that the methodologies described may be implemented in other types of
containers, such as plastic containers or the like. The glass container 100 generally
comprises a body 102. The body 102 extends between an inner surface 104 and an outer
surface 106 and generally encloses an interior volume 108. In the embodiment of the
glass container 100 shown in FIG. 1, the body 102 generally comprises a wall portion
110 and a floor portion 112. The wall portion 110 transitions into the floor portion 112
through a heel portion 114. The body 102 has a wall thickness Ty, which extends

between the inner surface 104 and the outer surface 106, as depicted in FIG. 1.

[0034] The glass container 100 also includes at least one marking 116 within the wall
thickness Ty. As will be described in greater detail hereinbelow, the marking 116 has a
refractive index that differs from a refractive index of an unmarked portion of the body
102. The marking may be overt (visible to the human eye without the use of special
equipment or the like), covert (difficult to observe or unobservable to the human eye
without the use of special equipment), or a combination of overt and covert, depending
on the particular embodiment. In various embodiments, the marking 116 may include a
unique identification for identifying the lot, product, manufacturer, or individual
package, a one-dimensional or two-dimensional barcode, or it may be a design, pattern,
or other form of marking. In one particular embodiment, the marking 116 may be
located such that it works synergistically with an applied label to increase the complexity
of the marking and further deter duplication. For example, the marking 116 may cause a
visually observable change to the label, or the label may obscure all or part of the

marking 116 to reduce the likelihood of observation by the human eye.

[0035] In FIG. 1, the marking 116 is depicted as being located in a wall portion 110 of

the glass container. However, it should be understood that other locations are
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contemplated and possible. For example, in some embodiments, the marking 116 may
be located in the heel portion 114, the floor portion 112, or in a flange or neck of the
glass container 100. In some embodiments, the marking 116 is located in an area of the
glass container 100 that is less sensitive to stresses and damage. For example, in such
embodiments, the marking 116 may be located in an area of the glass container 100 other

than the floor portion 112.

[0036] While the glass container 100 is depicted in FIG. 1 as having a specific shape
form (i.e., a vial), it should be understood that the glass container 100 may have other
shape forms, including, without limitation, Vacutainers®, cartridges, syringes, ampoules,
bottles, flasks, phials, tubes, beakers, or the like. Further, it should be understood that
the glass containers described herein may be used for a variety of applications including,

without limitation, as pharmaceutical packages, beverage containers, or the like.

[0037] Referring to FIGS. 1 and 2, the body 102 of the glass container 100 includes a
compressively stressed layer 202 extending from at least the outer surface 106 of the
body 102 and into the wall thickness Ty, to a depth of layer DOL from the outer surface
106 of the body 102. The compressively stressed layer 202 generally increases the
strength of the glass container 100 and also improves the damage tolerance of the glass
container 100. Specifically, a glass container having a compressively stressed layer 202
is generally able to withstand a greater degree of surface damage, such as scratches,
chips, or the like, without failure compared to a non-strengthened glass container as the
compressively stressed layer 202 mitigates the propagation of cracks from surface

damage in the compressively stressed layer 202.

[0038] In the embodiments described herein, the depth of layer of the compressively
stressed layer may be greater than or equal to about 3 pm. In some embodiments, the
depth of layer may be greater than or equal to about 25 pm or even greater than or equal
to about 30 um. For example, in some embodiments, the depth of layer may be greater
than or equal to about 25 pym and up to about 150 um. In some other embodiments, the
depth of layer may be greater than or equal to about 30 um and less than or equal to

about 150 um. In yet other embodiments, the depth of layer may be greater than or equal
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to about 30 pm and less than or equal to about 80 um. In some other embodiments, the
depth of layer may be greater than or equal to about 35 um and less than or equal to

about 50 pm.

[0039] The compressively stressed layer 202 generally has a surface compressive
stress (i.e., a compressive stress as measured at the outer surface 106) of greater than or
equal to 150 MPa. In some embodiments, the surface compressive stress may be greater
than or equal to 200 MPa, or even greater than or equal to 250 MPa. In some
embodiments, the surface compressive stress may be greater than or equal to 300 MPa,
or even greater than or equal to 350 MPa. For example, in some embodiments, the
surface compressive stress may be greater than or equal to about 300 MPa and less than
or equal to about 750 MPa. In some other embodiments, the surface compressive stress
may be greater than or equal to about 400 MPa and less than or equal to about 700 MPa.
In still other embodiments, the surface compressive stress may be greater than or equal to
about 500 MPa and less than or equal to about 650 MPa. The stress in ion-exchanged
glass articles can be measured with an FSM (Fundamental Stress Meter) instrument.
This instrument couples light into and out of the birefringent glass surface. The
measured birefringence is then related to stress through a material constant, the stress-
optic or photoelastic coefficient (SOC or PEC). Two parameters are obtained: the

maximum surface compressive stress (CS) and the exchange depth of layer (DOL).

[0040] Any of a variety of techniques known in the art may be utilized to form the
compressively stressed layer 202 in the body 102 of the glass container 100. For
example, the compressively stressed layer 202 may be formed in the body 102 by ion

exchange, thermal tempering, or by forming the glass container from laminated glass.

[0041] While the compressively stressed layer 202 has been shown and described
herein as extending from the outer surface 106 into the wall thickness Ty, of the body
102, it should be understood that, in some embodiments, the body 102 may further
comprise a second compressively stressed layer which extends from the inner surface
104 into the wall thickness Ty, of the body 102. In such embodiments, the depth of layer

and surface compressive stress of the second compressively stressed layer may mirror
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those of the compressively stressed layer 202 about the centerline of the wall thickness

Ty, of the body 102.

[0042] In various embodiments, such as the embodiment depicted in FIG. 2, the
marking 116 is not within the compressively stressed layer 202. In other words, the
marking 116 may be external to the compressively stressed layer 202 and within a
portion of the wall thickness T, that does not include the depth of layer. Depending on
the depth of layer, in some embodiments, the marking 116 may be within a middle 80%
of the wall thickness, within a middle 75% of the wall thickness, a middle 50% of the
wall thickness, or even a middle 30% of the wall thickness. For example, when the
marking 116 is within a middle 80% of the wall thickness, 10% of the wall thickness is
on each side of the marking 116. However, in some embodiments, the marking 116
extends through substantially the entire wall thickness Ty, but does not extend to the
surface. In still other embodiments, the marking 116 may be within the compressively

stressed layer 202.

[0043] In various embodiments, the glass container 100 is also resistant to
delamination following long term exposure to certain chemical compositions stored in
the container. Delamination refers to a phenomenon in which glass particles are released
from the surface of the glass following a series of leaching, corrosion, and/or weathering
reactions. Additional details on delamination, including testing suitable for assaying
delamination of glass containers may be found in, for example, U.S. Patent Application
Publication No. 2015/0366756, entitled “Delamination Resistant Pharmaceutical Glass
Containers Containing Active Pharmaceutical Ingredients” and filed September 4, 2015,
the entire contents of which is hereby incorporated by reference. In general, the glass
particles are silica-rich flakes of glass which originate from the inner surface of the
package as a result of the leaching of modifier ions into a solution contained within the
package. These flakes may generally be from about 1 nm to 2 pm thick with a width
greater than about 50 pm.

[0044] It has heretofore been hypothesized that delamination is due to the

compositional characteristics of the glass container in its as-formed condition.
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Specifically, the high silica content of the alkali borosilicate glasses increases the melting
temperature of the glass. However, the alkali and borate components in the glass
composition melt and/or vaporize at much lower temperatures. In particular, the borate
species in the glass are highly volatile and evaporate from the surface of the glass at the
high temperatures necessary to melt and form the glass. The high temperatures cause the
volatile borate species to evaporate from portions of the surface of the glass. When this
evaporation occurs within the interior volume of the glass container, the volatilized
borate species are re-deposited in other areas of the glass causing compositional
hetereogeneities in the glass container, particularly with respect to the bulk of the glass
container. For example, as one end of a glass tube is closed to form the bottom or floor
of the container, borate species may evaporate from the bottom portion of the tube and
be re-deposited elsewhere in the tube. As a result, the areas of the container exposed to
higher temperatures have silica-rich surfaces. Other areas of the container which are
amenable to boron deposition may have a silica-rich surface with a boron-rich layer
below the surface. Areas amenable to boron deposition are at a temperature greater than
the anneal point of the glass composition but less than the hottest temperature the glass is
subjected to during reformation when the boron is incorporated into the surface of the
glass. Solutions contained within the container may leach the boron from the boron-rich
layer. As the boron-rich layer is leached from the glass, the silica-rich surface begins to

spall, shedding silica-rich flakes into the solution.

[0045] The resistance to delamination may be characterized by the number of glass
particulates present in a solution contained within the glass container 100 after exposure
to the solution under specific conditions. In order to assess the long-term resistance of
the glass container 100 to delamination, an accelerated delamination test may be utilized,
such as the test described in U.S. Patent Application Publication No. 2013/0327740 filed
on June 7, 2013 and entitled “Delamination Resistant Glass Containers,” which is

incorporated by reference in its entirety.

[0046] It should be understood that accelerated delamination tests may be used to
identify particles which are shed from the interior wall(s) of the glass container due to

delamination and not tramp particles present in the container from forming processes or
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particles which precipitate from the solution enclosed in the glass container as a result of
reactions between the solution and the glass. Specifically, delamination particles may be
differentiated from tramp glass particles based on the aspect ratio of the particle (i.e., the
ratio of the width of the particle to the thickness of the particle). Delamination produces
particulate flakes or lamellae which are irregularly shaped and are typically > 50 um in
diameter but often > 200 pm. The thickness of the flakes is usually greater than about
100 nm and may be as large as about 1 pm. Thus, the minimum aspect ratio of the flakes
is typically > 50. The aspect ratio may be greater than 100 and sometimes greater than
1000. Particulates resulting from delamination processes generally have an aspect ratio
of greater than about 50. In contrast, tramp glass particles will generally have a low
aspect ratio which is less than about 3. Accordingly, particulates resulting from
delamination may be differentiated from tramp particles based on aspect ratio during
observation with a microscope. Validation results can be accomplished by evaluating the

heel region of tested containers.

