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METHODS OF SEPARATING STRENGTHENED GLASS SHEETS BY
MECHANICAL SCRIBING

[0001] This application claims the benefit of priority under 35 U.S.C. § 120 of U.S.
Application Serial No. 13/477391 filed on May 22, 2012 the content of which is relied upon

and incorporated herein by reference in its entirety.

BACKGROUND

Field

[0002] The present disclosure generally relates to methods of separating strengthened
glass sheets by mechanical scribing and, more particularly, one-step methods of separating

strengthened glass sheets using a mechanical scribe.
Technical Background

[0003]  Glass sheets are used in a variety of industries including the electronics industry
where glass is used to cover displays. Examples of such applications include Liquid Crystal
Displays (LCDs) and Light Emitting Diode (LED) displays such as, for example, computer
monitors, televisions, and handheld devices. Conventionally, glass has been produced in
large sheets and is scored using a mechanical scoring wheel or a laser. After being scored, an
external force is applied to the glass sheet to break the glass along the score line. With the
glass portioned into smaller sizes, the glass partitions undergo further processing including,

for example, edge polishing and/or a chemical strengthening process.

[0004] Processing glass according to the conventional method has proven burdensome.
When glass is broken along the score line by an application of force, the application of force
tends to damage the glass portions, which may increase scrap rate. Further, for chemically
strengthened glass, introducing the glass portions to the chemical strengthening process after
scoring decreases throughput, as the smaller glass portions require increased operator

intervention as compared to processing a larger glass sheet.

[0005]  Accordingly, methods of separating strengthened glass sheets by mechanical

scribing are needed.
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SUMMARY
[0006] According to various embodiments, a method of separating a strengthened glass
sheet includes positioning a serrated scribing wheel at a position spaced apart from a first
edge of the glass sheet and offset below a top surface of the glass sheet, where the glass sheet
is an ion-exchanged glass sheet having a first strengthened surface layer and a second
strengthened surface layer under a compressive stress. The first and second strengthened
surface layers extend from a surface of the ion-exchanged glass sheet to a depth of layer
DOL, and a central region between the first strengthened surface layer and the second
strengthened surface layer is under tensile stress. The method also includes translating the
serrated scribing wheel in a first direction at an initiation speed such that the serrated scribing
wheel forms a crack initiation site comprising surface indentations extending into the first
strengthened surface layer, accelerating the serrated scribing wheel in the first direction from
the initiation speed to a scoring speed to scribe a score line extending into the glass sheet to a
median crack depth greater than DOL, and stopping the serrated scribing wheel in the first
direction before the score line reaches a second edge of the glass sheet. The method further
includes positioning the serrated scribing wheel at a position spaced apart from a third edge
of the glass sheet and offset below the top surface of the glass sheet, translating the serrated
scribing wheel in a second direction transverse to the first direction at a cross-cut initiation
speed such that the serrated scribing wheel forms a cross-cut crack initiation site comprising
surface indentations extending into the first strengthened surface layer, and accelerating the
serrated scribing wheel in the second direction from the cross-cut initiation speed to a cross-
cut scoring speed to scribe a cross-cut score line extending into the glass sheet to a cross-cut

median crack depth.

[0007]  According to further embodiments, a method of separating a strengthened glass
sheet includes positioning a serrated scribing wheel at a position spaced apart from a first
edge of the glass sheet and offset below a top surface of the glass sheet, where the glass sheet
is an ion-exchanged glass sheet having a first strengthened surface layer and a second
strengthened surface layer under a compressive stress. The first and second strengthened
surface layers extend from a surface of the ion-exchanged glass sheet to a depth of layer
DOL, and a central region between the first strengthened surface layer and the second
strengthened surface layer is under tensile stress. The method also includes translating the
serrated scribing wheel in a first direction at an initiation speed such that the serrated scribing

wheel forms a crack initiation site comprising surface indentations extending into the first
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strengthened surface layer, accelerating the serrated scribing wheel in the first direction from
the initiation speed to a scoring speed to scribe a score line extending into the glass sheet to a
median crack depth greater than DOL, and stopping the serrated scribing wheel in the first
direction before the score line reaches a second edge of the glass sheet. The score line is
completed in a score time measured from when the serrated scribing wheel contacts the glass
sheet to when the serrated scribing wheel is stopped, and the score line grows through the
central region after the score time. The method further includes positioning the serrated
scribing wheel at a position spaced apart from a third edge of the glass sheet and offset below
the top surface of the glass sheet, translating the serrated scribing wheel in a second direction
transverse to the first direction at a cross-cut initiation speed such that the serrated scribing
wheel forms a cross-cut crack initiation site comprising surface indentations extending into
the first strengthened surface layer, and accelerating the serrated scribing wheel in the second
direction from the cross-cut initiation speed to a cross-cut scoring speed to scribe a cross-cut

score line extending into the glass sheet to a cross-cut median crack depth.

[0008]  According to still further embodiments, a method of scoring a strengthened glass
sheet includes positioning a serrated scribing wheel at a position spaced apart from a first
edge of the glass sheet and offset below a top surface of the glass sheet, where the glass sheet
comprises a surface compression layer of depth DOL and a central region. The method also
includes translating the serrated scribing wheel in a first direction at an initiation speed such
that the serrated scribing wheel forms a crack initiation site comprising surface indentations
extending into the surface compression layer, accelerating the serrated scribing wheel in the
first direction from the initiation speed to a scoring speed to scribe a score line extending into
the glass sheet to a median crack depth greater than DOL, and stopping the serrated scribing
wheel in the first direction before the score line reaches a second edge of the glass sheet. The
score line is completed in a score time measured from when the serrated scribing wheel
contacts the glass sheet to when the serrated scribing wheel is stopped, and the score line

grows through the central region after the score time.

