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(57) Abstract: A non-frangible glass article
strengthened by a dual or two-step ion exchange
(IOX) process, where the first IOX step leads to a
depth of compressive layer FSM_DOL > 0.1.t or, in
some embodiments, FSM_DOL > 0.15.t, where t is
the thickness of the glass, is provided. The glass art-
icle has a compressive stress CS1 after the first [OX
step at the surface of from 100 MPa to 400 MPa or,
in some embodiments, from 150 MPa to 300 MPa.
The first IOX step is followed by a second IOX step,
leading to a "spike" compressive stress CS2 after the
second IOX step at the surface of greater than 500
MPa or, in some embodiments, 700 MPa. The width
of the spike generated by the second IOX is between
1 um and 30 pm, or between 8um and 15 pm, using
the criteria where the magnitude (absolute value) of
the slope of the spike is higher than 20 MPa/pm.
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DEEP NON-FRANGIBLE STRESS PROFILES AND METHODS OF
MAKING

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 62/074872 filed on November 4, 2014 the content

of which is relied upon and incorporated herein by reference in its entirety.

BACKGROUND

[0002] The disclosure relates to stress profiles in glasses. More particularly, the
disclosure relates to glasses having deep compressive stress profiles. Even more
particularly, the disclosure relates to glasses having deep compressive stress profiles

and exhibiting non-frangible behavior.

[0003] Chemically strengthened glasses are widely used in displays for hand-held
electronic devices such as phones, notebooks and the like. Chemical strengthening
creates a compressive layer at the surface of the glass and a tensile region in the
central portion of the glass. Compressive stress (CS) and depth of layer (DOL) are
typically determined from surface stress measurements (FSM) using commercially
available instruments such as, for example, the FSM-6000, surface stress meter

manufactured by Luceo Co., Ltd. (Tokyo, Japan) or the like.

[0004] For strengthened glass articles in which the compressive stress layers extend
to deeper depths within the glass, the FSM technique may suffer from contrast issues
that affect the observed DOL. At deeper DOL values, there may be inadequate
contrast between the TE and TM spectra, thus making the calculation of the difference
between TE and TM spectra — and accurately determining the DOL — more difficult.
Moreover, the FSM software analysis is incapable of determining the compressive
stress profile (i.e., the variation of compressive stress as a function of depth within the
glass). In addition, the FSM technique is incapable of determining the depth of layer
resulting from the ion exchange of certain elements such as, for example, ion

exchange of sodium for lithium, that are present in the glass.
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SUMMARY

[0005] The present disclosure extends the range of possible compressive stress
profiles. Modifications to metrology based on the Orihara FSM instrument have
enabled measurement of are chemically strengthened glasses with “super-deep” depth
of compressive layer DOL; i.e., glass samples having a depth of compressive layer of
greater than about 120 um and, in some embodiments, greater than about 140 pm with
standard deviation around 4 pum, as determined by surface stress/FSM measurements
(referred to herein as “FSM_DOL” or simply “DOL”). In some embodiments, the
DOL may be about 186 um with a standard deviation of about 10 pm have been
obtained. The glasses are non-frangible — i.e., the glasses do not exhibit frangible

(explosive or energetic fragmentation) behavior upon impact or insult.

[0006] Accordingly, in one aspect, a strengthened glass article is provided. The glass
article has a thickness t and a compressive layer extending from a surface of the glass
article to a depth of layer DOL of greater 0.1-t. The glass article has a maximum
compressive stress CS of greater than about 500 MPa at the surface, a stress profile
having a spike region in a range from about 1 um to about 30 um. The stress profile
in the spike region has a slope. The slope has an absolute value of greater than about

20 MPa/um.

[0007] In another aspect, a glass article having a thickness t in a range from about 0.2
mm to about 1.5 mm, a compressive layer extending from a surface of the glass article
to a depth of layer DOL or depth of compression DOC, and a tensile region under a
physical center tension CT extending from the depth of layer or depth of compression
to the center of the glass at t/2 is provided. The physical center tension CT is greater
than | -1.956x107° x t® + 1.24274x10™"% x £ - 3.09196x10° x t* + 3.80391x10° x t -
235207 x 107 x t* + 5.96241x10™" x t + 36.5994 |, and the glass article has a total
clastic energy normalized per thickness of the glass Eiy., wherein (Eya/t) = 174.75

J/m%mm.,

[0008] In yet another aspect, a glass article having a thickness t in a range from about

0.3 mm to about 1 mm, a compressive layer extending from a surface of the glass
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article to a depth of layer DOL or depth of compression DOC, and a tensile region
under a physical center tension CT extending from the depth of layer or depth of
compression to the center of the glass at t/2 is provided. The physical center tension
CT is greater than | -1.956x107'® x t* + 1.24274x10™"* x t° - 3.09196x10° x t* +
3.80391x10° x £ -2.35207 x 107 x t* + 5.96241x10" x t + 36.5994 |, and has an
clastic energy stored in the interior of the sample in tension of Eiperior, Wherein (Einerior

/t) =30 J/m*mm.

[0009] In another aspect, a glass article strengthened by a two-step ion exchange
(IOX) process and having a stress profile is provided. The glass article has a
thickness t in a range from about 0.4 mm to about 1 mm and a center at t/2, a
compressive layer extending from a surface of the glass article to a depth of layer
DOL or a depth of compression DOC, and a tensile region under a physical center
tension CT extending from the depth of layer to the center of the glass article. The
glass article has a compressive stress CS1 after the first ion exchange step at the
surface of from 100 MPa to 400 MPa and, in some embodiments, from 150 MPa to
300 MPa, and a depth of layer FSM_DOL greater than 0.1-t or, in some embodiments,
greater than 0.15-t following the first ion exchange step. The first ion exchange step
is followed by a second ion exchange step after which the glass article has a
compressive stress CS2 of greater than about than 500 MPa or, in some embodiments,
greater than 700 MPa, at the surface and has a stress profile having a spike region in a
range from about the surface to about 30 um or, in some embodiments, to about 8um-
15 um. The stress profile in the spike region has a slope, which has an absolute value

of greater than about 20 MPa/um.