[0047] In various embodiments described herein, glass containers which average less
than 10 glass particles with a minimum length of about 50 pm and an aspect ratio of
greater than about 50 per trial following accelerated delamination testing are considered
to have a delamination factor of 10. In some embodiments, glass containers which
average less than 9 glass particles with a minimum length of about 50 pm and an aspect
ratio of greater than about 50 per trial following accelerated delamination testing are
considered to have a delamination factor of 9. In other embodiments, glass containers
which average less than 8 glass particles with a minimum length of about 50 pm and an
aspect ratio of greater than about 50 per trial following accelerated delamination testing
are considered to have a delamination factor of 8. In various embodiments described
herein, glass containers which average less than 7 glass particles with a minimum length
of about 50 yum and an aspect ratio of greater than about 50 per trial following
accelerated delamination testing are considered to have a delamination factor of 7. In
still other embodiments described herein, glass containers which average less than 6

glass particles with a minimum length of about 50 pm and an aspect ratio of greater than
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about 50 per trial following accelerated delamination testing are considered to have a

delamination factor of 6.

[0048] In some embodiments described herein, glass containers which average less
than 5 glass particles with a minimum length of about 50 um and an aspect ratio of
greater than about 50 per trial following accelerated delamination testing are considered
to have a delamination factor of 5. In other embodiments described herein, glass
containers which average less than 4 glass particles with a minimum length of about 50
pum and an aspect ratio of greater than about 50 per trial following accelerated
delamination testing are considered to have a delamination factor of 4. In embodiments
described herein, glass containers which average less than 3 glass particles with a
minimum width of 50 pm and an aspect ratio of greater than 50 per trial following
accelerated delamination testing are considered to have a delamination factor of 3. In
embodiments described herein, glass containers which average less than 2 glass particles
with a minimum width of 50 um and an aspect ratio of greater than 50 per trial following
accelerated delamination testing are considered to have a delamination factor of 2. In
embodiments described herein, glass containers which average less than 1 glass particle
with a minimum width of 50 um and an aspect ratio of greater than 50 per trial following
accelerated delamination testing are considered to have a delamination factor of 1. In
embodiments described herein, glass containers which average less than 0 glass particles
with a minimum width of 50 um and an aspect ratio of greater than 50 per trial following
accelerated delamination testing are considered to have a delamination factor of O.
Accordingly, it should be understood that the lower the delamination factor, the better
the resistance of the glass container to delamination. In various embodiments described
herein, the glass containers have a delamination factor of 10 or lower, a delamination
factor of 5 or lower, or even a delamination factor of 3 or lower (i.e., a delamination

factor of 3, 2, 1, or 0).

[0049] A glass container having a delamination factor of 10 or lower may be obtained
according to various techniques. For example, the glass container may be formed with a
barrier coating on the inner surface of the body or the glass container may be formed

such that the glass container has homogenous compositional characteristics which, in
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turn, reduces the susceptibility of the glass container to delamination. Glass containers
having homogenous compositional characteristics may have persistent layer

homogeneity or persistent surface homogeneity.

[0050] In embodiments described herein, the phrase “persistent layer homogeneity”
means that the concentrations of the constituent components (e.g., SiO2, Al,O3, NayO,
etc.) of the glass composition in the interior region do not vary from the concentration of
the same constituent components at the midpoint of a thickness of the body (i.e., at a
point along the midpoint MP which evenly bisects the body between the inner surface
104 and the outer surface 106) by an amount which would result in delamination of the
body upon long term exposure to a solution contained within the container. For
example, as shown in FIG. 3, a partial cross-section of a wall portion 110 of the glass
container 100 is depicted. The body 102 of the glass container 100 has an interior region
120 which extends from below the inner surface 104 of the glass container 100 into the
wall thickness Ty, of the wall portion 110 to a depth Dir from the inner surface 104 of
the glass container. The glass composition within the interior region 120 has a persistent
layer homogeneity which, in conjunction with the depth Dyr of the interior region, is
sufficient to prevent delamination of the inner surface 104 of the body 102 following
long term exposure to a solution contained in the interior volume of the glass container.
In various embodiments, providing an interior region which is homogenous in
composition (i.e., the extrema of the concentration of the constituent components in the
interior region is within +/- 20% of the same constituent components at the midpoint of
the thickness of the body) avoids the localized concentration of constituent components
of the glass composition which may be susceptible to leaching which, in turn, mitigates
the loss of glass particles from the inner surface of the glass container in the event that

these constituent components are leached from the glass surface.

[0051] In embodiments described herein, the phrase “persistent surface homogeneity”
means that the concentration of the constituent components (e.g., SiO2, AlLO3, NayO,
etc.) of the glass composition at a discrete point in the surface region do not vary from
the concentration of the same constituent components at any second discrete point in the

surface region by an amount which would result in delamination of the body upon long
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term exposure to a solution contained within the container. For example, as shown in
FIG. 4, a partial cross-section of a wall portion 110 of the glass container 100 is depicted.
The body 102 of the glass container 100 has a surface region 130 which extends over the
inner surface 104 of the glass container 100. In some embodiments, the surface region
130 may extend into the wall thickness Ty, of the wall portion 110 to a depth Dsg from
the inner surface 104 of the glass container. The surface region 130 extends to a
shallower depth than the interior region 120. The glass composition of the inner surface
104 and the surface region 130 has a persistent surface homogeneity which, in
conjunction with the depth Dsg of the surface region, is sufficient to prevent
delamination of the body following long term exposure to a solution contained in the
interior volume of the glass container. The homogeneity of the surface concentration of
the glass constituent components in the surface region is generally an indication of the
propensity of the glass composition to de-laminate and shed glass particles from the
inner surface 104 of the glass container 100. When the glass composition has a
persistent surface homogeneity in the surface region (i.e., when the extrema of the
surface concentration of the glass constituent components in the surface region at a
discrete point A on the inner surface 104 are within +/- 30% of the same constituent
components in the surface region at any second discrete point B or C on the inner surface

104), the glass composition has improved resistance to delamination.

[0052] Glass containers having persistent layer homogeneity and/or persistent surface
homogeneity may be achieved using various techniques, including, but not limited to,
acid etching at least the inner surface 104 of the body 102 of the glass container 100 or
by forming the glass container from glass compositions in which the constituent
components of the glass composition form species with relatively low vapor pressures
(i.e., species with a low volatility) at the temperatures required to reform the glass
containers from glass stock into the desired container shape. Because these constituent
components form species with relatively low vapor pressures at the reforming
temperatures, the constituent components are less likely to volatilize and evaporate from

the surfaces of the glass, thereby forming a glass container with a compositionally
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homogenous surface over the inner surface of the glass container and through the

thickness of the glass container.

[0053]  Certain species of the constituent components of the glass composition may be
volatile at the glass forming and reforming temperatures which, in turn, may lead to
compositional heterogeneities and subsequent delamination. Forming and reforming
temperatures of the glass composition generally correspond to the temperatures at which
the glass composition has a viscosity in the range from about 200 poise to about 20
kilopoise or from about 1 kilopoise to about 10 kilopoise. Accordingly, in some
embodiments, the glass compositions from which the glass containers are formed are free
from constituent components which form species that volatilize at temperatures
corresponding to a viscosity in the range from about 200 poise to about 100 kilopoise. In
some embodiments, the glass compositions are free from constituent components which
form species that volatilize at temperatures corresponding to a viscosity in the range
from about 200 poise to about 50 kilopoise. In some other embodiments, the glass
compositions are free from constituent components which form species that volatilize at
temperatures corresponding to a viscosity in the range from about 1 kilopoise to about 10

kilopoise.

[0054] In some embodiments described herein, the glass containers are formed from
alkali aluminosilicate glass compositions or alkaline-earth aluminosilicate glass
compositions.  Additionally, in various embodiments described herein, the boron
concentration in the glass compositions from which the glass containers are formed is
limited to mitigate both delamination and phase separation. Boron-containing species in
the glass are highly volatile at the elevated temperatures used for glass forming and
reforming, which leads to delamination of the resultant glass container. In various
embodiments described herein, the glass compositions include less than or equal to 0.3
mol. % of oxides of boron and/or compounds containing boron, including, without
limitation, B-O3;. In some of these embodiments, the concentration of oxides of boron
and/or compounds containing boron in the glass composition may be less than or equal
to 0.2 mol. % or even less than or equal to 0.1 mol. %. In some other embodiments, the

glass compositions are substantially free from boron and compounds containing boron.
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[0055] Phosphorous, zinc, lead, bismuth, chlorine, fluorine, and oxides of tin, like
boron, generally form species in the glass composition which are highly volatile at the
elevated temperatures used for glass forming and reforming. As such, these constituent
components can lead to compositional heterogeneities in the finished glass container
which, in turn, may lead to delamination. Accordingly, in some embodiments described
herein, the concentration of phosphorous, zinc, lead, bismuth, chlorine, fluorine, oxides
of tin, and compounds containing phosphorous, zinc, lead, bismuth, chlorine, fluorine,
and oxides of tin (such as P,Os, ZnO, and the like) is limited to mitigate delamination.
In some embodiments, the glass compositions from which the glass containers are made
include less than or equal to 0.5 mol. %, less than or equal to 0.3 mol. %, less than or
equal to 0.2 mol. %, or even less than or equal to 0.1 mol. % of phosphorous, zinc, lead,
bismuth, chlorine, fluorine, oxides of tin, and compounds containing phosphorous, zinc,
lead, bismuth, chlorine, fluorine, or oxides of tin. In some other embodiments, the glass
compositions are substantially free from one or more of phosphorous, zinc, lead,
bismuth, chlorine, fluorine, oxides of tin, and compounds containing phosphorous, zinc,

lead, bismuth, chlorine, fluorine, and oxides of tin.

[0056] In one exemplary embodiment, the glass containers are formed from a
delamination resistant glass composition such as the alkaline earth aluminosilicate glass
compositions described in U.S. Patent No. 9,145,329, filed October 25, 2012 and entitled
“Alkaline Earth Alumino-Silicate Glass Compositions with Improved Chemical and
Mechanical Durability,” or U.S. Patent No. U.S. Patent No. 8,551,898, filed April 25,
2013 and entitled “Glass Compositions with Improved Chemical and Mechanical
Durability,” the entirety of each of which is incorporated herein by reference. These
exemplary glass compositions generally include a combination of Si0O,, Al,Os3, at least
one alkaline earth oxide, and at least two alkali oxides including at least Na,O and K,O.
In some embodiments, the glass compositions may also be free from boron and
compounds containing boron. The combination of these components enables a glass
composition which is resistant to chemical degradation and is also suitable for chemical
strengthening by ion exchange. In some embodiments, the glass compositions may

further include minor amounts of one or more additional oxides, such as, by way of
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example and not limitation, SnO,, ZrO,, ZnO, or the like. These components may be
added as fining agents and/or to further enhance the chemical durability of the glass

composition.