[0009] Additional features and advantages of the embodiments 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 that follows, the claims, as well as the

appended drawings.
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[0010] It should be understood that both the foregoing general description and the
following detailed description described 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 perspective view of a scoring mechanism
mechanically scoring a glass sheet in a first direction according to one or more embodiments

shown or described herein;

[0012] FIG. 2 schematically depicts a perspective view of a scoring mechanism
mechanically scoring a glass sheet in a second direction according to one or more

embodiments shown or described herein;

[0013]  FIG. 3 schematically depicts a front view of a scoring mechanism for mechanically

scoring a glass sheet according to one or more embodiments shown or described herein;

[0014] FIG. 4 schematically depicts a right sectional view along line B-B of FIG. 3 of the

serrated scoring wheel according to one or more embodiments shown or described herein;

[0015]  FIG. 5 schematically depicts a right sectional view along line A-A of FIG. 1 of the
mechanical scoring process according to one or more embodiments shown or described

herein;

[0016] FIG. 6 schematically depicts a right sectional view along line A-A of FIG. 1 of the
mechanical scoring process during an edge crash mode at a time period subsequent to the

time shown in FIG. 5 according to one or more embodiments shown or described herein;

[0017]  FIG. 7 schematically depicts a right sectional view along line A-A of FIG. 1 of the
mechanical scoring process at a time period subsequent to the time shown in FIG. 6

according to one or more embodiments shown or described herein;
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[0018] FIG. 8 schematically depicts a right sectional view along line A-A of FIG. 1 of the
mechanical scoring process at a time period subsequent to the time shown in FIG. 7

according to one or more embodiments shown or described herein;

[0019]  FIG. 9 schematically depicts a right sectional view along line A-A of FIG. 1 of the
mechanical scoring process at a time period subsequent to the time shown in FIG. 8

according to one or more embodiments shown or described herein;

[0020] FIG. 10 schematically depicts a top view of the mechanical scoring process of a

glass sheet according to one or more embodiments shown or described herein; and

[0021] FIG. 11 schematically depicts a top view of the mechanical scoring process
separating a glass sheet into a plurality of glass articles according to one or more

embodiments shown or described herein.
DETAILED DESCRIPTION

[0022] Reference will now be made in detail to embodiments of methods of separating
strengthened glass sheets by mechanical scribing, examples of which are illustrated in the
accompanying drawings. Whenever possible, the same reference numerals will be used
throughout the drawings to refer to the same or like parts. One embodiment of the method of
separating a strengthened glass sheet by mechanical scribing is depicted in FIGS. 1 and 2.
The mechanical scribe, here a serrated scribing wheel, is initially positioned away from an
edge of the strengthened glass sheet and is translated towards the glass sheet in an edge crash
mode that forms a crack initiation site. The mechanical scribe is accelerated and translates
along the strengthened glass sheet, and is stopped before reaching a second edge of the glass
sheet. As the mechanical scribe translates along the strengthened glass sheet, the mechanical
scribe forms a score line that extends a median crack distance through a thickness of the
glass. The score line continues to grow through the thickness of the glass sheet forming a
through-body crack, and also includes an unseparated portion that maintains some structural
rigidity of the glass sheet. The mechanical scribe is then positioned to scribe the strengthened
glass sheet in a second direction transverse to the first direction, forming cross-cut score lines
and portioning the strengthened glass sheet into a plurality of glass articles as the cross-cut
score lines grow through thickness of the glass sheet. Methods of separating strengthened
glass will be described in more detail herein with specific reference to the appended

drawings.
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[0023]  As used herein, the phrase “frangibility depth” refers to the depth a defect extends
into a glass sheet that causes the glass to energetically fragment into a large number of small

pieces without further application of force.

[0024] Chemically strengthened glass sheets are essentially glass substrates incorporating
engineered stress profiles across their thicknesses, with surface portions of the sheets being
brought to high levels of compressive stress, and interior portions into tensile stress, in the
course of chemical strengthening. The scoring of such sheets utilizing techniques developed
for the separation of large glass sheets such as those used for LCD display substrates
typically leads to glass cracking. According to theory, when a scoring force is applied to an
ion-exchanged chemically-strengthened glass article that is adequate to overcome the surface
compressive stress and initiate mediate cracking into the tensilely stressed interior of the
article, the crack propagates uncontrollably to cause spontaneous breakage of the article. In
accordance with the embodiments disclosed herein, however, a serrated scribing wheel with
an appropriate geometry is used to initiate controlled mechanical damage that overcomes the

residual surface compressive stress without undesired sheet separation or breakage.

[0025] Referring now to FIG. 1, a strengthened glass sheet 90 is positioned on a table 80.
The strengthened glass sheet 90 may substantially be in contact with the table 80. However,
due to variations in the glass sheet 90, portions of the glass sheet 90 may be spaced apart
from the support table 80. A scribing mechanism 100 is depicted as being positioned
proximate to the glass sheet 90 such that the scribing mechanism 100 forms a plurality of
score lines 92 that extend in a first direction 91. After the plurality of score lines 92 are
formed in the glass sheet 91 in the first direction 91, the scribing mechanism 100 is
positioned to form a plurality of cross-cut score lines 94 in the second direction 93 transverse

to the first direction 91, as depicted in FIG. 2.