[0010] A method of strengthening a glass article is also provided. The glass article
has a thickness t and a center at t/2. The method comprises: ion exchanging the glass
article in a first ion exchange bath comprising a potassium salt and at least 30 wt% of
a sodium salt to form a compressive layer having a compressive stress CS1 at the
surface of from about 100 MPa to about 400 MPa, the compressive layer extending
from a surface of the glass article to a depth of layer FSM_DOL of greater than 0.1-t,

or depth of compression DOC, and a tensile region under a physical center tension CT
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extending from the depth of layer or depth of compression to the center of the glass
article; and ion exchanging the glass article in a second ion exchange bath comprising
at least 90 wt% of a potassium salt to form a spike region extending from the surface
to about 30 um below the surface. The spike region has a maximum compressive
stress CS of greater than about 500 MPa at the surface, wherein the stress profile in
the spike region has a slope, the slope having an absolute value of greater than about

20 MPa/um.

[0011] These and other aspects, advantages, and salient features of the present
disclosure will become apparent from the following detailed description, the

accompanying drawings, and the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGURE 1 is a plot of typical values of physical center tension (MPa) limits as

a function of sample thickness;
[0013] FIGURE 2 is a plot of a stress profile of a double ion exchange sample;

[0014] FIGURE 3 is a map of the area of interest for an alkali aluminosilicate glass

having a Poisson ratio v = 65 GPa and a Young’s modulus E = 65 GPa;

[0015] FIGURE 4 is a second map of the arca of interest for the case of an alkali
aluminosilicate glass which has a Poisson ratio v = 65 GPa and a Young’s modulus E

= 65 GPa;

[0016] FIGURE 5 is an example of a compressive stress profile for a non-frangible
glass sample strengthened using a first ion exchange step of 32.1 hours at a

temperature of 460°C in a bath containing 57 wt% NaNOs and 53 wt% KNOs; and

[0017] FIGURE 6 is an example of a compressive stress profile for a glass having a

thickness of 500 um.
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DETAILED DESCRIPTION

[0018] In the following description, like reference characters designate like or
corresponding parts throughout the several views shown in the figures. It is also
understood that, unless otherwise specified, terms such as “top,” “bottom,”
“outward,” “inward,” and the like are words of convenience and are not to be
construed as limiting terms. In addition, whenever a group is described as comprising
at least one of a group of elements and combinations thereof, it is understood that the
group may comprise, consist essentially of, or consist of any number of those
elements recited, either individually or in combination with each other. Similarly,
whenever a group is described as consisting of at least one of a group of elements or
combinations thereof, it is understood that the group may consist of any number of
those elements recited, either individually or in combination with each other. Unless
otherwise specified, a range of values, when recited, includes both the upper and
lower limits of the range as well as any ranges therebetween. As used herein, the

(13 29 <
a

indefinite articles an,” and the corresponding definite article “the” mean “at least
one” or “one or more,” unless otherwise specified. It also is understood that the
various features disclosed in the specification and the drawings can be used in any and

all combinations.

[0019] As used herein, the terms “glass article” and “glass articles” are used in their
broadest sense to include any object made wholly or partly of glass. Unless otherwise

specified, all compositions are expressed in terms of mole percent (mol%).

[0020] It is noted that the terms "substantially" and "about" may be utilized herein to
represent the inherent degree of uncertainty that may be attributed to any quantitative
comparison, value, measurement, or other representation. These terms are also
utilized herein to represent the degree by which a quantitative representation may vary
from a stated reference without resulting in a change in the basic function of the
subject matter at issue. Thus, a glass that is “substantially free of MgO” is one in
which M gO is not actively added or batched into the glass, but may be present in very

small amounts as a contaminant — e.g., less than about 0.1 mo1%.
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[0021] Referring to the drawings in general and to FIG. 1 in particular, it will be
understood that the illustrations are for the purpose of describing particular
embodiments and are not intended to limit the disclosure or appended claims thereto.
The drawings are not necessarily to scale, and certain features and certain views of the
drawings may be shown exaggerated in scale or in schematic in the interest of clarity

and conciseness.

[0022] Described herein are chemically strengthened glasses with “super-deep” DOL;
i.e., glass samples having a depth of compressive layer of greater than about 120 pm
and, in some embodiments, greater than about 140 um, with a standard deviation
around 4 pum, as determined by surface stress/FSM measurements (referred to herein
as “FSM_DOL” or simply “DOL”). In some embodiments, the DOL may be about
186 um with a standard deviation of about 10 pum.

[0023] The glasses described herein are ion exchangeable alkali aluminosilicate
glasses, which, in some embodiments, are formable by down-draw processes, such as
slot-draw, or fusion-draw processes that are known in the art. In particular
embodiments, such glasses may have a liquidus viscosity of at least about 100
kiloPoise (kP), or at least about 130 kP. 1In one embodiment, the alkali
aluminosilicate glass comprises SiO,, ALOs, P2Os, and at least one alkali metal oxide
(R20), wherein 0.75 < [(P20s(mol%) + RO(mol%))/ M»0s (mol%)] < 1.2, where
M,0; = ALO; + B;0;. In some embodiments, the alkali aluminosilicate glass
comprises or consists essentially of: from about 40 mol% to about 70 mol% SiOy;
from 0 mol% to about 28 mol% B,0s; from 0 mol% to about 28 mol% Al,O;; from
about 1 mol% to about 14 mol% P,0s; and from about 12 mol% to about 16 mol%
RO and, in certain embodiments, from about 40 to about 64 mol% SiO,; from 0
mol% to about 8 mol% B»0Os; from about 16 mol% to about 28 mol% Al;Os; from
about 2 mol% to about 12 mol% P,0s; and from about 12 mol% to about 16 mol%
R;0. In some embodiments, 11 mol% < M;0; < 30 mol%; in some embodiments, 13
mol% < RxO < 30 mol%, where RO is the sum of alkali metal oxides, alkaline earth
metal oxides, and transition metal monoxides present in the glass; and in still other
embodiments, the glass is lithium-free. These glasses are described in Patent
Application No. 13/305,271, entitled “Ion Exchangeable Glass with Deep
6
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Compressive Layer and High Damage Threshold,” filed November 28, 2011, by Dana
Craig Bookbinder et al. and claiming priority from U.S. provisional patent application
no. 61/417,941, filed on November 30, 2010, and having the same title, the contents

of which are incorporated herein by reference in their entirety.