[0057] In various embodiments of the first exemplary glass composition, the glass
composition generally includes SiO; in an amount greater than or equal to about 65 mol.
% and less than or equal to about 75 mol. %. In some embodiments, SiO> is present in
the glass composition in an amount greater than or equal to about 67 mol. % and less
than or equal to about 75 mol. %. In some other embodiments, SiO, is present in amount
greater than or equal to about 67 mol. % and less than or equal to about 73 mol. %. In
each of these embodiments, the amount of SiO, may be greater than or equal to about 70

mol. % or even greater than or equal to about 72 mol. %.

[0058] The first exemplary glass composition also includes AlLOs;. ALOs, in
conjunction with alkali oxides present in the glass composition, such as Na>O or the like,
improves the susceptibility of the glass to ion exchange strengthening. Moreover,
additions of Al,O3 to the composition reduce the propensity of alkali constituents (such
as Na and K) from leaching out of the glass and, as such, increase the resistance of the
composition to hydrolytic degradation. Moreover, additions of Al,O3 greater than about
12.5 mol. % may also increase the softening point of the glass, thereby reducing the
formability of the glass. Accordingly, various glass compositions described herein
include Al,Os in an amount greater than or equal to about 6 mol. % and less than or
equal to about 12.5 mol. %. In some embodiments, the amount of Al,O3 in the glass
composition is greater than or equal to about 6 mol. % and less than or equal to about 10
mol. %. In some other embodiments, the amount of Al,O3 in the glass composition is

greater than or equal to about 7 mol. % and less than or equal to about 10 mol. %.

[0059] Various embodiments of the first exemplary glass composition further include
at least two alkali oxides. The alkali oxides facilitate the ion exchangeability of the glass
composition, thus facilitating chemical strengthening of the glass and lower the softening
point of the glass, thereby offsetting the increase in the softening point due to higher

concentrations of SiO, in the glass composition. The alkali oxides also assist in
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improving the chemical durability of the glass composition. The alkali oxides are
generally present in the glass composition in an amount greater than or equal to about 5
mol. % and less than or equal to about 12 mol. %. In some embodiments, the amount of
alkali oxides may be greater than or equal to about 5 mol. % and less than or equal to
about 10 mol. %. In some other embodiments, the amount of alkali oxides may be
greater than or equal to about 5 mol. % and less than or equal to about 8 mol. %. In all
of the glass compositions described herein, the alkali oxides include at least Na,O and

K,0. Some embodiments further include Li,O.

[0060] The ion exchangeability of the glass composition is primarily imparted to the
glass composition by the amount of Na,O initially present in the glass composition prior
to ion exchange. Specifically, in order to achieve the desired compressive stress and
depth of layer in the glass composition upon ion exchange strengthening, various
embodiments of the glass compositions include Na,O in an amount greater than or equal
to about 2.5 mol. % and less than or equal to about 10 mol. % based on the molecular
weight of the glass composition. In some embodiments, the glass composition includes
Na,O in an amount greater than or equal to about 3.5 mol. % and less than or equal to
about 8 mol. % or even greater than or equal to about 6 mol. % and less than or equal to

about 8 mol. %.

[0061] The amount of K,O also relates to the ion exchangeability of the glass
composition. In particular, as the amount of K,O present in the glass composition
increases, the compressive stress obtainable through ion exchange decreases.
Accordingly, in some embodiments, the amount of K,O is greater than O mol. % and less
than or equal to about 2.5 mol. % based on the molecular weight of the glass
composition. In some of these embodiments, the amount of K,O present in the glass

composition is greater than 0 mol. % and less than or equal to about 0.5 mol. %.

[0062] In embodiments including Li>O, the Li,O may be present in an amount greater
than or equal to about 1 mol. % and less than or equal to about 3 mol. % based on the
molecular weight of the glass composition. In some embodiments, Li,O may be present

in the glass composition in an amount greater than about 2 mol. % and less than or equal
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to about 3 mol. %. However, as provided hereinabove, in some embodiments, the glass

composition may be substantially free of lithium and compounds containing lithium.

[0063] As provided hereinabove, the first exemplary glass composition includes at
least one alkaline earth oxide. Alkaline earth oxides improve the meltability of the glass
batch materials and increase the chemical durability of the glass composition, in addition
to reducing the susceptibility of the glass to delamination. In the glass compositions
described herein, the glass compositions generally include at least one alkaline earth
oxide in a concentration greater than or equal to about 8 mol. % or even 8.5 mol. % and
less than or equal to about 15 mol. %. In some embodiments, the glass composition
includes from about 9 mol. % to about 15 mol. % of alkaline earth oxide or from about

10 mol. % to about 14 mol. %.

[0064] The alkaline earth oxide may include, for example, MgO, CaO, SrO, BaO, or
combinations thereof. For example, MgO may be present in the glass composition in an
amount which is greater than or equal to about 2 mol. % and less than or equal to about 7
mol. % based on the molecular weight of the glass composition, or even greater than

about 3 mol. % and less than or equal to about 5 mol. %.

[0065] As another example, CaO may be present in the glass composition in an
amount from about 2 mol. % to less than or equal to 7 mol. % based on the molecular
weight of the glass composition, from about 3 mol. % to less than or equal to 7 mol. %,
from greater than or equal to about 4 mol. % to less than or equal to about 7 mol. %, or
even from greater than or equal to about 5 mol. % to less than or equal to about 6 mol.
%. In still other embodiments, CaO may be present in an amount greater than or equal to

about 2 mol. % and less than or equal to about 5 mol. %.

[0066] In some embodiments, SrO may be included in the glass composition in an
amount greater than 0 mol. % and less than or equal to about 6 mol. %, greater than O
mol. % and less than or equal to about 5 mol. %, greater than or equal to about 2 mol. %
and less than or equal to about 4 mol. %, or even from about 1 mol. % to about 2 mol. %.
In still other embodiments, SrO may be present in the glass composition in an amount

greater than or equal to about 3 mol. % and less than or equal to about 6 mol. %.
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[0067] In embodiments including BaO, the BaO may be present in an amount greater
than about 0 mol. % and less than about 2 mol. %. In some of these embodiments, BaO
may be present in the glass composition in an amount less than or equal to about 1.5 mol.

% or even less than or equal to about 0.5 mol. %.

[0068] In addition to the SiO,, Al,Os3, alkali oxides and alkaline earth oxides, the first
exemplary glass compositions described herein may optionally include one or more
fining agents, such as, by way of example and not limitation, SnO,, As,O3, and/or Cl’
(from NaCl or the like). When a fining agent is present in the glass composition, the
fining agent may be present in amount less than or equal to about 1 mol. % or even less
than or equal to about 0.5 mol. %. For example, in a particular embodiment, SnO, is
included as a fining agent in an amount greater than about 0 mol. % and less than or

equal to about 0.3 mol. %.

[0069] Additional metal oxides may additionally be included in the glass compositions
of various embodiments. For example, the glass composition may further include ZnO
or ZrO,, each of which improves the resistance of the glass composition to chemical
attack. In such embodiments, the additional metal oxide may be present in an amount
which is greater than or equal to about 0 mol. % and less than or equal to about 2.0 mol.
%. For example, the glass composition may include ZrO; in an amount less than or
equal to about 1.5 mol. %. Alternatively or additionally, ZnO may be included in an
amount of less than or equal to about 2.0 mol. %. In some embodiments, ZnO may be
included as a substitute for one or more of the alkaline earth oxides, such as a partial

substitute for MgO or in addition to or in place of at least one of CaO or SrO.

[0070] In one embodiment, the first exemplary glass composition may include from
about 65 mol. % to about 75 mol. % SiO,; from about 6 mol. % to about 12.5 mol. %
Al>,Os3; and from about 5 mol. % to about 12 mol. % alkali oxide, where the alkali oxide
includes Na,O and K>O. The K>O may be present in an amount less than or equal to 0.5
mol. %. The glass composition may also include from about 8.0 mol. % to about 15 mol.

% of alkaline earth oxide.
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[0071] In another embodiment, the first exemplary glass composition includes from
about 67 mol. % to about 75 mol. % SiO,; from about 6 mol. % to about 10 mol. %
Al>,Os3; from about 5 mol. % to about 12 mol. % alkali oxide; and from about 9 mol. % to
about 15 mol. % alkaline earth oxide. The alkali oxide includes at least Na,O and K-O.
The K»,O may be present in an amount less than or equal to 0.5 mol. %. The glass

composition is free from boron and compounds of boron.

[0072] In yet another embodiment, the first exemplary glass composition includes
from about 67 mol. % to about 75 mol. % SiO,; from about 6 mol. % to about 10 mol. %
AL O3; from about 5 mol. % to about 12 mol. % alkali oxide; and from about 9 mol. % to
about 15 mol. % of alkaline earth oxide. The alkaline earth oxide includes at least one of
SrO and BaO. The glass composition is free from boron and compounds containing

boron.

[0073] In a second exemplary embodiment, the glass containers are formed from an
alkali aluminosilicate glass composition which includes a combination of SiO,, Al,Os, at
least one alkaline earth oxide, and one or more alkali oxides, such as Na,O and/or K->O.
The glass composition comprises less than or equal to 0.3 mol. % of boron and
compounds containing boron and less than or equal to 0.5 mol. % of ZnO and

compounds containing ZnO.

[0074] Generally, this second exemplary glass composition includes SiO, in an
amount greater than or equal to 67 mol. % and less than or equal to about 74.5 mol. %.
Al,O3 may be present in various embodiments of the second exemplary glass
composition in amounts greater than or equal to about 6.5 mol. % and less than or equal
to about 10.5 mol. %. In embodiments including Na,O, the Na,O may be present in an
amount of from about 0 mol. % to about 8 mol. % or from greater than or equal to about
0.1 mol. % to less than or equal to about 8 mol. %. When KO is present, K,O may be
included in an amount greater than or equal to 0 mol. % and less than or equal to 1.5

mol. %.

[0075] The alkaline earth oxides present in the second exemplary glass composition

may include at least MgO and CaO. For example, in embodiments of the second
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exemplary glass composition, the alkaline earth oxide includes MgO. MgO is present in
an amount greater than or equal to about 4.5 mol. % and less than or equal to about 12.5
mol. %. CaO may be present in an amount from about 4.4 mol. % to less than or equal

to 13.5 mol. %.