[0026] Referring now to FIGS. 3 and 4, a portion of the scribing mechanism 100 is
depicted. The scribing mechanism 100 includes a serrated scribing wheel 110 positioned to
extend distally from a support structure 122 of a scribing head 120. The serrated scribing
wheel 110 includes a plurality of serrations 114 that extend inward from the contact surfaces
112. The contact surfaces 112 are formed by two peripheral surfaces 116, 117 that converge
at a wheel tip angle 118. The serrated scribing wheel 110 may be made from a variety of
materials suitable for creating defects in the glass sheet 90. Examples of such materials

include, without limitation, tungsten carbide and synthetic sintered diamond.
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[0027] A variety of configurations of the serrated scribing wheel 110 may be suitable for
forming the score lines 92 and the cross-cut score lines 94 in the glass sheet 90 based on the
composition and strength of the glass sheet 90. Such serrated scribing wheels 110 may be
commercially available, as an example and not a limitation, the “Micro Penett” line of wheels
from Mitsuboshi Diamond Industrial Co., Ltd. Of Osaka, Japan. In one exemplary
embodiment, the serrated scribing wheel 110 is made from polycrystalline diamond and has a
outer diameter, as evaluated along the contact surfaces 112, of about 2 mm, a wheel tip angle
118 of about 110 degrees, and about 360 serrations 114 around the outer diameter, where the
radial distance between the bottom of the serration 114 and the top of the contact surface 112

is about 3 um.

[0028] Referring again to FIG. 3, the scribing mechanism 100 includes a scribing head
120 positioned along a gantry system 124. The scribing head 120 positions the serrated
scribing wheel 110 proximate to the glass sheet 90 such that the serrated scribing wheel 110
contacts the glass sheet. The serrated scribing wheel 110 is mounted in the scribing head 120
such that the serrated scribing wheel 110 is free to rotate about its centerline as the contact
surfaces 112 of the serrated scribing wheel 110 contact the glass sheet 90. The scribing head
120 includes a force application mechanism 126 that controls the force with which the
serrated scribing wheel 110 is held against the glass sheet 90. The force application
mechanism 126 can vary the force applied to the serrated scribing wheel 110 while forming a
single score line 92. The force application mechanism 126 may use a variety of force-
application methods to control the force applied to the serrated scribing wheel 110 including,
but not limited to, pneumatic actuators, spring tensioners, and servo actuators known in the

art.

[0029] The gantry system 124 of the scribing mechanism 100 translates the scribing head
120 at a speed and a direction along the glass sheet 90 as to form the score lines 92 and the
cross-cut score lines 94 in the glass sheet 90. The speed at which the gantry system 124
translates the scribing head 120 may increase or decrease while continuing to translate the

scribing head 120 to form a single score line 92.

[0030] Referring now to FIGS. 5-9, the process of using the serrated scribing wheel 110 in
the scribing mechanism 100 to form a score line 92 is depicted. The mechanical scribing
method described herein is used to score glass sheets 90 made of strengthened glass. The

glass sheet 90 may be chemically strengthened by an ion-exchange process to produce a first
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strengthened surface layer 142 and a second strengthened surface layer 144 that are both
subject to internal compressive stresses. The first and second strengthened surface layers
142, 144 are separated from one another by a central region 146 subject to internal tensile
stress. The first and second strengthened surface layers 142, 144 extend to a depth of layer
DOL. For purposes of description, the glass sheet 90 described herein is positioned such that
the second strengthened surface layer 144 contacts the support table 80, and that the first

strengthened surface layer 142 is positioned as the top surface 96.

[0031] Referring to FIG. 5, the scribing head 120 is positioned such that the serrated
scribing wheel 110 is offset in the scoring direction 128 from the glass sheet 90 at time to.
The serrated scribing wheel 110 is also offset vertically from the top surface 96 of the glass
sheet 90. The vertical distance between the bottom of the serrated scribing wheel 110 and the
top surface 96 of the glass sheet 90 is defined as the incision depth 140. In some
embodiments, the incision depth 140 is set from about 20% to about 25% of the glass sheet
90 thickness. For example, when scoring glass sheets 90 having a thickness of about 0.5
millimeter, the serrated scribing wheel 110 is positioned such that the lowest-positioned
contact surface 112 of the serrated scribing wheel 110 is from about 0.1 millimeter to about

0.125 millimeter below the top surface 96 of the glass sheet 90.

[0032] The gantry system 124 (not shown in FIGS. 5-9) of the scribing mechanism 100
translates the scribing head 120 towards the glass sheet 90 such that the serrated scribing
wheel 110 contacts a first edge 98 of the glass sheet 90, at time t;, subsequent to time to, as
depicted in FIG. 6. As the contact surfaces 112 of the serrated scribing wheel 110 contact the
first edge 98 of the glass sheet 90 and are translated along the top surface 96 of the glass
sheet 90, force is applied by the force application mechanism 126, such that the serrated
scribing wheel 110 translates vertically from the incision depth 140 towards the top surface
96 of the glass sheet 90. In some embodiments, the normal force applied to the serrated
scribing wheel 110 is held constant during the scoring process by the force application
mechanism 126. For example, the normal force may be held from about 3 Newtons to about

6 Newtons.

[0033] The scribing head 120 translates at an initiation speed in the scoring direction 128
longitudinally along the top surface 96 of the glass sheet 90 for an engagement distance 129
(FIG. 7). The initiation speed is slower than the scoring speed, as will be described in greater

detail below. In some embodiments, the scribing head 120 translates at a speed that is from
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about 2 times the serrated scribing wheel 110 diameter per second to about 10 times the
serrated scribing wheel 110 diameter per second. For example, for a serrated scribing wheel
110 having a diameter of about 3 millimeters, the scribing head 120 translates at an initiation
speed from about 6 millimeters per second to about 30 millimeters per second. In some
embodiments, the engagement distance 129 is from about 2 times the serrated scribing wheel
110 diameter to about 4 times the serrated scribing wheel 110 diameter. For example, when
using a serrated scribing wheel 110 having a diameter of 3 millimeters, the engagement

distance 129 is from about 6 millimeters to about 12 millimeters.

