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for the inner surfaces of the pharmaceutical package to shed glass particulates or 

“delaminate” following exposure to pharmaceutical solutions. 

[0005] In addition, use of glass in pharmaceutical packaging may also be limited by the 

mechanical performance of the glass.  Specifically, the high processing speeds utilized in 

the manufacture and filling of glass pharmaceutical packages may result in mechanical 

damage on the surface of the package, such as abrasions, as the packages come into 

contact with processing equipment, handling equipment, and/or other packages.  This 

mechanical damage significantly decreases the strength of the glass pharmaceutical 

package resulting in an increased likelihood that cracks will develop in the glass, 

potentially compromising the sterility of the pharmaceutical contained in the package or 

causing the complete failure of the package.   

[0006] Accordingly, a need exists for alternative glass containers for use as 

pharmaceutical packages which exhibit a combination of at least two of improved 

resistance to delamination, increased strength, and/or damage tolerance. 

SUMMARY 

[0007] A glass container may include a body having an inner surface, an outer surface 

and a wall thickness extending between the outer surface and the inner surface.  A 

compressively stressed layer may extend from the outer surface of the body into the wall 

thickness.  The compressively stressed layer may have a surface compressive stress 

greater than or equal to 150 MPa.  A lubricous coating may be positioned around at least 

a portion of the outer surface of the body.  The outer surface of the body with the 

lubricous coating may have a coefficient of friction less than or equal to 0.7. 

[0007a] In an aspect, there is provided a glass container comprising: 

 a body having an inner surface, an outer surface and a wall thickness extending 

between the outer surface and the inner surface; 
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surface compressive stress greater than or equal to 150 MPa.  A lubricous coating may 

be positioned around at least a portion of the outer surface of the body.  The outer surface 

of the body with the lubricous coating may have a coefficient of friction less than or 

equal to 0.7.  
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[0009] Additional features and advantages of the embodiments of the glass containers 

described herein 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. 

[0010] 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 

[0011] FIG. 1 schematically depicts a cross section of a glass container according to 

one or more embodiments described herein; 

[0012] FIG. 2 schematically depicts a compressively stressed layer in a portion of the 

sidewall of the glass container of FIG. 1; 

[0013] FIG. 3 schematically depicts a portion of the sidewall of the glass container 

formed from laminated glass; 

[0014] FIG. 4 schematically depicts a horizontal compression apparatus for testing the 

horizontal compression strength of a glass container; 
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[0050]  FIG. 39 graphically depicts the coefficient of friction, applied force and 

frictive force for coated glass containers before and after depyrogenation, according to 

one or more embodiments shown and described herein; 

[0051] FIG. 40 graphically depicts the coefficient of friction, applied force and frictive 

force for coated glass containers for different depyrogenation conditions; 

[0052] FIG. 41 graphically depicts the coefficient of friction after varying heat 

treatment times, according to one or more embodiments shown and described herein; 

[0053] FIG. 42 graphically depicts the light transmittance data for coated and uncoated 

vials measured in the visible light spectrum from 400-700 nm, according to one or more 

embodiments shown and described herein; 

[0054] FIG. 43 graphically depicts the coefficient of friction, applied force and frictive 

force for coated glass containers before and after depyrogenation, according to one or 

more embodiments shown and described herein; 

[0055] FIG. 44 graphically depicts the failure probability as a function of applied load 

in a horizontal compression test for vials, according to one or more embodiments shown 

and described herein; 

[0056] FIG. 45 is a micrograph of a coating, according to one or more embodiments 

shown and described herein; 

[0057] FIG. 46 is a micrograph of a coating, according to one or more embodiments 

shown and described herein; 

[0058] FIG. 47 is a micrograph of a coating, according to one or more embodiments 

shown and described herein;
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delamination testing are considered to have a delamination factor of 2.  Trials of glass 

containers which average less than 1 glass particle with a minimum length of about 50 

µm and an aspect ratio of greater than about 50 per trial following accelerated 

delamination testing are considered to have a delamination factor of 1.  Trials of glass 

containers which have 0 glass particles with a minimum length of about 50 µm and an 

aspect ratio of greater than about 50 per trial following accelerated delamination testing 

are considered to have a delamination factor of 0.  Accordingly, it should be understood 

that the lower the delamination factor, the better the resistance of the glass container to 

delamination.  In some embodiments described herein, at least the inner surface of the 

body of the glass container has a delamination factor of 10 or lower (e.g., a delamination 

factor of 3, 2, 1 or 0).  In some other embodiments, the entire body of the glass container, 

including both the inner surface and the outer surface, has a delamination factor of 10 or 

lower (e.g., a delamination factor of 3, 2, 1, or 0). 

[00105]  In some embodiments, a glass container having a delamination factor of 10 or 

lower may be obtained by forming the glass container with a barrier coating on the inner 

surface of the body such that the barrier coating is the inner surface of the body.  