[0076] In various embodiments of the second exemplary glass composition, ZnO is
present in a concentration of greater than or equal to 0 mol. % and less than or equal to
0.5 mol. %. In some embodiments, the concentration of ZnO is greater than or equal to 0
mol. % and less than or equal to 0.3 mol. %, greater than or equal to O mol. % and less
than or equal to 0.2 mol. %, or even greater than or equal to 0 mol. % and less than or
equal to 0.1 mol. %. In some embodiments, the glass compositions are substantially free

from ZnO.

[0077] Some embodiments of the second exemplary glass composition further include
B>Os in a concentration of greater than or equal to 0 mol. % and less than or equal to 0.3
mol. %. In some embodiments, the concentration of B,Os3 is greater than or equal to 0
mol. % and less than or equal to 0.2 mol. %, or even greater than or equal to O mol. %
and less than or equal to 0.1 mol. %. In some embodiments, the glass compositions are

substantially free from B,Os.

[0078] Some embodiments of the second exemplary glass composition further include
minor amounts of one or more additional oxides, such as, by way of example and not
limitation, SnO,, ZrO,, TiO,, As,0O3, or the like. These components may be added as

fining agents and/or to further enhance the chemical durability of the glass composition.

[0079] In one embodiment, the second exemplary glass composition includes from
about 67 mol. % to about 74.5 mol. % SiO,; from about 6.5 mol. % to about 10.5 mol. %
Al>Os3; from about O mol. % to about 8 mol. % Na,O; from about 0 mol. % to about 1.5
mol. % K,O; from about 4.5 mol. % to about 12.5 mol. % MgQO; from about 4.4 mol. %
to about 13.5 mol. % CaO; from about 0 mol. % to about 0.5 mol. % ZnQO; and from
about 0 mol. % to about 0.3 mol. % B,Os.
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[0080] In some other embodiments, the glass containers are formed from glass
compositions which are substantially free from alkali oxides. For example, in some
embodiments, the glass compositions may be formed from glass compositions with a
high silica concentration (i.e., greater than or equal to about 75 mol. %) which is fluxed
with rare earth oxides (such as Y,0s, LaxOs, Gay0s, GeO,), AlOs, TiO,, and/or ZrO;
rather than boron, alkali oxides, or alkaline earth oxides. The rare earth oxides reduce
the melting temperature of silica but do not adversely impact the hydrolytic resistance of
the glass in the same manner as soda lime silicates or alkali borosilicates do. Moreover,
such glasses generally remain homogenous on reforming as they do not contain volatile
species and, accordingly, will not experience changes in surface chemistry and

delamination.

[0081] Further, in some embodiments, the glass container 100 may be formed from
glass compositions that are chemically durable and resistant to degradation as determined
by the DIN 12116 standard, the ISO 695 standard, the ISO 719 standard, and the ISO
720 standard.

[0082] Specifically, the DIN 12116 standard is a measure of the resistance of the glass
to decomposition when placed in an acidic solution. The DIN 12116 standard is broken
into individual classes. Class S1 indicates weight losses of up to 0.7 rng/drnz; Class S2
indicates weight losses from 0.7 rng/drn2 up to 1.5 mg/dmz; Class S3 indicates weight
losses from 1.5 rng/drn2 up to 15 mg/dmz; and Class S4 indicates weight losses of more
than 15 rng/drnz. In various embodiments, the glass composition from which the glass
container is formed has an acid resistance of class S3 or better according to DIN 12116
with some embodiments having an acid resistance of at least class S2 or better or even
class S1. It should be understood that lower class rankings have improved acid
resistance performance. Accordingly, a composition graded at S1 has better acid

resistance than a composition graded at class S2.

[0083] The ISO 695 standard is a measure of the resistance of the glass to
decomposition when placed in a basic solution. The ISO 695 standard is broken into

individual classes. Class Al indicates weight losses of up to 75 rng/drnz; Class A2
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indicates weight losses from 75 rng/drn2 up to 175 rng/drnz; and Class A3 indicates
weight losses of more than 175 rng/drnz. In various embodiments, the glass composition
from which the glass container is formed has a base resistance according to ISO 695 of
class A2 or better with some embodiments having a class Al base resistance. It should
be understood that lower class rankings have improved base resistance performance.
Accordingly, a composition graded at class Al has better base resistance than a

composition graded at class A2.

[0084] In various embodiments, the glass compositions from which the glass
containers are formed are chemically durable and resistant to degradation as determined
by the ISO 720 standard. The ISO 720 standard is a measure of the resistance of the
glass to degradation in distilled water (i.e., the hydrolytic resistance of the glass). The
ISO 720 standard is broken into individual types. Type HGAI1 is indicative of up to 62
ug extracted equivalent of Na,O; Type HGA?2 is indicative of more than 62 ug and up to
527 ug extracted equivalent of Na,O; and Type HGA3 is indicative of more than 527 ug
and up to 930 pg extracted equivalent of Na,O. In various embodiments, the glass
composition from which the glass container is formed has an ISO 720 hydrolytic
resistance of type HGA2 or better with some embodiments having a type HGAI1
hydrolytic resistance or better. It should be understood that lower class rankings have
improved hydrolytic resistance performance. Accordingly, a composition graded at

HGAT has better hydrolytic resistance than a composition graded at HGA2.

[0085] In various embodiments, the glass compositions from which the glass
containers are formed are chemically durable and resistant to degradation as determined
by the ISO 719 standard. The ISO 719 standard is a measure of the resistance of the
glass to degradation in distilled water (i.e., the hydrolytic resistance of the glass). The
ISO 719 standard is broken into individual types. Type HGBI1 is indicative of up to 31
ug extracted equivalent of Na,O; Type HGB2 is indicative of more than 31 pug and up to
62 ug extracted equivalent of Na>O; Type HGB3 is indicative of more than 62 pug and up
to 264 ug extracted equivalent of Na,O; Type HGB4 is indicative of more than 264 ug
and up to 620 pg extracted equivalent of Na,O; and Type HGBS is indicative of more

than 620 pg and up to 1085 pg extracted equivalent of Na,O. In various embodiments,
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the glass composition from which the glass container is formed has an ISO 719
hydrolytic resistance of type HGB2 or better with some embodiments having a type
HGBI1 hydrolytic resistance or better. It should be understood that lower class rankings
have improved hydrolytic resistance performance. Accordingly, a composition graded at

HGB]1 has better hydrolytic resistance than a composition graded at HGB2.

[0086] It should be understood that, when referring to the above-referenced
classifications according to ISO 719, ISO 720, ISO 605, and DIN 12116, a glass
composition or glass article which has a specified classification “or better” means that
the performance of the glass composition is as good as or better than the specified
classification. For example, a glass article which has an ISO 719 hydrolytic resistance of

“HGB2” or better may have an ISO 719 classification of either HGB2 or HGB1.

[0087] FIG. 5 depicts an exemplary method 500 of forming a glass container
according to various embodiments described herein. As depicted in FIG. 5, the glass
compositions described herein are formed by mixing a batch of glass raw materials (e.g.,
powders of Si0,, Al,Os, alkali oxides, alkaline earth oxides, and the like) such that the
batch of glass raw materials has the desired composition (502). Thereafter, the batch of
glass raw materials is heated (504) to form a molten glass composition which is
subsequently cooled and solidified to form the glass composition. During solidification
(i.e., when the glass composition is plastically deformable), the glass composition may
be shaped (506) into a stock form, such as a sheet, tube or the like, and subsequently
converted (e.g., reheated and formed) into the glass container 100 (508).  However,
given the chemical durability of the glass compositions, the glass compositions described
herein are particularly well suited for use in the formation of pharmaceutical packages
for containing a pharmaceutical formulation, such as liquids, powders, and the like. For
example, the glass containers may be in the form of vials, ampoules, cartridges, syringe

bodies, and/or any other glass container for storing pharmaceutical formulations.

[0088] After conversion into the glass container 100, the glass container 100 is
annealed (510). Then, the glass container 100 is marked (512). As will be described in

greater detail hereinbelow, in various embodiments, an anti-counterfeit marking is
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formed in a glass container by focusing a pulsed laser beam at a point within a wall
thickness of the body of the glass container and translating the pulsed laser beam along a
scan path within the wall thickness effective to induce a change in the refractive index of
the glass along the scan path relative to the refractive index of the portion of the body

unexposed to the pulsed laser beam.

[0089] Next, in some embodiments, after the glass container is marked, the glass
container 100 may then be ion-exchange strengthened (514), washed (516), and/or
coated and cured (518). For example, the glass container may be submerged in a molten
salt bath of KNO3; or a mixture of KNO3 and NaNOs to ion-exchange strengthen the
glass container, may be acid washed to ensure persistent layer homogeneity and/or
persistent surface homogeneity, and/or may be coated with a coating to provide or

enhance delamination resistance and/or damage resistance.

[0090] In some embodiments, the glass container is coated on at least a portion of the
outer surface 106 with a low-friction coating that may include a polymer chemical
composition and a coupling agent. In embodiments, the polymer and the coupling agent
may be mixed and applied in a single coating layer on the glass container, or the polymer
and the coupling agent may be layered. For example, the polymer layer may be
positioned over the coupling agent layer such that the polymer layer is an outer layer

relative to the coupling agent layer and the glass wall.

[0091] Additional details on suitable coatings, including polyimide-based coatings,
may be found in U.S. Patent Application Publication No. 2013/0171456, filed February
28, 2013, and entitled “Glass Articles with Low-Friction Coatings,” U.S. Patent
Application Publication No. 2013/0224407, filed February 28, 2013, and entitled “Glass
Articles with Low-Friction Coatings,” U.S. Patent Application Publication No.
2014/0001076, filed March 14, 2013, and entitled “Delamination Resistant Glass
Containers with Heat-Tolerant Coatings,” U.S. Patent Application Publication No.
2014/0001143, filed June 28, 2013, and entitled ‘“Delamination Resistant Glass
Containers with Heat-Tolerant Coatings,” U.S. Patent Application Publication No.
2014/0151320, filed November 8, 2013, and entitled “Glass Containers with
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Delamination Resistance and Improved Damage Tolerance,” U.S. Patent Application
Publication No. 2014/0151321, filed November 8, 2013, and entitled “Glass Containers
with Improved Strength and Improved Damage Tolerance,” U.S. Patent Application
Publication No. 2014/0151370, filed November 8, 2013, and entitled “Strengthened
Glass Containers Resistant to Delamination and Damage,” U.S. Patent Application
Publication No. 2015/0329416, filed July 29, 2015, and entitled “Glass Articles with
Low-Friction Coatings,” U.S. Patent Application Publication No. 2015/0360999, filed
July 29, 2015, and entitled “Glass Articles with Low-Friction Coatings,” U.S. Patent No.
9,034,442, filed October 11, 2013, and entitled “Strengthened Borosilicate Glass
Containers with Improved Damage Tolerance,” and U.S. Patent No. 9,428,302, filed
October 18, 2013, and entitled “Delamination Resistant Glass Containers with Heat-

Tolerant Coatings,” each of which are hereby incorporated by reference in its entirety.