[0034] Translating the serrated scribing wheel 110 into the first edge 98 of the glass sheet
90 and allowing the serrated scribing wheel 110 to translate vertically upwards such that the
contact surfaces 112 contact the top surface 96 of the glass sheet 90 is referred to herein as
the “edge crash” mode of initiating cracks into the glass sheet 90. The edge crash mode

forms a crack initiation site 130 in the top surface 96 of the glass sheet 90.

[0035] Referring now to FIG. 7, the scribing head 120 is depicted at time t, subsequent to
time t; in a position such that the serrated scribing wheel 110 is contacting the top surface 96
of the glass sheet 90, and spaced apart from the first edge 98 of the glass sheet 90. As
depicted, potions of the glass sheet 90 proximate to the first edge 98 exhibit a crack initiation
site 130 extending from both the first edge 98 and the top surface 96. This crack initiation
site 130 extends through the first strengthened layer of the glass sheet 90 proximate to the top
surface 96. Once the serrated scribing wheel 110 has been translated to a vertical position
such that the contact surfaces 112 contact the top surface 96 of the glass sheet 90 (see FIG.
3), the scribing head 120 accelerates from the initiation speed exhibited in the edge crash
mode to a scoring speed. In some embodiments, the scoring speed is from about 50 times the
serrated scribing wheel 110 diameter per second to about 100 times the serrated scribing
wheel 110 diameter per second. For example, for a serrated scribing wheel 110 having a
diameter of about 3 millimeters, the scoring speed is from about 150 millimeters per second
to about 300 millimeters per second. The scribing head 120 accelerates the serrated scribing
wheel 110 and translates the serrated scribing wheel 110 along the glass sheet 90 such that
the serrated scribing wheel 110 forms the score line 92. The score line 92 extends to a
median crack depth 148 into the glass sheet 90, such that the median crack depth 148 is
greater than the depth of layer of the glass sheet 90. In a time interval in which the serrated

scribing wheel 110 is positioned proximate to a given fixed position, or a “local arca of
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interest,” the median crack depth 148 of the score line 92 is less than the frangibility depth of
the glass sheet 90, the depth at which the glass sheet 90 is spontancously frangible and prone

to break into pieces in orientations away from the score line 92.

[0036] The contact surfaces 112 of the serrated scribing wheel 110 induce a pattern of
surface indentations 150 into the top surface 96 of the glass sheet 90. The size of and the
spacing between the surface indentations 150 correspond to the contact surfaces 112 and the
serrations 114 of the serrated scribing wheel 110. As the serrated scribing wheel 110
translates along the top surface 96 of the glass sheet 90, the serrated scribing wheel 110
induces a stress field into the glass sheet 90. The stress field is highest in areas of the glass
sheet 90 that contact the contact surfaces 112 of the serrated scribing wheel 110 (see FIGS. 3
and 4), which causes the surface indentations 150 in the glass sheet 90. The stress field
dissipates between the surface indentations 150 and at positions spaced away from the
surface indentations 150 along the top surface 96 of the glass sheet 90 and into the depth of
the glass sheet 90. The stress ficld causes the formation of the score line 92 to the median
crack depth 148 from the top surface 96 of the glass sheet 90. By controlling the force with
which the serrated scribing wheel 110 is held against the top surface 96 of the glass sheet 90,
the depth of the surface indentations 150 created by the serrated scribing wheel 110 can be

controlled such that the score line 92 is formed to a desired median crack depth 148.

[0037] Referring now to FIG. 8, at time t3 subsequent to time tp, the scribing head 120
continues to translate the serrated scribing wheel 110 along the top surface 96 of the glass
sheet 90 until the serrated scribing wheel 110 approaches a second edge 99 of the glass sheet
90 opposite the first edge 98. As the serrated scribing wheel 110 approaches the second edge
99, the scribing head 120 stops, and the force application mechanism 126 relieves force from
the serrated scribing wheel 110. In some embodiments, the termination distance 127 (FIG. 9)
between the second edge 99 of the glass sheet 90 and the stopping point of the serrated
scribing wheel 110 is at least 1 diameter of the serrated scribing wheel 110. For example,
when using a serrated scribing wheel 110 having a diameter of 3 millimeters, the termination
distance 127 is at least 3 millimeters. The time period in which the single score line 92 is
formed, beginning with the serrated scribing wheel 110 edge crashing the glass sheet 90 and
ending when force is removed from the glass sheet 90 by the serrated scribing wheel 110 at

the termination distance 127, is defined as the score time.