[0024] In certain embodiments, the alkali aluminosilicate glass comprises at least
about 4 mol% P,0s, wherein (M»03(mol%)/RxO(mol%)) < 1, wherein M0z = Al,O3
+ B»03, and wherein RO is the sum of monovalent and divalent cation oxides present
in the alkali aluminosilicate glass. In some embodiments, the monovalent and
divalent cation oxides are selected from the group consisting of Li,O, Na,0, K,O0,
Rb,0, Cs,0, MgO, Ca0O, SrO, BaO, and ZnO. In some embodiments, the glass is
lithium-free and consists essentially of from about 40 mol% to about 70 mol% SiO»;
from about 11 mol% to about 25 mol% Al,Os; from about 4 mol% to about 15 mol%
P»0s; from about 13 mol% to about 25 mol% Na,O; from about 13 to about 30 mol%
RxO, where RxO is the sum of the alkali metal oxides, alkaline earth metal oxides, and
transition metal monoxides present in the glass; from about 11 to about 30 mol%
M,03, where M,0; = ALLOs; + B,03; from 0 mol% to about 1 mol% K,O; from 0
mol% to about 4 mol% B,0s, and 3 mol% or less of one or more of TiO;, MnO,
Nb,0s, MoOs, TayOs, WOs, ZrO,, Y,0s3, LayOs, HfO,, CdO, SnO,, Fe;O3, CeOy,
As,03, Sby0s, Cl, and Br; the glass is lithium-free; and 1.3 < [(P20s + Ry0)/M203] <
2.3, where R,O is the sum of monovalent_cation oxides present in the glass. The glass
is described in U.S. Patent 9,156,724 by Timothy M. Gross, entitled “Ion
Exchangeable Glass with High Crack Initiation Threshold,” filed November 15, 2012,
and U.S. Patent No. 8,756,262 by Timothy M. Gross, entitled “Ton Exchangeable
Glass with High Crack Initiation Threshold,” filed November 15, 2012, both claiming
priority to U.S. Provisional Patent Application No. 61/560,434 filed November 16,
2011. The contents of the above patent and applications are incorporated herein by

reference in their entirety.

[0025] Glass samples with super-deep DOL um were chemically strengthened in ion
exchange baths having different “poisoning” levels — i.e., baths of a potassium salt
“poisoned” with a sodium salt), and a number of them were found not to exhibit
frangible behavior (explosive and energetic fragmentation upon impact or insult, often

7
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delayed) despite exceeding what has been considered to be the center tension CT limit
above which such behavior is typically observed, thus confirming that the total energy
criteria drives frangibility in these cases. Accordingly, the glasses exhibit non-

frangible behavior in a regime where such behavior is not expected.

[0026] Frangible behavior is characterized by at least one of: breaking of the
strengthened glass article (e.g., a plate or sheet) into multiple small pieces (e.g., < 1
mm); the number of fragments formed per unit area of the glass article; multiple crack
branching from an initial crack in the glass article; violent ejection of at least one
fragment to a specified distance (e.g., about 5 cm, or about 2 inches) from its original
location; and combinations of any of the foregoing breaking (size and density),
cracking, and ejecting behaviors. As used herein, the terms “frangible behavior” and
“frangibility” refer to those modes of violent or energetic fragmentation of a
strengthened glass article absent any external restraints, such as coatings, adhesive
layers, or the like. While coatings, adhesive layers, and the like may be used in
conjunction with the strengthened glass articles described herein, such external
restraints are not used in determining the frangibility or frangible behavior of the glass

articles.

[0027] Frangible behavior and non-frangible behavior of strengthened glass articles
may be determined by a point impact test using an instrument such as, for example, a
scribe with a tungsten carbide tip, that is delivered to the surface of the glass article
with a force that is just sufficient to release the internally stored energy present within
the strengthened glass article. That is, the point impact force is sufficient to create at
least one new crack at the surface of the strengthened glass sheet and extend the crack
through the compressive stress CS region (i.e., depth of layer) into the region that is

under central tension CT.

[0028] Accordingly, the chemically strengthened glasses described herein are “non-
frangible” — i.e., they do not exhibit frangible behavior as described hereinabove

when subjected to impact by a sharp object.
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[0029] Described herein are chemically strengthened glass articles for which
FSM_DOL > 0.1-t and, in some embodiments, FSM_DOL > 0.15-t, where t is the
thickness of the sample. The glasses are strengthened in an ion exchange bath
containing a potassium salt that is “poisoned” with greater than about 30 wt% of a
sodium salt such as NaNQOs. The thickness t is in a range from about 400 um (0.4
mm) to about 2000 um (2 mm).

[0030] Samples may also be strengthened using a two-step ion exchange (double
I0X) process to further increase the compressive stress at the surface of the glass and
thus create a compressive stress “spike” at the surface and extending to a depth of
about 30 um below the surface, and a “super-deep” DOL of about 150 pm without

demonstrating frangibility.