[0092]  Although FIG. 5 depicts the marking (512) of the glass as occurring after the
annealing step (510), it should be understood that the anti-counterfeit marking may be
formed within the glass at any suitable time during the glass container forming process,
depending on the embodiment. For example, in embodiments in which the glass
container is ion-exchange strengthened, the marking may be formed within the wall
thickness prior to or subsequent to the ion-exchange strengthening of the glass container
(e.g., before or after step 514 in the method 500 depicted in FIG. 5). In other words, the
glass may be ion-strengthened prior to forming the anti-counterfeit marking in the glass

container or subsequent to forming the anti-counterfeit marking in the glass container.

[0093] Moreover, in some embodiments, the anti-counterfeit marking may be formed
within the wall thickness before the glass container itself is formed. For example, the
anti-counterfeit marking may be formed between steps 506 and 508 in method 500.
Alternatively, the anti-counterfeit marking may be formed after conversion of the glass
into the glass container but before annealing (e.g., between steps 508 and 510 in method

500).

[0094] As described hereinabove, in various embodiments, the glass container 100

has chemical durability properties and resistance to degradation that make it particularly
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well suited for use in the formation of pharmaceutical packages. Accordingly, in various
embodiments, the inclusion of the marking 116 within the wall thickness T\, minimally
affects the product strength and results in negligible damage to the surface of the glass
container 100. Without being bound by theory, it is believed that including the marking
116 within the wall thickness Ty, does not significantly affect the strength of the glass
container 100 because in bending, the center portion of the wall thickness Ty, is a neutral
axis with effectively zero tensile stress. This is in contrast to markings positioned
towards the surface (in a compressively stressed layer of the glass), which has increased
stresses thus increasing the influence of the marking on strength reduction. In order to
introduce the marking 116 with minimal affect to product strength or damage the surface
of the glass container 100, in various embodiments, the marking 116 may include one or
more photonic microstructures resulting from a change in the refractive index in the
marked portion of the body 102. The marking 116 may be produced using a

femtosecond or UV laser, for example.

[0095] In various embodiments, the marking 116 may be produced as a diffraction
grating having periodic changes in the refractive index of the glass resulting from
exposure to a femtosecond laser. In particular, the laser energy may result in localized
density changes within the material which, in turn, cause a change in the refractive index
of the glass. The period change in the refractive index may result in different diffraction
angles of light of different wavelengths. In some embodiments, these diffraction
gratings can be visible to the naked eye, visible with an optical lighting setup, or visible
with specially-designed equipment. In some embodiments, the shape of the marking 116
may form a manufacturer identifier while the resonant frequency of the marking 116 may

be used to individually identify parts or lots.

[0096] In other embodiments, the marking 116 may include a pattern of
microstructures. The pattern may be used to uniquely identify a manufacturer, product,
or lot. In some of these embodiments, the pattern of the marking 116 may be illuminated
by optically aligning a light source with the pattern. Optical alignment of the light

source with the pattern may result in the marking 116 becoming visibly detectible.
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[0097] Regardless of the form of the marking 116, in various embodiments, the
marking 116 is the result of exposure of the glass container 100 with a laser writing
system, such as the laser writing system 600 depicted in FIG. 6. In one embodiment, the
laser writing system 600 employs a femtosecond laser 602 which provides a
femtosecond pulsed beam which is focused into the wall thickness T, of the glass
container 100 through a microscope objective 604. The generating of the marking 116
within the wall thickness Ty, is a function of the intensity dependence of the interaction
that leads to the optical change. Specifically, if the dependence on the intensity is of the
form I, m being the order of the process, then it is possible to have the interaction occur
only at the focus of the beam. This is the case because intensity in the entrance cone up
to the focal point is too weak to effect the interaction. The larger the value of m, the
more this will be so and the smaller the spot will be for a given focusing lens. The
maximum depth to which one can write is ultimately limited by the working distance of

the writing lens, consistent with the writing intensity.

[0098] In various embodiments, the intensity of the interaction leads to a refractive
index change at the focal point through a two-photon absorption process. Specifically,
when the laser beam is pulsed, photons from the laser beam are absorbed by the glass at
the focal point of the laser beam. As a result of the absorption of the photons by the
glass, a refractive index change in the glass is generated. While the mechanism of the
interaction of the glass with the femtosecond-laser is not clear, it is believed that because
of the shortness of the pulse duration, the excited photo-electrons cannot thermally relax
since the pulse duration is shorter than the lattice thermalization time. With high enough
intensities and the inability for the electrons to relax, one can build up a relatively high
electron density. It is sufficiently high to be considered a plasma. How the structure is
permanently changed as a result of this is not known. It is possible that it is related to a
densification similar to what has been reported as occurring in materials after high

energy excitation such as gamma-rays or UV-excimer laser.

[0099] The exposure energy required to induce a measurable refractive index change
can vary by orders of magnitude depending on the specific glass composition. It has been

found that a significant factor influencing the interaction is the excitation wavelength of
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the femtosecond-source (Ac) relative to the intrinsic absorption of the glass (Ag). If the
excitation wavelength is within two-photon excitation range of the intrinsic absorption
edge, as set out in the above formula then it has been practical to induce index change of
the order of 10™ or 107 with pulse energy less than 10 nJ, for example as low as 1 nJ.
This is in contrast to the energy (which can be 1000 times larger) required to produce a
comparable index change when the excitation wavelength is far from the intrinsic

absorption edge.

[00100] In various embodiments, the femtosecond laser 602 is operated such that the
laser pulse width is less than about 500 ps. In some embodiments, the laser pulse width
is less than about 400 ps, less than about 300 ps, less than about 200 ps, less than about
100 ps, less than about 50 ps, or even less than about 30 ps. The laser pulse width may
be greater than about 0.001 ps, greater than about 0.01 ps, greater than about 0.1 ps,
greater than about 1 ps, greater than about 5 ps, greater than about 10 ps, or even greater
than about 20 ps. In particular embodiments, the laser pulse width may be from about
0.001 ps to about 500 ps, from about 1 ps to about 450 ps, from about 5 ps to about 400
ps, from about 10 ps to about 300 ps, from about 20 ps to about 200 ps, or from about 30
ps to about 100 ps. In embodiments, the laser pulse width may be from about 10 fs to
about 1,000 fs or from 100 fs to about 300 fs.

[00101] The repetition rate of laser pulses may be from about 50 kHz to about 1,000
kHz (i.e., from about 0.05 MHz to about 1 MHz). In some embodiments, the repetition
rate of laser pulses is from about 50 kHz to about 500 kHz (i.e., from about 0.05 MHz to
about 0.5 MHz) or from about 100 kHz to about 500 kHz (i.e., from about 0.1 MHz to
about 0.5 MHz).

[00102] The femtosecond laser may have a wavelength from about 515 nm to about
1030 nm, from about 700 nm to about 1600 nm, from about 800 nm to about 1550 nm, or
even from about 1030 nm to about 1060 nm, depending on the particular embodiment.
In some embodiments, the femtosecond laser has a wavelength from about 515 nm to
about 1600 nm or from about 900 nm to about 1600 nm. However, it is contemplated

that other wavelengths, and other laser types, may be employed. For example, in
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embodiments employing a femtosecond Ti-Sapphire laser, the femtosecond laser may
have a wavelength of from about 400 nm to about 1600 nm or from about 450 nm to

about 1600 nm, or second harmonics thereof.

[00103] In various embodiments, the pulse energy of the femtosecond laser may be
from about 1,000 nl to about 5,000 nJ, from about 1,500 nJ to about 4,500 nJ, or even
from about 2,000 nJ to about 4,000 nJ. The femtosecond laser may have a power of
from about 200 mW to about 8,000 mW, from about 500 mW to about 4,000 mW, or
from about 1,000 mW to about 1,500 mW.

[00104] In the embodiment depicted in FIG. 6, residual light outside of the desired
wavelength is filtered out of the system by a filter 606, such as a dichroic mirror (e.g., a
beam splitter). The filter 606 may selectively split the laser beam into a portion to be
focused within the thickness of a wall of the glass container 100 and a portion to be
reflected. In embodiments, the laser beam may be focused into a spot size of from about
0.5 ym to about 40 um, from about 1 um to about 20 um, from about 1 pm to about 10
um, or from about 1 um to about 2 um, depending on the particular embodiment. It
should be understood that the spot size employed may vary depending on the translation

speed and other laser parameters.

[00105] In FIG. 6, the glass container 100 is positioned on a motion stage 608. The
motion stage 608 effects translation of the glass container 100 relative to the laser beam
at a desired translation or scan speed and enables the location of the focal point of the
laser beam to be changed within the wall thickness T, of the glass container 100. In
various embodiments, the motion stage 608 is a computer controlled XYZ stage
configured to translate the glass container 100 in one or more of the x-direction, the y-
direction, and the z-direction. The high intensity of the focused laser beam effects an
increase in the refractive index of the glass along the path traced by the focused beam as
it is translated through the glass container 100. The resulting region of increased
refractive index forms a pattern, for example, that can guide light and therefore can
function as an optical waveguide or marking 116. In various embodiments, the refractive

index of the marking 116 differs from the refractive index of the unmarked portion of the
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body 102 by from about 0.2% to about 5%, or from about 0.2% to about 0.8%. In
particular embodiments, the refractive index of the marking 116 differs from the
refractive index of the unmarked portion of the body 102 by from about 0.3% to about
0.5% or from about 1% to about 5%. Without being bound by theory, a difference in the
refractive indices of the marking and the unmarked portion of the body 102 of greater
than about 0.5% may be visible to the naked eye, resulting in an overt marking, and a
difference in the refractive indices of the marking and the unmarked portion of the body
102 of less than about 0.5% may be invisible to the naked eye, resulting in a covert
marking. In some embodiments, the refractive index of the marking 116 differs from the
refractive index of the unmarked portion of the body 102 by greater than about 1 x 10,
by greater than about 5 x 10, by greater than about 10 x 10, or by greater than about
15 x 10™. Without being bound by theory, a difference in the refractive indices of the
marking and the unmarked portion of the body 102 of greater than about 1 x 10 may be
relatively easily detected using illumination with laser light. In some embodiments, the
marking 116 may be written at a velocity of from about 10 mm/s to about 1,000 mm/s,
from about 10 mm/s to about 50 mm/s, or from about 150 mm/s to about 200 mm/s.