10
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[0038] As depicted in FIG. 9 at time ts subsequent to time t3, the scribing head 120
translates the serrated scribing wheel 110 vertically away from the top surface 96 of the glass
sheet 90 such that the contact surfaces 112 are no longer in contact with the glass sheet 90.
By stopping the serrated scribing wheel 110 at the termination distance 127 spaced apart from
the second edge 99 of the glass sheet 90, portions of the glass sheet 90 proximate to the
second edge 99 remain unscored, and therefore portions of the glass sheet 90 proximate to the
second edge 99 maintain structural integrity for handling or subsequent scoring operations.
However the score line 92 continues to grow through the thickness of the glass sheet 90 after

the score time.

[0039]  As the serrated scribing wheel 110 translates away from the local area of interest in
the glass sheet 90, the residual stresses in the stress field dissipate over time as the stress field
in regions of the glass sheet 90 proximate to the score line 92 relax. The dissipation of the
stress field may be attributed to redistribution of stresses in the glass sheet 90 following
formation of the surface indentations 150. As the serrated scribing wheel 110 is translated
away from the local area of interest, the stress field in the glass sheet 90 may be redistributed
such that the score line 92 continues to grow through the thickness of the glass sheet 90,
forming a through-body crack 95 along the path of formation of the score line 92. The
through-body crack 95 terminates at an unseparated portion 97 of the glass sheet 90 located
proximate to the second edge 99 of the glass sheet 90. The unseparated portion 97
corresponds to the portion of the glass sheet located proximate to the second edge 99 that was

not scored in the scoring operation described hereinabove.

[0040] Referring now to FIG. 10, the scribing mechanism 100 translates the serrated
scribing wheel 110 along the glass sheet 90 a plurality of times such that the serrated scribing
wheel 110 forms a corresponding plurality of score lines 92 in the first direction 91. The
plurality of score lines 92 continues to grow through the thickness of the glass sheet 90 such
that they form a corresponding plurality of through-body cracks 95 that are spaced apart from
the second edge 99 by the unseparated portion of the glass sheet 90. With the desired number
of score lines 92 formed in the glass sheet 90 in the first direction 91, the scribing mechanism
100 moves the serrated scribing wheel 110 to a position proximate to a third edge 198.
Similar to the method discussed hereinabove, the serrated scribing wheel 110 is positioned at
a vertical position below the top surface 96 of the glass sheet 90. The scribing mechanism

100 translates the scribing head 120 towards the glass sheet 90 such that the serrated scribing

11
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wheel 110 contacts the third edge 198 of the glass sheet 90 in an edge crash mode to initiate a
cross-cut crack initiation site 230 at the third edge 198. The scribing mechanism 100
translates the serrated scribing wheel 110 towards the third edge 198 at a cross-cut initiation
speed. As the serrated scribing wheel 110 contacts the third edge 198 of the glass sheet 90,
the serrated scribing wheel 110 is allowed to translate vertically upwards such that the
serrated scribing wheel 110 contacts the top surface 96 of the glass sheet 90. The cross-cut
crack initiation site 230 includes surface indentations formed by the serrated scribing wheel
110 that extend into the first strengthened surface layer 142 of the glass sheet 90 similar to
those shown in FIGS. 7 and 8.

[0041] Referring again to FIG. 10, with the scribing head 120 positioned such that serrated
scribing wheel 110 contacts the top surface 96 of the glass sheet 90, the serrated scribing
wheel 110 is accelerated in the second direction 93 to a cross-cut scoring speed to scribe a
cross-cut score line 94 across the glass sheet 90 towards a fourth edge 199. The cross-cut
score line 94 extends a cross-cut median crack depth into the glass sheet 90 that is deeper
than the first strengthened surface layer 142 of the glass sheet 90, similar to the median crack
depth 148 in FIGS. 7 and 8. In some embodiments, the cross-cut score line 94 extends across
a portion of the glass sheet 90. In other embodiments, the cross-cut score line 94 extends
across the entirety of the glass sheet 90 from the third edge 198 to the fourth edge 199. A
plurality of cross-cut score lines 94 may be formed across the glass sheet 90, according to the

end-use application.

[0042] Referring now to FIGS. 10 and 11, after the serrated scribing wheel 110 is
translated away from a local area of interest, each cross-cut score line 94 continues to grow
through the thickness of the glass sheet 90, such that the cross-cut score lines 94 form
through-body cracks through the glass sheet 90. As the cross-cut score lines 94 grow through
the thickness of the glass sheet 90, the glass sheet 90 separates along the through-body cracks
95 at positions corresponding to the score lines 92 and the cross-cut score lines 94. By
scoring the glass sheet 90 according to the methods described hereinabove, the glass sheet 90
is separated into a plurality of glass articles 160a-u each having a size and shape determined

by the spacing between adjacent score lines 92 and cross-cut score lines 94.

[0043] The glass articles 160 may separate from the glass sheet 90 without applying
additional force to the glass sheet 90 to separate along the score lines 92 and the cross-cut

score lines 94. Further, the glass articles 160 may separate sequentially from the glass sheet

12



WO 2013/176987 PCT/US2013/041591

90 in the order in which they are scribed. For example, glass articles 160a-¢ separate from
the glass sheet 90 before glass articles 160f-j, which separate from the glass sheet 90 before
glass articles 160k-1600, which separate from the glass sheet 90 before glass articles 160p-
160u.