[0031] Super-deep DOL samples using a double 10X process with a spike and FSM
measured depth of layer FSM_DOL of greater than 120 pum, in some embodiments,
ranging from about 140um to about 150 pm, and, in still other embodiments, possibly
reaching FSM_DOL of at least about 186 um are provided. These double ion-
exchanged samples with a spike have a compressive stress maximum at in a range

from about 800 MPa to about 900 MPa and are not frangible.

[0032] Compressive stress CS and depth of layer DOL are measured using those
means known in the art. Such means include, but are not limited to, measurement of
surface stress (FSM) using commercially available instruments such as the FSM-
6000, manufactured by Luceo Co., Ltd. (Tokyo, Japan), or the like, and methods of
measuring compressive stress and depth of layer are described in ASTM 1422C-99,
entitled “Standard Specification for Chemically Strengthened Flat Glass,” and ASTM
1279.19779 “Standard Test Method for Non-Destructive Photoelastic Measurement of
Edge and Surface Stresses in Annealed, Heat-Strengthened, and Fully-Tempered Flat
Glass,” the contents of which are incorporated herein by reference in their entirety.
Surface stress measurements rely upon the accurate measurement of the stress optical
coefficient (SOC), which is related to the birefringence of the glass. SOC in turn is
measured by those methods that are known in the art, such as fiber and four point

bend methods, both of which are described in ASTM standard C770-98 (2008),
9
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entitled “Standard Test Method for Measurement of Glass Stress-Optical Coefficient,”
the contents of which are incorporated herein by reference in their entirety, and a bulk

cylinder method.

[0033] As used herein, the terms “DOL” and “FSM_DOL” refer to the depth of the

compressive layer as determined by surface stress measurements.

[0034] For strengthened glass articles in which the compressive stress layers extend
to deeper depths within the glass, the FSM technique may suffer from contrast issues
that affect the observed DOL value. At deeper depths of compressive layer, there
may be inadequate contrast between the TE and TM spectra, thus making the
calculation of the difference between the spectra of bound optical modes for TM and
TE polarization — and accurate determination the DOL — more difficult. Moreover,
the FSM software analysis is incapable of determining the compressive stress profile
(i.e., the variation of compressive stress as a function of depth within the glass). In
addition, the FSM technique is incapable of determining the depth of layer resulting
from the ion exchange of certain elements in the glass such as, for example, the ion

exchange of sodium for lithium.

[0035] The DOL as determined by the FSM is a relatively good approximation for the
depth of compression (DOC) when the DOL is a small fraction » of the thickness t and
the index profile has a depth distribution that is reasonably well approximated with a
simple linear truncated profile. When the DOL is a substantial fraction of the
thickness, such as DOL > 0.1-t, then the DOC is most often noticeably lower than the
DOL. For example, in the idealized case of a linear truncated profile, the relationship

DOC = DOL-(1 — r) holds, where » = DOL/.

[0036] The depth of compression Physical DOL, also known as IWKB DOL or
DOCL (depth of compression layer) is determined from the spectra of bound optical
modes for TM and TE polarization by using the inverse Wentzel-Kramers—Brillouin
(IWKB) method. As used herein, Physical DOL refers to the depth at which the
stress is effectively zero inside the glass. This Physical DOL is typically less than the
FSM_DOL measured by the FSM instrument for a single Ton exchange process. For

10
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double ion exchange processes, the measured FSM_DOL is not a reliable metric, due

to the nature of the instrument and its processing algorithm.

[0037] The shape and values of the stress profile in an ion exchanged glass are limited
by a known frangibility limit. This frangibility limit is usually expressed in terms of
the center tension CT, which is the value of the tensile stress in the center of the glass
at the position x, where x = thickness/2. The center tension CT naturally occurs due
to the force balance of the stress induced by the sample during the IOX process. The
integral or sum of the stress at each point in the compressive part of the profile has to
be equal to the integral or sum of the stress at each point in the tensile part of the

profile, so that the sample is flat and not curved.

[0038] If one assumes a single 10X (SIOX) profile, diffusion is guided by a
classical complementary error function. It has been found that the physical CT varies

with glass thickness as shown in FIG.1.

[0039] In FIG. 1, typical values of the physical center tension limit found as a
function of the thickness of the sample for a SIOX is shown. A curve can be fit to the
data in FIG. 1 to determine other physical center tension values between thicknesses
of 200 um to 1200 um. The following equation may then be used to describe how

classical physical CT values vary with thickness t, expressed in microns:

CT =-1.956x107"0 x 1 + 1.24274x10™"% x £ - 3.09196x10” x t* + 3.80391x10° x t° -
235207 x 107 x t* + 5.96241x10" x t + 36.5994 (1).

[0040] When trying to find the ranges of values where a super-deep DOL
sample can be made using a DIOX profile, another important parameter is the concept
of elastic energy. A typical stress profile of a glass sample subjected to the double ion
exchange (DIOX) process is schematically shown in FIG. 2. The energy stored in the
surface is in compression and the energy stored in the interior of the sample is tension.
The total energy Eioa is the sum of the energy in the surface plus the energy in the
interior Einerior Of the sample. The factor of 2 in the equations shown in FIG. 2
indicates that both sides of the glass must be integrated and taken into account. The

stress profile shown in FIG. 2 has a tail due to the first IOX step and a “spike” due to

11



WO 2016/073539 PCT/US2015/058919

the second 10X step. The position of the spike occurs where the magnitude (i.e.,
absolute value) of the slope of the stress increases to a value of greater than about 20
MPa/pum.

[0041] The elastic energy stored by the stress profile is calculated according to the

equation
Wel = %V)f O-de (2)7

where v is the Poisson ratio (0.22 for the example glass), E is Young’s modulus

(about 68 GPa for the example glass), and o is the stress.

[0042] The elastic energy (per unit area of glass) in each compression region (one on

cach outer surface) is:

WP = 22 (7% o2 dx (3).

el

[0043] The elastic energy in the tension region from the compression depth to the

center of the glass substrate is:

Wi =22 [0 g2 dx (4).