[00106] The embodiment depicted in FIG. 6 also includes a CCD camera 610 and a
beam shaping system 612. In various embodiments, the CCD camera 610 may be used
to obtain a live view of the laser writing system 600, such as to monitor the process. For
example, the CCD camera 610 may be positioned to receive light reflected by filter 606
which light may be indicative of the pattern being written within the glass container.
The optional beam shaping system 612 may be used to produce a desired beam shape for
writing. For example, the beam shaping system 612 may be used to form a beam having
an elongated shape when incident on the glass. The beam shaping system 612 may
include one or more cylindrical lenses or other optical elements capable of shaping the
beam emitted by the laser. The beam shape may be varied depending on the beam
translation speed, the thickness of the glass sheet, the laser power, and the like, to

achieve the desired effect.

[00107] Although various embodiments employ a femtosecond laser, it should be

understood that other types of lasers, such as UV lasers, may be employed. For example,
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in some embodiments, a UV laser may be employed to densify the portion of the glass to
form the marking 116. The UV laser may be, for example, a laser having a wavelength
of less than or equal to about 300 nm and a pulse duration of greater than about 5 ns and
less than about 60 ns. The UV laser may be translated such that it has a scan speed of
from about 1 um/s to about 1 mm/s. In some embodiments, the focused laser beam has
an intensity in the range from about 10 mJ/cm® to about 150 mJ/cm?®. As with the
femtosecond laser, it is to be understood that the particular parameters employed may

vary depending on the particular glass composition of the glass container.

[00108] In some embodiments, a nanosecond UV laser which provides a nanosecond
pulsed beam may be used to form the marking 116 in the glass by focusing the laser
beam 702 within the thickness Ty, of the body 102 using a lens 704, as depicted in FIG.
7. In various embodiments, the marking 116 is formed in the body 102 prior to the
annealing step 510. In particular, the nanosecond UV laser may be a Nd-based laser
operated at a wavelength of about 355 nm. It is contemplated that the nanosecond UV
laser may be operated at other wavelengths, depending on the particular embodiment. In
various embodiments, the laser has a power of from about 2 W to about 4 W, from about
2.5 W to about 3.5 W, or about 3 W. In some embodiments, the laser may have a pulse
duration of from about 25 ns to about 50 ns, or from about 30 ns to about 40 ns, although
other pulse durations may be employed. The laser may be operated at a repetition rate of
from about 80 kHz to about 300 kHz, or from about 100 kHz to about 200 kHz. In
various embodiments, the repetition rate is chosen based on a target stress, or stress
threshold, in the glass. For example, the repetition rate may be selected to minimize the

stresses introduced into the glass.

[00109] The lens 704 may be an aspherical lens with a numerical aperture in a range of
from 0.3 to 0.7, or from 0.4 to 0.6, or about 0.5. Without being bound by theory, it is
believed that a numerical aperture in this range causes the laser beam 702 to enter the
glass body 102 at an angle sufficient to cause the power density at the outer surface 106
of the glass to be much lower than the power density at the focus 706 of within the

thickness Ty, of the glass body 102, which in turn may result in a minimal effect on the
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surface of the glass while enabling the laser to create the marking in the form of an

interstitial void within the glass.

[00110] The laser beam 702 may be translated with respect to the glass wall at a speed
of from about 20 mm/s to about 3 mm/s, 10 mm/s to about 4 mm/s, from about 9 mm/s to
about 5 mm/s, or about 7 mm/s, in some embodiments. In some embodiments, the laser
beam 702 may be moved relative to the body 102, while in other embodiments, the body
102 may be moved relative to the laser. For example, in some embodiments, the glass
body 102 may be rotated at a linear speed of from about 3 mm/s to about 20 mm/s
relative to the laser beam to cause translation of the laser beam with respect to the glass
wall. In some particular embodiments, the translation of the laser beam 702 and/or the
glass may be effected using a computer controlled XYZ stage, such as motion stage 608
described above in accordance with FIG. 6. In some embodiments, the marking may be
formed in the glass while the glass is maintained at an elevated temperature. For
example, the laser beam 702 may be used to form the marking in the glass while the
glass is maintained at a temperature from about room temperature (i.e., about 23 °C) to

about 0.5 °C below the melting point of glass.

[00111] As an example, a 355 nm laser was focused into approximately the center of
the thickness of a glass wall with an aspheric lens having a numerical aperture of 0.5.
The laser power was set to 3W, and the repetition rate was 100 kHz. The glass was in
the form of a glass vial having a 16 mm diameter prior to annealing, and before ion-
exchange. The glass was transparent with greater than about 95% internal transmission.
The glass vial was rotated at a linear speed of 7 mm/s and 5 mm/s, and the results are
depicted in FIG. 8A and FIG. 8C, respectively. The glass vials were then subjected to an
annealing step at 627 °C, and the glass vials including the markings after annealing are
depicted in FIG. 8B and 8D, respectively. As shown in FIG. 8A and C, prior to
annealing, the marking has a visible bubble-like central section surrounded by semi-
transparent fields, which at least partially disappear after annealing (FIGS. 8B and D).
The marking formed at a lower translation speed (FIGS. 8C and D) is thinner and the
semi-transparent fields appear more uniform, although they do not completely disappear

after annealing (FIG. 8D). Without being bound by theory, it is believed that such
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markings do not include visible micro-cracks and do not induce significant amounts of
stress. Accordingly, it is believed that any induced stress may be further reduced or even
eliminated by annealing. Moreover, it is believed that because ion exchange is
performed at temperatures below the annealing temperature, the marking will not

degrade after ion exchange.

[00112] In some embodiments, a unique identifier is coded into the marking. The
unique identifier may, by way of example and not limitation, be suitable to provide
resolution at a level of billions of unique identifications, and may be coded into the
marking by way of the shape, structure, or resonance of the mark. The unique identifier
may correspond to encoded product information, lot number, shipment information, or
the like. Alternatively or in addition, the unique identifier may directly encode part
manufacturing information such as a date of manufacture, the plant of origin, and the
like. The amount of information required to be encoded in any particular barcode mark
will vary depending upon the requirements of the particular tracking system to be
employed. As but one example, the unique identifier may be in the form of a one-
dimensional (1-D) or two-dimensional (2-D) barcode. Two-dimensional marks encoding
from as few as 10 numerical digits or less to as many as 36 alphanumeric digits or more
are useful for the tracking of pharmaceuticals, with marks encoding 16 alphanumeric
digits being considered typical. Sixteen-digit patterns can incorporate sufficient
information for most manufacturing purposes, are readily printable in machine-readable

sizes within the glass.

[00113] Accordingly, in such embodiments, a code reader may be employed to observe

and decode the marking.

[00114] As described hereinabove, various embodiments enable a marking in the form
of a microstructure to be formed within the wall thickness Ty, of a glass container. In
some embodiments, the marking is visible to the human eye without the use of additional
equipment. However, in some other embodiments, a specially-designed optical imaging
system may be required to observe the marking and/or decode information encoded

within the marking. FIG. 7 schematically depicts an exemplary code reader that may be
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used to observe a marking. For example, the exemplary code reader may be used to

decode information encoded in the marking 116.

[00115] As shown in FIG. 9, system 900 relies on light reflected from the marking 116
to reconstruct encoded information. In various embodiments, in order to encode product
information, such as described in embodiments hereinabove, the marking 116 has a
feature size less than the wavelength of a detection light source 902. For example, for a
detection light source 902 having a wavelength of 600 nm, the marking 116 should
include features less than 600 nm. An exemplary marking 116 in the form of a

microstructure is depicted in FIG. 10.

[00116] In some embodiments, product information is encoded in the marking 116
using the intensity and phase information. Thus, the information encoded in the marking
116 cannot be revealed with a conventional optical microscope which can view only
intensity information. Accordingly, the information encoded in the microstructure may
be decoded only when the laser wavelength and phase (i.e., position and angle) matches
the laser wavelength and phase used to generate the microstructure. Specifically, in
order to decode the encoded information, the light from the detection light source 902 is
directed onto the surface under detection 904 (e.g., the wall portion 110 of the glass
container 100). The surface under detection 904, and in particular, the marking 116,
reflects the light, which is reconstructed by the system 900 on the image plane 906 to

reveal the encoded information.

[00117] In some embodiments, the surface under detection 904 is positioned between
the light source 902 and the image plane 906 such that the marking 116 is projected onto
the image plane 906 by backlighting. In embodiments, the marking 116 within the
surface under detection 704 may be invisible (e.g., not detectable or visible) through
direct inspection or by direct illumination with white light, UV light, or UV laser. In
some embodiments, the marking 116 may further be invisible when backlit using white
light, UV light, or a UV laser. Accordingly, the marking 116 of various embodiments
may only be detected through projection using particular light sources and

configurations.
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[00118] In various embodiments, the light source 902 may be a laser, such as a helium-
neon (HeNe) laser. However, it should be understood that the laser may be any type of
laser, including a diode pump laser source, a solid state laser source, or a gas laser
source. In embodiments employing a HeNe laser, the laser may have a wavelength of
from about 400 nm to about 1,000 nm and be operated at a power of from about 1 pW to

about 100 mW.

[00119] The light source 902 may project the marking 116 within the surface under
detection 904 at a projection angle 0 of from about 0° to about 45° onto the image plane
906. In embodiments, the projection angle 6 may be from greater than 0° to about 45°,
from about 1° to about 40°, from about 1° to about 20°, from about 5° to about 45°, or
from about 1° to about 5°. As used herein, the “projection angle” 0 refers to the angular
spread of light and is a measure of divergence of the light emitted from the light source
902 from a central axis 908. For example, a projection angle 6 of 0° results in a

collimated light beam extending from the marking 116.

[00120] In operation, the light source 902 is directed toward the surface under detection
904 at the projection angle 6, and the marking 116 is projected onto the image plane 906.
The image plane 906 may be, for example, a projection screen, a solid surface, or a
surface coupled to a detection system. The detection system may be, for example, a

camera with image processing capabilities.