[0044] The methods described hereinabove are used to mechanically score strengthened
glass sheets 90. The glass sheet 90 may be formed from an alkali aluminosilicate glass
composition. In one embodiment, the alkali aluminosilicate glass comprises: from about 64
mol% to about 68 mol% SiO,; from about 12 mol% to about 16 mol% NayO; from about 8
mol% to about 12 mol% AlO3; from 0 mol% to about 3 mol% B,0;; from about 2 mol% to
about 5 mol% K,O; from about 4 mol% to about 6 mol1% MgO; and from 0 mol% to about 5
mol% CaO; wherein: 66 mol% < Si0; + B,O3 + CaO < 69 mol%; Na,O + K,O + B,O; +
MgO + CaO + SrO > 10 mol%; 5 mol% < MgO + CaO + SrO < 8 mol%; (Na,O + B203) —
ALO; > 2 mol%; 2 mol% < Na,O — Al,O3 <6 mol%:; and 4 mol% < (Na,O + K;0) — ALO; <
10 mol%.

[0045] In another embodiment, the alkali aluminosilicate glass comprises: from about 60
mol% to about 70 mol% SiO»; from about 6 mol% to about 14 mol% AL Os; from 0 mol% to
about 15 mol% B,0;; from 0 mol% to about 15 mol% Li,O; from 0 mol% to about 20 mol%
NaO; from 0 mol% to about 10 mol% K,O; from 0 mol% to about 8 mol% MgO; from 0
mol% to about 10 mol% CaO; from 0 mol% to about 5 mol% ZrO; from 0 mol% to about 1
mol% SnO»; from 0 mol% to about 1 mol% CeO;; less than about 50 ppm As,;O3; and less
than about 50 ppm Sb,Os; wherein 12 mol% < Li,O + Na,O + Ky0 <20 mol% and 0 mol% <
MgO + CaO < 10 mol%.

[0046] In another embodiment, the alkali aluminosilicate glass comprises SiO, and NaO,
wherein the glass has a temperature Tszsi, at which the glass has a viscosity of 35 kilo poise
(kpoise), wherein the temperature Tireakdown @t Which zircon breaks down to form ZrO, and
Si0; is greater than Tssi,. In some embodiments, the alkali aluminosilicate glass comprises:
from about 61 mol % to about 75 mol% SiO,; from about 7 mol % to about 15 mol% Al,Os;
from 0 mol% to about 12 mol% B,0Os3; from about 9 mol % to about 21 mol%Na,O; from 0
mol % to about 4 mol% K,O; from 0 mol% to about 7 mol% MgQO; and 0 mol% to about 3
mol% CaO.
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[0047]  In another embodiment, the alkali aluminosilicate glass comprises at least 50 mol%
Si0, and at least one modifier selected from the group consisting of alkali metal oxides and
alkaline earth metal oxides, wherein [(ALOs; (mol%) + B,03(mol%))/(3. alkali metal
modifiers (mol%))] > 1. In some embodiments, the alkali aluminosilicate glass comprises:
from 50 mol% to about 72 mol% SiO; from about 9 mol% to about 17 mol% Al Os; from
about 2 mol% to about 12 mol% B,0O3; from about 8 mol% to about 16 mol% Na,O; and
from 0 mol% to about 4 mol% K,O.

[0048] In another embodiment, the alkali aluminosilicate glass comprises SiO,, ALOs,
P»0s, and at least one alkali metal oxide (R20), wherein 0.75 < [(P20s(mol%) + R,O(mo1%))/
M,03 (mol%)] < 1.2, where M;03 = ALOs + B>Os. In some embodiments, the alkali
aluminosilicate glass comprises: from about 40 mol% to about 70 mol% SiO,; from 0 mol%
to about 28 mol% B,0s; from 0 mol% to about 28 mol% Al,Os; from about 1 mol% to about
14 mol% P»Os; and from about 12 mol% to about 16 mol% R,0O; and, in certain
embodiments, from about 40 to about 64 mol% SiO,; from 0 mol% to about 8 mol% B,0s;
from about 16 mol% to about 28 mol% AlLOs; from about 2 mol% to about 12% P,0Os; and
from about 12 mol% to about 16 mol% R,O.

[0049] In still other embodiments, the alkali aluminosilicate glass comprises at least about
4 mol% P,0s, wherein (M203(mol%)/Rx0(mol%)) < 1, wherein M0z = Al,O3 + B,03, and
wherein RxO 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,O,Rb,0, Cs,O, MgO, CaO, SrO, BaO,

and ZnO. In some embodiments, the glass comprises 0 mol% B,0s.

[0050] In still another embodiment, the alkali aluminosilicate glass comprises at least
about 50 mol% SiO, and at least about 11 mol% Na,O, and the compressive stress is at least
about 900 MPa. In some embodiments, the glass further comprises Al,O3 and at least one of
B»03, K20, MgO and ZnO, wherein -340 + 27.1-Al,O3 — 28.7-B,03 + 15.6-Na,O — 61.4-K,0
+ 8.1-(MgO + Zn0) > 0 mol%. In particular embodiments, the glass comprises: from about 7
mol% to about 26 mol% AL Os; from 0 mol% to about 9 mol% B,03; from about 11 mol% to
about 25 mol% NaO; from 0 mol% to about 2.5 mol% K,0; from 0 mol% to about 8.5 mol%
MgO; and from 0 mol% to about 1.5 mol% CaO.
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[0051] In some embodiments, the alkali aluminosilicate glasses described hereinabove are
substantially free of (ie., contain 0 mol% of) of at least one of lithium, boron, barium,

strontium, bismuth, antimony, and arsenic.

[0052] In some embodiments, the alkali aluminosilicate glasses described hereinabove are
down-drawable by processes known in the art, such as slot-drawing, fusion drawing, re-

drawing, and the like, and has a liquidus viscosity of at least 130 kilopoise.