[0044] The total elastic energy stored in the substrate is twice the sum of the elastic

energy of the single compression region and the half tension region:
W = 20T e W) ()

[0045] Units for the quantities found in equations 2-5 are:

for stress: [6] = MPa = 10°N/m?;

for depth : [x] = pm = 107°m; and

for clastic ener er unit substrate area) : [W,] = MPa™ * MPa * 105 — % 10 5m =
gy (p .y

Nemo_ ]
mz_ = mm?

m2 = mm?2’
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[0046] Another metric is the elastic energy per unit substrate area per unit thickness
of the substrate, expressed in terms of J/m’mm. This is a more universal parameter
because it is independent of the thickness of the glass sample. The elastic energy per

thickness of the substrate is valid from thicknesses ranging from 50 pm to 2000 um.

[0047] In one embodiment, a frangibility criterion may be introduced in the form of a

normalized total energy, which defined as:

tot 7
Vl/,fé’ﬁn — Wy :foTthknessJZ (6),

)

[0048] Based on the above concepts, several double 10X experiments were
performed on 0.8 mm thick alkali aluminosilicate glass, which is described in U.S.
Patent Application No. 13/305,271, and has a nominal composition of about 57 mol%
Si0,, 0 mol% B,0s, about 17 mol% AlLOs, about 7% P;0s, about 17 mol% Na,O,
about 0.02 mol% KO, and about 3 mol% MgO. Here, detailed stress profile
extraction using an IWKB-based algorithm was employed. The method is described
in U.S. Patent 9,140,543, entitled “Systems and Methods for Measuring the Stress
Profile of Ton-Exchanged Glass,” filed May 3, 2012, by Douglas C. Allan et al. and
claiming priority from U.S. provisional patent application no. 61/489,800, filed on
May 25, 2011, and having the same title, the contents of which are incorporated
herein by reference in their entirety. The above procedure allowed the approximated
physical stress profile to be extracted and the Physical DOL or depth of compression
layer (DOCL) where the stress effectively crosses from compressive stress to tensile
stress at — and equals — zero to be pinpointed. By balancing tensile and compressive
forces across the sample, the physical CT may be computed. In addition, it is also
possible to approximate the elastic energies in compression and tension, as well as the
total elastic energy. In some embodiments, the Physical DOL is greater than 0.8-t

and, in some embodiments, greater than 0.12-1.

[0049] Examples of super-deep DOL obtained by the double or two-step 10X
processes are listed in Tables la and 1b. Table la includes parameters (bath
composition, temperature, ion exchange time) for the first and second ion exchange

baths and compressive stresses CS and depths of layer DOL, measured by FSM,
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following each ion exchange step. Table 1b lists sample frangibility; depth of
compression DOC, compressive stress CS, and physical center tension CT as
determined by the IWKB treatment; compressive, tensile, and total energies, and total
energy normalized for thickness. The glass samples listed in the tables each had a
thickness of 800 pum and the composition previously described hereinabove. All
samples shown in Tables 1a and b are non-frangible, including some samples for
which the physical CT as determined by the IWKB method is above the previously
reported CT frangibility limit of CTmax = -45 MPa for 800 um thick glass. These
samples track the elastic energy in the sample more closely, and if the correct region
of process parameters and stress profile targets of CS and DOL of the first and second
ion exchange steps are targeted, super-deep depths of layer and compression that were

previously believed to be unattainable may be achieved.

Table la. Ion exchange parameters for the first and second ion exchange baths and
compressive stresses CS and depths of layer DOL, measured by FSM for double-10X
processes (DIOX) for alkali aluminosilicate glass samples having a thickness of 800

um.

10X step 1 10X step 2
Mean | Mean Mean | Mean
Cs1 DOL1 CS1 | DOL1

wt% | time | Temp | (FSM) | (FSM) | wt% | time | Temp | (FSM) | (FSM)
Sample | Na (h) (°C) | [MPa] | [um] Na (h) (°C) | [MPa] | [um]

1 57 15 460 | 201.5 | 1366 | 0.5 025 | 390 | 201.5 [ 136.6
57 | 175 | 460 | 196.7 | 148.7 | 0.5 | 0.25 | 390 | 196.7 | 148.7
57 | 201 | 460 | 1958 | 1548 | 0.5 | 0.25 | 390 | 1958 | 154.8
57 26 460 | 194.2 | 163.8 | 0.5 | 0.25| 390 | 194.2 | 163.8
57 28 460 | 192.8 | 1766 | 0.5 |0.25| 390 | 192.8 | 176.6
57 | 321 | 460 | 189.1 | 1804 [ 0.5 | 0.25 | 390 | 189.1 | 180.4
49 15 460 | 2455 | 143.8 | 0.5 | 0.25| 390 | 2455 | 143.8
49 | 17.25| 460 | 2420 | 157.0 | 05 | 025 | 390 | 242.0 | 1570

N[O |~ WIN

Table 1b. Sample frangibility; depth of compression DOC, compressive stress CS,

and physical center tension CT as determined by the IWKB treatment; compressive,
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tensile, and total energies, and total energy normalized for thickness, determined for

the double ion exchanged samples listed in Table 1a.