[00121] In some embodiments, the marking 116 may be a composite marking. As used
herein, a “composite marking” includes two markings or more markings positioned on or
within opposing surfaces that produce a final coherent marking when properly displayed.
For example, the composite marking may include a first marking (sometimes referred to
herein as a “first portion of the marking”) positioned within a first surface of a glass
container and a second marking (sometimes referred to herein as a “second portion of the
marking”) positioned within a second, opposing, surface of the glass container.
Although “first” and “second” surfaces are referenced, it is to be understood that the first
and second markings may be positioned on or within the same surface of the glass

container at different locations such that the markings oppose one another. In
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embodiments in which the marking 116 is a composite marking including two opposing
markings, when the glass container is backlit using the light source 902 at a
predetermined projection angle, the composite marking is projected onto the image plane
906. When the projection angle is incorrect, or when the first and second portions of the
composite marking are not properly positioned, such as may be the case in counterfeit
glass containers, the composite marking projected onto the image plane 906 will not
appear correctly. In other words, the both of the first and second portions of the
composite marking are needed to produce a coherent composite marking. Accordingly,
in some embodiments, the first portion of the composite marking may differ in size or
thickness from the second portion of the composite marking such that a predetermined

projection angle causes the composite marking to be properly projected.

[00122] For example, the letters “C,” “R,” “I,” and “G” may make up the first portion
of the marking 116, while the letters “O,” “N,” and “N” may make up the second portion
of the marking 116. When properly aligned and projected, the marking 116 may reveal
“CORNING” on the image plane 906. However, overlapping letters, missing letters, or
variations in the sizing of the letters when properly backlit may reveal a counterfeit
container. As another example, part of a 2D barcode may make up the first portion of
the marking 116 and another part of the 2D barcode may make up the second portion of
the marking 116 such that when properly illuminated, the 2D barcode is projected onto
the image plane 906.

[00123] Other detection systems may be employed, depending on the particular
embodiment. For example, in some embodiments, differential interference contrast
(DIC), or Nomarski, microscopy may be used to detect the marking 116. In DIC
microscopy, the illumination light beam is split up into two beams that are given
different polarizations, are phase shifted differently, and are shifted transversely by
slightly different amounts. The two beams are passed through the specimen where they
experience different optical path lengths where the areas differ in refractive index (e.g.,
the marked and unmarked portions of the glass body). After passing through the
specimen (e.g., the glass container), the two beam parts are made to interfere, giving an

image of the derivative of the optical path length in the direction of the difference in
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transverse shift, thereby rendering the marking 116 visible. Additional details on DIC
microscopy may be found in “Differential interference contrast (DIC) microscopy and
modulation contrast microscopy” from Fundamentals of Light Microscopy and Digital
Imaging (New York: Wiley-Liss, pp 153-168), which is hereby incorporated by

reference.

[00124] In various embodiments, the detection of the marking is enhanced by the glass
composition or other processes performed on the glass. For example, in some
embodiments, the inclusion of Sn in the glass composition may enhance UV detection of
the marking 116. In other embodiments, detection of the marking 116 may be enhanced
by the stress field imparted by strengthening the glass or by a low coefficient of friction
(COF) coating applied to the surface of the glass. The glass may undergo other
processing steps to enhance detection of the marking 116, depending on the particular

embodiment.

[00125] Accordingly, various embodiments described herein may be employed to
produce markings within the wall thickness of a glass container. Various embodiments
enable covert, overt, and combinations of covert and overt markings to be formed within
glass containers that are particularly well-suited for the formation of pharmaceutical
packages. Thus, the markings may be used to track individual packages, products, lots,
or manufacturers and/or to indicate the authenticity of a product. Various embodiments
described herein may deter counterfeiting by its presence. For example, a marking
within the glass may be much more difficult to duplicate than an adhesive label or
marker on the label and/or the high cost of the laser may act as a deterrent to counterfeit

or illegally duplicate the mark.

[00126] Additionally, the method of forming the marking in the glass as described in
various embodiments herein may also be more compatible with surface strengthening
methods (such as ion exchange) because the marking is embedded in the thickness of the
glass, rather than on the surface. Moreover, because the marking is embedded in the
thickness of the glass, it is compatible with thermal processes for a glass article. The

specific glass composition or an ion exchanged glass composition may provide unique
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benefits related to the introduction of surface damage (which should be minimized) and
bulk damage which results in the refractive index change of at least about 10 (which
should be maximized) for efficiency. For example, in various embodiments described
herein, the marking minimally affects glass strength due to the location of the marking
within the bulk substrate and results in negligible damage to the surface. Thus, in
various embodiments, the inclusion of the marking in the glass container does not impact
the glass strength or surface effects, such as delamination or damage resistance. The
sub-surface defects may, in some embodiments described herein, affect crack
propagation rate and direction which could provide unique properties to the product that
may be used to detect the mark or provide confirmation of authenticity. For example, in
some embodiments, the stress field imparted by the strengthening of the glass may

enhance detection of the mark.

[00127] Although various embodiments described herein include markings that are
positioned within the thickness of the wall of a glass container, other embodiments may
utilize a laser to create a marking by selectively removing a coating from the surface of
the glass container. Without being bound by theory, ion-exchange strengthened glass is
UV fluorescent when excited by UV wavelengths, and specifically UVC wavelengths,
while coatings, such as the polymer (e.g., polyimide) coatings that may be included on
the surface of the glass container, such as those described in greater detail above, are UV
absorbing. It is believed that the glass may exhibit UV fluorescence due to the presence
of glass defects or impurities, and that ion-exchange processes may increase the intensity
of fluorescence because of the formation of additional non-uniformities in the glass.
Accordingly, the coating may absorb UV light that would otherwise excite the ion-
exchange strengthened glass or non-ion-exchanged glass, thereby blocking the UV
excitation of the glass and, thus, reducing or eliminating the UV fluorescence of the
glass. Appropriate selection of the UV excitation wavelength, where both fluorescence
excitation intensity and UV absorption by the polymer are maximized, will create the
highest contrast in fluorescence intensity image. Therefore, in some embodiments, a
laser may be used to remove the coating to create a marking 116 that is invisible in

normal lighting, but detectable using UV light.
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[00128] The laser ablation threshold for polymers and glass may differ by an order of
magnitude or more. Therefore, it is possible to ablate the polymer without affecting the
glass surface and without creating undesirable cracks by selecting appropriate focusing
conditions and laser intensity. In such embodiments, the laser may be a pulsed laser such
as, by way of example and not limitation, a UV Q-switch laser. The laser may be
operated at an average power of less than about 1 W. For example, the laser may have
an average power of from about 20 mW to about 500 mW, from about 75 mW to about
250 mW, or from about 100 mW to about 200 mW with a focus spot at the surface of
from about 200 pm to about 300 pm in diameter. In some embodiments, the laser may
have an average power of less than about 200 mW or less than about 100 mW. The laser
may have a wavelength of from about 193 nm to about 2000 nm, or from 355 nm to
about 1064 nm. For example, the laser may have a wavelength of about 193 nm, 266
nm, 355 nm, 532 nm, 1064 nm, 1550 nm, or the like. In particular embodiments, the
wavelength is from about 248 nm to about 355 nm. The writing speed of the laser may
be from 2 mm/s to 50 mm/s, greater than about 50 mm/s, greater than about 100 mm/s,
greater than about 500 mm/s, greater than about 1 m/s, or even greater than about 2 m/s.
In some embodiments, the writing speed of the laser is between about 10 mm/s and 1,000
mm/s. The repetition rate may be from 100 Hz to 10,000 kHz or from 1 kHz to 2,000
kHz. In some embodiments, for example, the repetition rate is about 30 kHz, although
other repetition rates are contemplated. The laser may be focused to a spot size of less
than about 2 um or less than about 1 um. In some embodiments, the laser is focused to a
spot size of from about 0.5 um to about 1 um, although other resolutions are possible
depending on the writing speed, laser wavelength, and desired marking size. The laser
may be directed through a lens for focusing, although some embodiments do not include

a lens.

[00129] It is contemplated that other laser parameters may be employed, depending on
the particular spot desired and laser employed, provided that the laser has a power
density per pulse that exceeds the power density per pulse threshold for coating ablation.
For example, in embodiments in which the coating is a polyimide-based coating, the

laser should have a power density per pulse that exceeds the power density per pulse
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threshold for polyimide ablation of approximately 0.025 J/em?® or higher with a 10 ns
pulse duration. The power density per pulse threshold may vary depending on the
particular coating employed. Without being bound by theory, the difference in ablation
thresholds of the coating and glass may enable the marking to be formed on a curved
surface without rotation of the glass container. For example, the laser may have a depth
of focus of about 0.5 mm that enables it to be used to ablate the coating through the glass

without creating non-uniformities in the glass surface.

[00130] In some embodiments, the laser may completely remove the coating from the
surface of the glass container 100 by ablation to form the marking 116. However, in
other embodiments, the marking 116 may be formed by partially removing the coating to
modify the fluorescence of the glass container 100 or by otherwise creating a pattern in
the coating. In some embodiments, the coating is removed to generate a difference in
UV absorption between the unmarked and marked portions of the glass container 100 of
greater than about 10%. Accordingly, the coating may be removed to generate a
difference in UV absorption between the unmarked and marked portions of the glass
container 100 of from about 5% to 100%, from about 10% to 100%, from about 15% to
about 90%, from about 20% to about 80%, from about 50% to about 75%, or from about
60% to about 70%. In some embodiments, the coating is removed to generate a
difference in UV-induced fluorescence between the unmarked and marked portions of
the glass container 100 of greater than about 10%. Accordingly, the coating may be
removed to generate a difference in UV-induced fluorescence between the unmarked and
marked portions of the glass container 100 of from about 10% to 100%, from about 15%
to about 90%, from about 20% to about 80%, from about 50% to about 75%, or from
about 60% to about 70%.

[00131] In embodiments in which the marking 116 is created by ablating the coating on
the glass container 100, the marking 116 may be detected by observing the UV
fluorescence of the marking 116. In embodiments, the glass container 100 may be
illuminated with UV light at a wavelength of less than or equal to about 400 nm, and

fluoresces at a wavelength of greater than or equal to 400 nm at portions where it is not
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coated with a polymer-based coating. For example, a UV light sensor 1100, such as that

depict in FIG. 11, may be employed.

[00132] Referring now to FIG. 11, the UV light sensor 1100 is depicted in greater
detail. In various embodiments, the UV light sensor 1100 is a luminescence sensor
which emits UV light and detects the resulting visible glow caused by the interaction of
the UV light with a phosphorescent material, such as the glass body 102. In particular,
the UV light sensor 1100 detects the resulting visible glow caused by the interaction of
the UV light in areas of the glass body 102 where the coating 1103 has been removed,
thinned, or otherwise modified to permit the passing of UV light through the coating
1103. In embodiments, the UV light sensor 1100 may emit UV light at one or more
wavelengths of less than about 400 nm, less than about 350 nm, or less than about 318
nm. For example, the UV light sensor 1100 may emit light at a wavelength of from
about 150 nm to about 400 nm, from about 175 nm to about 350 nm, from about 200 nm
to about 318 nm, or from about 225 nm to about 275 nm. In one particular embodiment,

the UV light sensor 1100 emits light at a wavelength of about 250 nm.