Referring to FIG. 5 by way of example, a glass container 100 with a barrier coating 131 

deposited on at least a portion of the inner surface 104 of the body 102 is schematically 

depicted.  The barrier coating 131 does not delaminate or otherwise degrade and prevents 

product stored in the interior volume 108 of the glass container 100, such as 

pharmaceutical compositions or the like, from contacting the inner surface 104 of the 

body 102 thereby mitigating delamination of the glass container.  The barrier coating is 

generally non-permeable to aqueous solutions, is insoluble in water, and hydrolytically 

stable. 

[00106] In some embodiments described herein, the barrier coating 131 is a tenacious 

inorganic coating that is permanently adhered to the inner surface 104 of the glass 

container 100.  The barrier coating 131 may be a metal nitride coating, a metal oxide 

coating, a metal sulfide coating, SiO2, diamond-like carbide, graphenes or a carbide 

coating.  For example, in some embodiments, the tenacious inorganic coating 
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100.  The glass body 102 of the glass container 100 has an interior region 120 which 

extends from about 10 nm below the inner surface 104 of the glass container 100 

(indicated in FIG. 6 as DLR1) into the thickness of the wall portion 110 to a depth DLR2 

from the inner surface 104 of the glass container.  The interior region extending from 

about 10 nm below the inner surface 104 is differentiated from the composition in the 

initial 5-10 nm below the surface due to experimental artifacts. At the start of a dynamic 

secondary ion mass spectroscopy (DSIMS) analysis to determine the composition of the 

glass, the initial 5-10 nm is not included in the analysis because of three concerns:  

variable sputtering rate of ions from the surface as a result of adventitious carbon, 

establishment of a steady state charge in part due to the variable sputtering rate, and 

mixing of species while establishing a steady state sputtering condition.  As a result, the 

first two data points of the analysis are excluded.  Accordingly, it should be understood 

that the interior region 120 has a thickness TLR which is equal to DLR2-DLR1.  The glass 

composition within the interior region has a persistent layer homogeneity which, in 

conjunction with the thickness TLR of the interior region, is sufficient to prevent 

delamination of the glass body following long term exposure to a solution contained in 

the interior volume of the glass container.  In some embodiments, the thickness TLR is at 

least about 100 nm.  In some embodiments, the thickness TLR is at least about 150 nm.  

In some other embodiments, the thickness TLR is at least about 200 nm or even about 250 

nm.  In some other embodiments, the thickness TLR is at least about 300 nm or even 

about 350 nm.  In yet other embodiments, the thickness TLR is at least about 500 nm.  In 

some embodiments, the interior region 120 may extend to a thickness TLR of at least 

about 1 µm or even at least about 2 µm.   

[00111] While the interior region is described herein as extending from 10 nm below 

the inner surface 104 of the glass container 100 into the thickness of the wall portion 110 

to a depth DLR2 from the inner surface 104 of the glass container, it should be understood 

that other embodiments are possible.  For example, it is hypothesized that, despite the 

experimental artifacts noted above, the interior region with the persistent layer 

homogeneity may actually extend from the inner surface 104 of the glass container 100 

into the thickness of the wall portion.  Accordingly, in some embodiments, the thickness 
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yields a compositional profile of the species in the glass as a function of depth from the 

inner surface of the glass body for the sampled area.  

[00114] Forming the glass container with a persistent layer homogeneity as described 

above, generally improves the resistance of the glass container to delamination.  

Specifically, 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 glass layer which contains the interior region) 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. 

[00115] As noted herein, the container with the persistent layer homogeneity in as-

formed condition is free from coatings, including inorganic and/or organic coatings 

applied to the inner surface of the glass body.  Accordingly, it should be understood that 

the body of the glass container is formed from a substantially unitary composition which 

extends from the inner surface of the body to a depth of at least 250 nm or even at least 

300 nm.  The term “unitary composition” refers to the fact that the glass from which the 

portion of the body extending from the inner surface into the thickness of the body to a 

depth of at least 250 nm or even at least 300 nm is formed is a single composition of 

material as compared to a coating material applied to another material of either the same 

or different composition.  For example, in some embodiments, the body of the container 

may be constructed from a single glass composition.  In other embodiments, the body of 

the container may be constructed from a laminated glass such that the inner surface of 

the body has a unitary composition which extends from the inner surface to a depth of at 

least 250 nm or even at least 300 nm.  The glass container may include an interior region 

which extends from either the inner surface or from 10 nm below the inner surface to a 

depth of at least 100 nm, as noted above.  This interior region may have a persistent layer 

homogeneity.
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solution, aminopropyltrialkoxysilane (APS) may be stable and form trisilanol monomers 

and very low molecular weight oligomeric cyclics.  

[00252] It is believed, still without being bound by theory, that the reaction of one or 

more silanes chemical compositions to the glass body may involve several steps.  As 

shown in FIG. 17, in some embodiments, following hydrolysis of the silane chemical 

composition, a reactive silanol moiety may be formed, which can condense with other 

silanol moieties, for example, those on the surface of a substrate, such as a glass body.  