IWKB | IWKB | IWKB | Compress- | Tensile | Total Total
DOC Cs CT ive Energy | Energy | Energy | Energy
Sample | Frangible | (um) | (MPa) | (MPa) (J/m?) (/m?) | ¢/m? | /m>mm)
1 no 96.81 | 921.38 | -38.73 85.08 10.92 96.00 120.00
2 no 100.72 | 901.46 | -40.17 85.47 11.59 97.06 121.33
3 no 107.92 | 927.36 | -43.27 87.49 13.12 100.62 125.77
4 no 115.48 | 983.50 | -46.46 91.15 14.74 105.89 132.36
5 no 117.53 | 956.90 | -47.36 89.02 15.20 104.23 130.28
6 no 124.91 | 833.79 | -50.87 88.14 17.09 105.23 131.54
7 no 103.57 | 948.16 | -48.53 105.13 16.75 121.88 152.35
8 no 108.57 | 882.65 | -51.09 101.20 18.26 119.47 149.33
[0050] The depths of layer DOL1 as measured with the FSM-6000 instrument

for the first ion exchange step were in a range from 136.6 um to 180.4 um and the
compressive stresses CS1 were in a range from 189 MPa to 245 MPa. Following the
second 10X step, the CS peak or spike was the range from 852 MPa to 890 MPa. The
spike extends from the surface to a depth of about 10 pm to about 11 um. The peak
width may, in practice, be somewhat controlled depending on the immersion time in
the second 10X bath. Peak widths from about 1 um to 25 pum and, in some
embodiments, up to about 30 um are possible for the spike region, depending on the

elastic energy stored in the sample.

[0051] For glass samples having the above composition with 800 um
thickness, two regions of interest have been identified based on concepts of physical
CT and elastic energy. The first region of interest is shown in FIG. 3, which is a map
of an area of interest for a glass having a Poisson ratio v = 65 GPa and a Young’s
modulus E = 65 GPa. The upper line A in FIG. 3 is the frangibility limit that has
been believed to exist, where CT = -45 MPa for a 800 um thick sample. Line B in
FIG. 3 is the normalized total energy, which is the integral of the stress squared. Line
B is the lower limit with a value of Eiq = 11.65 MPa®um x 10°, and corresponds to a
non-normalized total energy of Eya = 139.8 J/m®. Normalizing the thickness, (Eioa

/t)y=174.75 J/m”-mm for thickness t = 0.8 mm, which is a more universal value that is

15
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thickness independent. The area of interest is the area between lines A and B and can
be described to be an area where Physical CT > 45 MPa| and E < 139.8 J/m” for a
thickness t = 800 um. For a generic thickness, independent physical CT is greater
than

| -1.956x107'% x t° + 1.24274x10™"* x t* - 3.09196x10” x t* + 3.80391x10° x t* -
235207 x 107 x * + 5.96241x10™ x t + 36.5994 |,

where t is the thickness in microns and (Bt /t) = 174.75 J/m*mm, where t is the
same thickness, expressed in millimeters, for any dual IOX profile. The parameters
described by the area between lies A and B in FIG. 3 describe the poisoning level and
ion exchange time of the first IOX step. The second region of interest can be
visualized with the help of FIG. 4, which shows a map of an area of interest for the
glasses described herein having a Poisson ratio v = 65 GPa and a Young’s modulus E
= 65 GPa. The upper line C is the frangibility limit that has been believed to exist,
where CT = -45 MPa for a 800 um thick sample. Line D is the normalized energy
stored in the interior Eiyerior Of the sample that is in tension, which is the integral of
the stress squared from the point where the stress crosses zero to the center of the
sample and multiplied by 2 to take into account both sides of the sample. Line D in
FIG. 4 is the lower limit with a value of Ejeier = 2 MPa®pum x 10°, which
corresponds to a non-normalized total energy of Einerior = 24 J/m®. Normalizing the
thickness will result in (Eiperior/t) = 30 J/m*-mm for a thickness t = 800 um, which is a
more universal value that is independent of thickness. The area of interest to be
claimed is the arca between lines C and D can be described as an area where CT is
greater than the equations included in Figure 1 and (Einerio/t) < 30 J/m*mm, which is
valid for most thicknesses. Alternatively, the parameters describe in the area between
lines C and D of FIG. 4 describe poisoning levels and ion exchange times of the first
IOX step. This arca again illustrates the area of interest between limit lines C and
black D and can be described to be an area where: Physical CT > |45 MPa| and Eiyterior
< 24 J/m’ for a thickness t = 800 pm. Alternatively, for a generic thickness,
independent physical CT > | -1.956x107™ x t® + 1.24274x10™" x t* - 3.09196x10” x t*
+3.80391x10° x t* -2.35207 x 107 x t* + 5.96241x10™" x t + 36.5994 |,where t is the
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thickness in microns and (Eiperio/t{mm)) = 30 J/m*-mm for any dual or two-step 10X

profile.

[0052] Additional non-frangible samples having super-deep DOL have also been
obtained using longer IOX times, as shown in FIG. 5, which shows an example of a
super-deep 10X non-frangible stress profile obtained with a first IOX step of 32.1
hours at a temperature of 460 C using a bath containing 57 wt% of NaNO; and the
remaining 53 wt% being KNO;. This is followed by second IOX of 15 minutes (0.25
hours) at a temperature of 390°C in a bath containing 0.5 wt% NaNOs; + 0.5 wt% of
silicic acid + 99 % KNOj; to achieve a spike. An inverse-WKB (IWKB) procedure
was used to retry the approximated stress profile. An approximate finite-difference
IOX model was also used, resulting in good agreement between theory and
measurements. The depth of compression layer DOCL where the stress crosses zero
as pointed out by the IWKB and 10X model was about 130 um. In this case, the
values obtained with the FSM-6000 yielded CS = 890.3 MPa and DOL = 180.4 um.
The range of values between DOL = 120 um and DOL = 200 um and, in some
embodiments, between DOL = 140 pm to 150 um, can be deemed super-deep DOL

samples. This super-deep 10X stress profile again is non-frangible.