[0053] As previously described herein, the glass sheet 90, in one embodiment, is
chemically strengthened by an ion exchange process in which ions in the surface layer of the
glass are replaced by larger ions having the same valence or oxidation state. In one particular
embodiment, the ions in the surface layer and the larger ions are monovalent alkali metal
cations, such as Li" (when present in the glass), Na', K", Rb’, and Cs". Alternatively,
monovalent cations in the surface layer may be replaced with monovalent cations other than

alkali metal cations, such as Ag’, TI", Cu’, or the like.

[0054] The ion-exchange process creates a compressive stress at the surfaces of the glass
substrate. These compressive stresses extend beneath the surface of the glass substrate to a
certain depth, referred to as the depth of layer. The compressive stresses are balanced by a
layer of tensile stresses (referred to as central tension) such that the net stress in the glass
substrate is zero. The formation of compressive stresses at the surface of the glass substrate
makes the glass strong and resistant to mechanical damage and, as such, mitigates
catastrophic failure of the glass substrate for flaws which do not extend through the depth of

layer.

[0055] In one embodiment, the glass sheet 90 is chemically strengthened by ion-exchange
in which smaller sodium ions near the surface of the glass are exchanged with larger
potassium ions when the glass sheet 90 is placed in an ion exchange bath. Replacement of
the smaller sodium ions with the larger potassium ions causes a layer of compressive stress to

develop in the surfaces of the glass sheet 90.

[0056] In the embodiments described herein, the compressive stress and depth of layer
developed in the glass sheet 90 by strengthening are sufficient to improve the damage
tolerance of the glass sheet 90 while also facilitating further processing (such as by polishing
or further machining) without risk of introducing flaws into the glass article. In one

embodiment, the compressive stress may be from about 200 MPa to about 1000 MPa. In
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another embodiment, the compressive stress may be from about 500 MPa to about 800 MPa.
In yet another embodiment, the compressive stress may be from about 650 MPa to about 900
MPa. In one embodiment, the depth of layer may be from about 10 microns to about 80
microns. In another embodiment, the depth of layer may be from about 30 microns to about
60 microns. In yet another embodiment, the depth of layer may be from about 40 microns to

about 60 microns.

[0057]  Glass sheets processed according to the methods described hereinabove are scored
using a mechanical scoring process. The mechanical scoring process uses a serrated scribing
wheel to form score lines and cross-cut score lines in the glass sheet that extend a median
crack depth into the glass sheet. As the serrated scribing wheel is translated away, the score
line extends through the thickness of the glass sheet thereby forming a full-body crack that
does not reach the far edge of the glass sheet. The serrated scribing wheel is similarly
translated across the glass sheet in a second direction transverse to the first direction to form a
cross-cut score line. The glass sheet separates without further application of force into a
plurality of glass articles sized according to the spacing between adjacent score lines and

cross-cut score lines.
EXAMPLE

[0058] Chemically strengthened glass sheets were mechanically scored and separated
according to the methods described hereinabove. The glass sheets were Corning I0OX-FS
glass having a thickness of 0.55 millimeters having surface compression layers of 30 um
thickness and a surface compressive stress level of 750 MPa, with a calculated sheet central
tension of 33 MPa. The glass sheets were sectioned into smaller glass articles, each having
dimensions of 50 millimeters by 50 millimeters. Each sheet was mechanically scribed in
accordance with the method described herein utilizing a commercial abrasive glass cutting
machine, i.e., a MP Series glass cutting machine commercially obtained from MDI Schott
Advanced Processing GmbH of Mainz, Germany. The serrated scribing wheel used for
scoring the surfaces of the glass sheets was a Micro Penett 360-3/110°%D2.0 T 0.65 HO0.8 also
from MDI Schott.

[0059] To provide crack initiation sites in the glass sheets, the serrated scribing wheel was
edge crashed by positioning the serrated scribing wheel to be about 5 millimeters away from

the glass sheet at an incision depth of 0.15 millimeters below the top surface of the glass
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sheet. The serrated scribing wheel was translated at an initiation speed of 5 millimeters per
second to edge crash the glass sheet for a distance of about 5 millimeters from the edge. The
serrated scribing wheel was accelerated to a scribing speed of about 250 millimeters per
second to form the score line across the majority of the glass sheet at machine pressures of
0.03, 0.04, 0.05, and 0.06 MPa. The machine pressures correspond to normal loads imparted
by the serrated scribing wheel onto the glass sheets of 3, 4, 5, and 6 Newtons, respectively.
Translation of the serrated scribing wheel along the glass sheets was terminated with the
serrated scribing wheel at approximately 3 times the serrated scribing wheel diameter, or

about 6 millimeters from the edge.

[0060] The glass sheets were cross-cut using the same machine and serrated scribing
wheel. Parameters of the edge crash mode forming the cross-cut initiation sites for the cross-
cut score lines were consistent with the initiation sites for the score lines. However, the
cross-cut scoring speed was about 93% of the scoring speed, or about 232 millimeters per

second.

[0061] Optimum results of self-separation of glass articles following mechanical scribing

were observed when a normal load of 5 Newtons was applied to the serrated scribing wheel.

[0062] 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.