After the first and second hydrolysable moieties are hydrolyzed, a condensation reaction 

may be initiated. In some embodiments, the tendency toward self condensation can be 

controlled by using fresh solutions, alcoholic solvents, dilution, and by careful selection 

of pH ranges. For example, silanetriols are most stable at pH 3-6, but condense rapidly at 

pH 7-9.3, and partial condensation of silanol monomers may produce silsesquioxanes. 

As shown in FIG. 17, the silanol moieties of the formed species may form hydrogen 

bonds with silanol moieties on the substrate, and during drying or curing a covalent bond 

may be formed with the substrate with elimination of water.  For example, a moderate 

cure cycle (110°C for 15 min) may leave silanol moieties remaining in free form and, 

along with any silane organofunctionality, may bond with the subsequent topcoat, 

providing improved adhesion. 

[00253] In some embodiments, the one or more silane chemical compositions of the 

coupling agent may comprise an amine moiety.  Still without being bound by theory, it is 

believed that this amine moiety may act as a base catalyst in the hydrolysis and co-

condensation polymerization and enhance the adsorption rate of the silanes having an 

amine moiety on a glass surface. It may also create a high pH (9.0-10.0) in aqueous 

solution that conditions the glass surface and increases density of surface silanol 

moieties. Strong interaction with water and protic solvents maintains solubility and 

stability of a silane having an amine moiety chemical composition, such as APS. 

[00254] In an exemplary embodiment, the glass body 102 may comprise ion-exchanged 

glass and the coupling agent may be a silane.  In some embodiments, adhesion of the 

lubricous coating to an ion-exchanged glass body may stronger than adhesion of the 
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of the body with the lubricous coating may have a coefficient of friction less than or 

equal to 0.7. 

[00309] A third aspect includes the glass container of the first through second aspects, 

wherein the surface compressive stress is greater than or equal to 200 MPa. 

[00310] A fourth aspect includes the glass container of any of the first through third 

aspects, wherein the surface compressive stress is greater than or equal to 300 MPa. 

[00311] A fifth aspect includes the glass container of any of the first through fourth 

aspects, wherein the compressively stressed layer extends to a depth of layer greater than 

or equal to 3 µm. 

[00312] A sixth aspect includes the glass container of any of the first through fifth 

aspects, wherein the compressively stressed layer extends to a depth of layer greater than 

or equal to 25 µm. 

[00313] A seventh aspect includes the glass container of any of the first through sixth 

aspects, wherein the body is ion-exchange strengthened. 

[00314] An eighth aspect includes the glass container of any of the first through seventh 

aspects, wherein the body is high-temperature ion-exchange strengthened. 

[00315]   A ninth aspect includes the glass container of any of the first through sixth 

aspects, wherein the body is thermally tempered. 

[00316] A tenth aspect includes the glass container of the ninth aspect, wherein the 

compressively stressed layer extends into the wall thickness to a depth of layer of up to 

about 22% of the wall thickness. 

[00317] An eleventh aspect includes the glass container of any of the first through sixth 

aspects, wherein the body comprises laminated glass. 

[00318] A twelfth aspect includes the glass container of the eleventh aspect, wherein 

the laminated glass comprises: a core layer having a core coefficient of thermal 
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CLAIMS 

1. A glass container comprising: 

 a body having an inner surface, an outer surface and a wall thickness extending 

between the outer surface and the inner surface; 

 a compressively stressed layer extending from the outer surface of the body into 

the wall thickness, the compressively stressed layer having a surface compressive stress 

greater than or equal to 150 MPa; and 

 a lubricous coating positioned around at least a portion of the outer surface of the 

body, wherein the outer surface of the body with the lubricous coating has a coefficient 

of friction less than or equal to 0.7 relative to a like-coated glass container as determined 

with a vial-on-vial jig, wherein a light transmission through the glass container with the 

lubricous coating is greater than or equal to about 55% of a light transmission through an 

uncoated glass container for wavelengths of light from about 400 nm to about 700 nm, 

and the lubricous coating is:  

a tenacious inorganic coating comprising at least one of TiN, BN, hBN, TiO2, Ta2O5, 

HfO2, Nb2O5, V2O5, SnO, SnO2, ZrO2, Al2O3, SiO2, ZnO, MoS2, BC, SiC, and diamond-

like carbon, or 

a transient coating comprising one or more of an inorganic salt, a polysaccharide, or 

combinations thereof. 
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2. The glass container of claim 1, wherein the compressively stressed layer extends 

to a depth of layer greater than or equal to 25 µm. 

 

3. The glass container of claim 1, wherein the body is thermally tempered and the 

compressively stressed layer extends into the wall thickness to a depth of layer of up to 

about 22% of the wall thickness. 

 

4. The glass container of claim 1, wherein the body comprises laminated glass and 

the laminated glass comprises: 

a core layer having a core coefficient of thermal expansion CTEcore; and  

at least one cladding layer fused to the core layer and having a second coefficient 

of thermal expansion CTEclad, wherein CTEcore is not equal to CTEclad and the at least one 

cladding layer forms the inner surface of the body. 
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5. The glass container of claim 1, wherein the lubricous coating is thermally stable 

at a temperature of at least about 260°C for 30 minutes.