[0053] Other examples of super-deep 10X profiles were also obtained at a
thickness of 500 pm, where a non-frangible stress profile was made after a first [OX
step of 21 hours at 460°C in a bath containing 60% NaNOs and 40% KNOs, resulting
in an FSM-6000 DOL in the 146-149 um range and a CS of 177 MPa. The IWKB
procedure was used to characterize the stress profile with a measured DOCL of 95.8
um, CT of 60 MPa, Eiyeiior 0f 10.5 J/m® or (Einterior/t) of 21 J/m*m and total energy
Eowat of 30 J/m* or (Biow/t) of 60 J/m*mm well below the upper limit of 174.75
J/m*mm. This example is illustrated in Figure 6. A DIOX stress profile, which
includes a spike while maintaining the super-deep DOL as described in the examples
above, may be designed based on this example. For example, a DIOX process with a
first step ion-exchange at 460°C using a NaNOs/KNOs ion exchange bath having a
slightly higher level (61 wt%) of NaNOj; with a duration of 30 hours, combined with

the spike process described above, may, for example, be used for 500 um thick glass
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to obtain a non-frangible glass having a physical center tension CT of 96.9 MPa, total
energy (Eqowi/t) of 173.8 J/m*mm, a FSM-6000 DOL of 194 pum, DOCL of 91.4 um,
and CS of 823 MPa. In another embodiment of the DIOX process, a first [OX step of
30 hours at 460°C in a NaNO3/KNOj; ion exchange bath containing 65 wt% NaNQs3,
combined with the spike process described above results in a non-frangible glass
having a physical center tension CT of 85 MPa, a Eiyeiior /t 0f 29.4 J/mz-m, a total
energy Eiorar/t of 164 J/m*mm, a FSM-6000 DOL of 194 um, DOCL of 88.4 um, and
CS of 835 MPa.

[0054] In another aspect a method of strengthening a glass article having a thickness t
is provided. The method comprises a step in which the glass article is ion exchanged
in a first ion exchange bath comprising a potassium salt and at least 30 wt% of a
sodium salt to form a compressive layer extending from a surface of the glass article
to a depth of layer FSM_DOL of greater than 0.1-t, or a depth of compression DOC
and a tensile region under a physical center tension CT extending from the depth of
layer or depth of compression to the center of the glass at t/2. The compressive layer
has a compressive stress CS1 at the surface from about 100 MPa to about 400 MPa.
In a second step, the glass article is ion exchanged in a second ion exchange bath
comprising at least 90 wt% of a potassium salt to form a spike region extending from
the surface to a depth in a range from about 1 um to about 30 um below the surface.
The spike region has a maximum compressive stress CS of greater than about 500
MPa at the surface, and the stress profile in the spike region has a slope having an
absolute value of greater than about 20 MPa/um. The glass article strengthened

according to this method is non-frangible.

[0055] While typical embodiments have been set forth for the purpose of illustration,
the foregoing description should not be deemed to be a limitation on the scope of the
disclosure or appended claims. Accordingly, various modifications, adaptations, and
alternatives may occur to one skilled in the art without departing from the spirit and

scope of the present disclosure and appended claims
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CLAIMS

L. A glass article having a thickness t, a center at t/2, and a compressive
layer extending from a surface of the glass article to a depth of layer DOL of greater
0.1-t, where t is the thickness of the glass, the glass article having a maximum
compressive stress CS of greater than about 500 MPa at the surface, and a stress
profile having a spike region extending from the surface to about 30 pm below the
surface, the stress profile in the spike region having a slope, the slope having an

absolute value of greater than about 20 MPa/um.
2. The glass article of claim 1, wherein the glass is non-frangible.

3. The glass article of claim 1, wherein the compressive layer has a

Physical DOL of greater than 0.8-t.

4. The glass article of claim 1, wherein the maximum compressive stress

CS is greater than about 700 MPa.

5. The glass article of claim 1, wherein the spike region extends from the

surface to a depth in a range from about 8 pum to about 15 um below the surface.

6. The glass article of claim 1, wherein the thickness t is 0.8 mm, the
depth of layer DOL is greater than about 120 um, and the maximum compressive

stress is greater than about 700 MPa.

7. The glass of claim 1, wherein the glass article has a tensile region
under a physical center tension CT extending from the depth of layer or depth of
compression to the center of the glass, wherein the physical center tension CT is
greater than | -1.956x107¢ x £ + 1.24274x10™"% x t° - 3.09196x10 x t* + 3.80391x10°
S xt$2.35207 x 107 x * + 5.96241x107 x t + 36.5994 |.

8. The glass article of claim 1, wherein the glass article comprises an

alkali aluminosilicate glass.
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9. The glass article of claim 8, wherein the alkali aluminosilicate glass
comprises at least about 4 mol% P»Os and from 0 mol% to about 5 mol% B,Os,
wherein 1.3 < [(P,Os + Ry,0)/M»03] < 2.3, where MOz = ALO3 + B,0O3, and R,0 is

the sum of monovalent cation oxides present in the alkali aluminosilicate glass.

10. The glass article of claim 9, wherein the glass comprises from about 40
mol% to about 70 mol% SiO,; from about 11 mol% to about 25 mol% Al,Os; from 0
mol% to about 5 mol% B,Os; from about 4 mol% to about 15 mol% P,0s; from about

13 mol% to about 25 mol% Na,O; and from 0 mol% to about 1 mol% K,O.
11.  The glass article of claim 9, wherein 11 mol% < M>O3 < 30 mol%.

12. The glass article of claim 9, wherein RO is the sum of alkali metal
oxides, alkaline earth metal oxides, and transition metal monoxides present in the

glass, and wherein 13 mol% < RO <30 mol%.
13. The glass article of claim 8, wherein the glass article is lithium-free.

14. A glass article having a thickness t in a range from 0.4 mm to about 1.5
mm, a center at t/2, a compressive layer extending from a surface of the glass article
to a depth of layer DOL or depth of compression DOC, and a tensile region under a
physical center tension CT extending from the depth of layer or depth of

compression to the center, wherein:

a. the physical center tension CT is greater than | -1.956x107¢ x t° +
1.24274x10™"% x £ - 3.09196x107 x t* + 3.80391x10° x t* -2.35207
x 107 x * + 5.96241x10™" x t +36.5994 |; and

b. the glass article has a total elastic energy normalized per thickness
of the glass Ei, wherein (Eww/t(tmm)) = 174.75 J/m*mm,

wherein the glass article is non-frangible.