[00133] In various embodiments, the UV light sensor 1100 includes a UV light source
1101, which emits UV light 1102, a photodetector 1104 (such as a photo diode or the
like) that detects visible light 1106 emitted by the target (e.g., the glass body 102) when
the UV light 1102 is incident on the target, and a lens 1108 that directs the UV light 1102
toward the target (e.g., the glass body 102). The UV light source 1101 may be, for
example, a mercury lamp with a UV filter or a UV LED. The UV light sensor 1100 may
further include an electronic circuit 1110 that provides power to the UV light source
1101 and photodetector 1104 and produces an output indicative of detected light. In
embodiments, the UV light sensor 1100 further includes a dichroic mirror 1112 that
separates the reflected light 1114 into UV light 1116, which is directed away from the
photodetector 1104, and visible light 1106, which is directed toward the photodetector
1104.

[00134] As an alternative to using the UV light sensor 1100 of FIG. 11, in some

embodiments, a UV light source may be used to illuminate the marking 116 and the
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fluorescence may be detected with the human eye or through the use of another type of
camera or optical detector. In some embodiments, the marking 116 may be detected
using existing portable counterfeiting equipment, such as the FDA’s CD-3 handheld
device, or the like, provided the detector is capable of detecting a difference in

fluorescence between the coating and the glass container.

[00135] As one example, a UV pulsed laser was focused through a lens into a glass
body 102 including a polyimide coating 1103 on the surface thereof. The laser was a Q-
switch UV laser with a wavelength of 355 nm. The repetition rate of the laser pulses was
30 kHz, and the average energy of the laser was 100 mW. The marking 116 to be made
on the surface of the glass body 102 by removing the polyimide coating 1103 was
programmed into a laser scanner which directed the laser to a specific location on the
surface of the glass body 102 where the coating was removed from the glass with the
laser by ablation. The processing speed of the laser was 50 mm/s, and the focus lens had

a focal length of 150 mm.

[00136] After marking the glass body 102, an optical imaging system using a 250 nm
wavelength and 6W electrical power lamp was used to excite fluorescence in the glass
body 102. Areas where the polyimide coating 1103 was removed from the glass body
102 exhibited a fluorescence intensity contrast of greater than about 2:1. FIGS. 12A and
12B depict the fluorescence of the marking in contrast to the glass body 102. In
particular, in FIG. 12A, the marking 116, “Corning,” is visible when exposed to UV
light. In FIG. 12B, the marking 116 was in the form of a barcode that was visible when
exposed to UV light.

[00137] Although various embodiments have been described in which ablation is used
to create a marking, such as an alpha numeric marking, in the coating, it is contemplated
that in some embodiments, the marking may be in the form of a pattern formed in the
coating. The pattern may be, for example, a one-dimensional or two-dimensional
barcode, or another predetermined pattern. As described above, the coating need not be
completely removed in some embodiments. Thus, the marking may be a pattern created

from ablation of different amounts of the coating from the surface of the glass. For
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example, the marking may be a pattern in which an increasing amount of the coating is
removed over a particular distance or the marking may be an alternating pattern of spots
having different amounts of the coating removed. Accordingly, in the embodiments
described herein, the marking may be in the form of an image, a pattern, a shape, or a

gradient, for example.

[00138] In addition to producing markings on glass containers, in some embodiments,
laser removal of the polymer coatings may be used for process control. For example, in
various embodiments, the polymer coating may be applied to the glass container using a
spray process in which over-spray may cause the coating material to be deposited in
unwanted locations in and on the glass container. For example, the coating material may
inadvertently be deposited on a sealing surface or on the interior of a container.
Accordingly, laser ablation may provide a reliable removal method to ensure that the
coating does not interfere with downstream processing or become a potential

contaminate.

[00139] Moreover, selective removal of a polymer coating may be employed in
conjunction with optical or mechanical profilometry to determine coating thickness.
Without being bound by theory, coatings that are thin, multi-layer, or are variable in
coverage and/or thickness may be difficult to measure by conventional interferometry or
profilometry. Accordingly, by using the laser to remove a portion of the coating, a step
change may be measured, such as within on-line optical inspection during

manufacturing.

[00140] In various embodiments described herein, because the marking is made by a
laser, it can easily be adjusted for different shapes, patterns to easily uniquely mark
product, lot or manufacturer. Additionally, the use of a laser to generate the marking

enables the marking to be located in an area that is less sensitive to various stresses.

[00141] Various embodiments described herein may also extend traceability through
the product life cycle by marking the substrate prior to filling the substrate with product.
In particular, covert or overt anti-counterfeiting markings located within the thickness of

the substrate with unique individual part identifiers may enable improved traceability in
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manufacturing processes and in pharmaceutical filling and packaging operations and/or
enable improved traceability for investigative purposes in the field.  Various
embodiments described herein further comply with regulatory ‘track and trace’

requirements.

[00142] Covert markings located within the thickness of the substrate that are encoded
with unique lot, product, or manufacturer may further prevent interrogation, duplication
and could aid investigations of counterfeit products. For example, according to some
embodiments, the photonic microstructures may only be visible with special equipment

enabling access control to interrogation/information or even knowing its presence.

[00143] 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 pharmaceutical package comprising:

a glass body having a delamination factor of less than or equal to 10, the glass
body having an inner surface, an outer surface, and a wall thickness extending between
the outer surface and the inner surface; and

at least one marking within the wall thickness, the marking comprising a portion
of the glass body having a refractive index that differs from a refractive index of an

unmarked portion of the glass body.

2. The pharmaceutical package of claim 1, wherein the marking enables the
pharmaceutical package to be traced through a manufacturing process, a filling process,

or in a field of use.

3. The pharmaceutical package of claim 1, wherein the glass body is formed from

an alkali-aluminosilicate glass composition.

4. The pharmaceutical package of claim 1, wherein the alkali-aluminosilicate glass

composition is substantially free from boron and compounds containing boron.

5. The pharmaceutical package of claim 1, further comprising:

a compressively stressed layer extending from the outer surface of the glass body
into the wall thickness, the compressively stressed layer having a surface compressive
stress greater than or equal to 150 MPa;

wherein the at least one marking is not within the compressively stressed layer.

6. The pharmaceutical package of claim 1, wherein the marking is an overt marking.

7. The pharmaceutical package of claim 1, wherein the marking is a covert marking.
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8. The pharmaceutical package of claim 1, wherein the marking is within a middle
80% of the wall thickness.
9. The pharmaceutical package of claim 1, wherein the marking extends through

substantially an entire wall thickness but does not extend to the inner surface or the outer

surface.

10. The pharmaceutical package of claim 1, wherein the refractive index of the
marking differs from the refractive index of the unmarked portion of the glass body by

from about 0.3% to about 0.5%.

11. The pharmaceutical package of claim 1, wherein the pharmaceutical package
comprises a fluorescence attributable to a composition of the pharmaceutical package, a
stress field, or a low coefficient of friction coating that enhances detection of the

marking.

12. A method of forming an anti-counterfeit marking in a pharmaceutical package,
comprising:

focusing a pulsed laser beam at a point within a wall thickness of a glass body
formed from an alkali-aluminosilicate glass composition, the wall thickness extending
between an inner surface and an outer surface of the glass body; and

translating the pulsed laser beam along a scan path within the wall thickness
effective to induce a change in a refractive index along the scan path relative to a
refractive index of a portion of the glass body unexposed to the pulsed laser beam,

thereby forming the anti-counterfeit marking in the pharmaceutical package.

13. The method of claim 12, further comprising ion-exchange strengthening the glass

body prior to focusing the pulsed laser beam and translating the pulsed laser beam.

14. The method of claim 12, further comprising ion-exchange strengthening the glass

body subsequent to focusing the pulsed laser beam and translating the pulsed laser beam.
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15. The method of claim 12, wherein the pulsed laser beam has a pulse energy of
from about 1000 nJ to about 5000 nJ.
16. The method of claim 12, wherein the pulsed laser beam has a wavelength of from
about 900 nm to about 1600 nm.
17. The method of claim 12, wherein the pulsed laser beam has a pulse frequency of
from about 0.05 MHz to about 0.5 MHz.
18. The method of claim 12, wherein the body has a delamination factor of less than
or equal to 3.
19. The method of claim 12, wherein the anti-counterfeit marking is covert.
20. A method of forming an anti-counterfeit marking in a pharmaceutical package,

comprising:

focusing a pulsed laser beam at a point on a surface of a glass body formed from
an alkali-aluminosilicate glass composition; and

translating the pulsed laser beam along a scan path along the surface effective to
remove a polymer-based coating from the surface of the glass body, thereby forming the

anti-counterfeit marking on the glass article.

21. The method of claim 20, wherein the pulsed laser beam has a power density of

greater than about 0.025 J/em®.

22. The method of claim 20, wherein the pulsed laser beam has a wavelength of from

about 193 nm to about 2000 nm.

23. The method of claim 20, wherein the pulsed laser beam has an average power of

from about 50 mW to about 500 mW.
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24. The method of claim 20, wherein the polymer-based coating comprises a
polyimide-based coating.
25. The method of claim 20, wherein a difference in UV absorption between the anti-

counterfeit marking and an unmarked portion of the glass article is from about 10% to

100%.

26. The method of claim 20, wherein a difference in UV-induced fluorescence
between the anti-counterfeit marking and an unmarked portion of the glass article is

greater than 10%.

27. A method of detecting an anti-counterfeit marking on a pharmaceutical package
comprising:

directing a light source toward a surface containing the anti-counterfeit marking
at a projection angle of from about 0° to about 45°; and

projecting the anti-counterfeit marking onto an image plane for detection;

wherein the anti-counterfeit marking is not detectable through direct inspection or

by direct illumination with the light source.

28. The method of claim 27, wherein the light source comprises a helium-neon laser

having a wavelength of from about 400 nm to about 1,000 nm.

29. The method of claim 27, wherein the projection angle is from about 1° to about
40°.
30. The method of claim 27, the anti-counterfeit marking comprising a portion of the

pharmaceutical package having a refractive index that differs from a refractive index of

an unmarked portion of the pharmaceutical package.
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