15. The glass article of claim 14, wherein the thickness is 0.8 mm, the
physical center tension CT is greater than [45 MPa|, and the total elastic energy Eiowal
is less than about 139.8 J/m’,
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16. The glass article of claim 14, wherein the thickness is 0.5 mm, the
physical center tension CT is greater than |63 MPal, and the total elastic energy Eioar 18
less than 87.4 J/m®,

17. A glass article having a thickness t in a range from about 0.4 mm to
about 1 mm, a compressive layer extending from a surface of the glass article to a
depth of layer DOL or depth of compression DOC, a center at t/2, and a tensile
region under a physical center tension CT extending from the depth of layer or depth

of compression to the center of the glass, wherein:

a. the physical center tension CT is greater than | -1.956x107¢ x t° +
1.24274x107"% x £ - 3.09196x10™ x t* + 3.80391x10 x t* -2.35207
x 107 x * + 5.96241x10™" x t +36.5994 |; and

b. the glass article has an elastic energy stored in the interior of the
sample in tension of Einerior, Wherein (Eiperio/t(mm)) = 30 J/m*-mm,

wherein the glass article is non-frangible.

18. The glass article of claim 17, wherein the thickness is 0.8 mm, the
physical center tension CT is greater than [45 MPa| and Ejnerior is less than about 24

J/m?.

19. The glass article of claim 17, wherein the thickness is 0.5 mm, the
physical center tension CT is greater than |63 MPa| and Eiyterior 1S less than about 18

J/m?,

20. A glass article strengthened by a two-step ion exchange process
comprising a first ion exchange step and a second ion exchange step, the glass article
having a thickness t in a range from about 0.4 mm to about 1 mm, a center at t/2, a
compressive layer extending from a surface of the glass article to a depth of layer
DOL or a depth of compression DOC, and a tensile region under a physical center
tension CT extending from the depth of layer to the center of the glass article, wherein
the glass article has a compressive stress CS1 of from 100 MPa to 400 MPa and a
depth of layer FMS DOL greater than 0.1-t after the first ion exchange step at the

21



WO 2016/073539 PCT/US2015/058919

surface and after the second ion exchange step a compressive stress CS2 of greater
than about than 500 MPa at the surface and a stress profile having a spike region in a
range from about the surface to about 30 um, wherein the stress profile in the spike

region has a slope has having an absolute value of greater than about 20 MPa/um.
21. The glass article of claim 20, wherein the glass is non-frangible.

22. The glass article of claim 20, wherein 1 the compressive layer has a

Physical DOL of greater than 0.8-t.

23. The glass article of claim 20, wherein the maximum compressive stress

CS is greater than about 700 MPa.

24, The glass article of claim 20, wherein the spike region extends from
the surface of the glass to a depth in a range from about 8§ um to about 15 pm below

the surface.

25. The glass article of claim 20, wherein the thickness t is 0.8 mm, the
depth of layer DOL is greater than about 120 pm, and the maximum compressive

stress is greater than about 700 MPa.

26. The glass of claim 20, wherein the glass article has a tensile region
under a physical center tension CT extending from the depth of layer or depth of
compression to the center of the glass at t/2, wherein the physical center tension CT
is greater than | -1.956x107¢ x t* + 1.24274x10™" x £ - 3.09196x10” x t* +
3.80391x10° x t* -2.35207 x 10™ x t* + 5.96241x10™" x t+ 36.5994 |.

27. The glass article of claim 20, wherein the glass article comprises an

alkali aluminosilicate glass.

28. The glass article of claim 27, wherein the alkali aluminosilicate glass
comprises at least about 4 mol% P,Os and from 0 mol% to about 5 mol% B,Os,
wherein 1.3 < [(P,Os + Ry,0)/M»03] < 2.3, where MOz = ALO3 + B,0O3, and R,0 is

the sum of monovalent cation oxides present in the alkali aluminosilicate glass.
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29. The glass article of claim 28, wherein the glass comprises from about
40 mol% to about 70 mol% SiO;; from about 11 mol% to about 25 mol% Al O3; from
0 mol% to about 5 mol% B,0O:; from about 4 mol% to about 15 mol% P,0s; from

about 13 mol% to about 25 mol% Na,O; and from 0 mol% to about 1 mol% K,O.
30. The glass article of claim 28, wherein 11 mol% < M,03 < 30 mo1%.

31. The glass article of claim 28, wherein RO is the sum of alkali metal
oxides, alkaline earth metal oxides, and transition metal monoxides present in the

glass, and wherein 13 mol% < RO <30 mol%.
32. The glass article of claim 27, wherein the glass article is lithium-free.

33. A method of strengthening a glass article having a thickness t and a

stress profile, the method comprising:

a. ion exchanging the glass article in a first ion exchange
bath, the first ion exchange bath comprising a potassium salt and at least 30 wt% of a
sodium salt, to form a compressive layer having a compressive stress CS1 at the
surface of from about 100 MPa to about 400 MPa, the compressive layer extending
from a surface of the glass article to a depth of layer FSM_DOL of greater than 0.1-t,
or depth of compression DOC, and a tensile region under a physical center tension CT
extending from the depth of layer or depth of compression to the center of the glass at

t/2; and

b. ion exchanging the glass article in a second ion
exchange bath, the second ion exchange bath comprising at least 90 wt% of a
potassium salt, to form a spike region extending from the surface to a depth of about
30 pum below the surface, the spike region having a maximum compressive stress CS
of greater than about 500 MPa at the surface, wherein the stress profile in the spike
region has a slope, the slope having an absolute value of greater than about 20

MPa/pum.

34. The method of claim 33, wherein the glass article in non-frangible after
ion exchanging in the second ion exchange bath.
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