[0063] While particular embodiments have been illustrated and described herein, it should
be understood that various other changes and modifications may be made without departing
from the spirit and scope of the claimed subject matter. Moreover, although various aspects
of the claimed subject matter have been described herein, such aspects need not be utilized in
combination. It is therefore intended that the appended claims cover all such changes and

modifications that are within the scope of the claimed subject matter.
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CLAIMS

L. A method of separating a strengthened glass sheet comprising:

positioning a serrated scribing wheel at a position spaced apart from a first edge of the
glass sheet and offset below a top surface of the glass sheet, wherein the glass sheet is an ion-
exchanged glass sheet having a first strengthened surface layer and a second strengthened
surface layer under a compressive stress and extending from a surface of the ion-exchanged
glass sheet to a depth of layer DOL, and a central region between the first strengthened
surface layer and the second strengthened surface layer that is under tensile stress;

translating the serrated scribing wheel in a first direction at an initiation speed such
that the serrated scribing wheel forms a crack initiation site comprising surface indentations
extending into the first strengthened surface layer;

accelerating the serrated scribing wheel in the first direction from the initiation speed
to a scoring speed to scribe a score line extending into the glass sheet to a median crack depth
greater than DOL;

stopping the serrated scribing wheel in the first direction before the score line reaches
a second edge of the glass sheet;

positioning the serrated scribing wheel at a position spaced apart from a third edge of
the glass sheet and offset below the top surface of the glass sheet;

translating the serrated scribing wheel in a second direction transverse to the first
direction at a cross-cut initiation speed such that the serrated scribing wheel forms a cross-cut
crack initiation site comprising surface indentations extending into the first strengthened
surface layer; and

accelerating the serrated scribing wheel in the second direction from the cross-cut
initiation speed to a cross-cut scoring speed to scribe a cross-cut score line extending into the
glass sheet a cross-cut median crack depth.
2. The method of claim 1, wherein at a fixed position on the glass sheet, the score line
grows through the central region at a time after the serrated scribing wheel has been
translated away from the fixed position.
3. The method of claim 2, wherein a stress field within the central region surrounding
the fixed position relaxes after the serrated scribing wheel has been translated away from the

fixed position, inducing the score line to grow through the central region.
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4. The method of any one of claims 1-3, further comprising scoring a plurality of spaced
score lines in the first direction from a plurality of crack initiation sites from the first edge.
5. The method of claim 4, wherein the glass sheet is separated into glass portions along
the cross-cut score line and the plurality of score lines.
6. The method of any one of claims 1-3, further comprising scoring a plurality of cross-
cut score lines in the second direction from a plurality of cross-cut crack initiation sites from
the third edge.
7. The method of any one of claims 1-3wherein the serrated scribing wheel is stopped in
the first direction an termination offset distance that is at least greater than a diameter of the
serrated scribing wheel.
8. The method of any one of claims 1-3, wherein after the serrated scribing wheel is
accelerated to the scoring speed, applying a normal force to the serrated scribing wheel in a
direction towards the top surface of the glass sheet.
9. The method of any one of claims 1-3, wherein the glass sheet has a thickness of less
than 1.5 mm.
10. The method of any one of claims 1-3, wherein the serrated scribing wheel applies a
force to the glass sheet that is less than 6 Newtons.
11. A method of separating a strengthened glass sheet comprising:

positioning a serrated scribing wheel at a position spaced apart from a first edge of the
glass sheet and offset below a top surface of the glass sheet, wherein the glass sheet is an ion-
exchanged glass sheet having a first strengthened surface layer and a second strengthened
surface layer under a compressive stress and extending from a surface of the ion-exchanged
glass sheet to a depth of layer DOL, and a central region between the first strengthened
surface layer and the second strengthened surface layer that is under tensile stress;

translating the serrated scribing wheel in a first direction at an initiation speed such
that the serrated scribing wheel forms a crack initiation site comprising surface indentations
extending into the surface compression layer;

accelerating the serrated scribing wheel in the first direction from the initiation speed
to a scoring speed to scribe a score line extending into the glass sheet to a median crack depth
greater than DOL;

stopping the serrated scribing wheel in the first direction before the score line reaches
a second edge of the glass sheet, wherein the score line is completed in a score time measured
from when the serrated scribing wheel contacts the glass sheet to when the serrated scribing

wheel is stopped, and the score line grows through the central region after the score time;
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positioning the serrated scribing wheel at a position spaced apart from a third edge of
the glass sheet and offset below the top surface of the glass sheet;

translating the serrated scribing wheel in a second direction transverse to the first
direction at a cross-cut initiation speed such that the serrated scribing wheel forms a cross-cut
crack initiation site comprising surface indentations extending into the surface compression
layer; and

accelerating the serrated scribing wheel in the second direction from the cross-cut
initiation speed to a cross-cut scoring speed to scribe a cross-cut score line extending into the
glass sheet a cross-cut median crack depth.
12.  The method of claim 11, further comprising scoring a plurality of spaced score lines
in the first direction from a plurality of crack initiation sites from the first edge.
13. The method of claim 12, wherein the glass sheet is separated into glass portions along
the cross-cut score line and the plurality of score lines.
14. The method of any one of claims 11-13, further comprising scoring a plurality of
cross-cut score lines in the second direction from a plurality of cross-cut crack initiation sites
from the third edge.
15. The method of any one of claims 11-13, further comprising inducing residual stresses
into the glass sheet during the score time, wherein the residual stresses relax after the score
time.
16. The method of any one of claims 11-13, wherein the serrated scribing wheel applies a
force to the glass sheet that is less than 6 Newtons.
17. A method of scoring a strengthened glass sheet comprising:

positioning a serrated scribing wheel at a position spaced apart from a first edge of the
glass sheet and offset below a top surface of the glass sheet, wherein the glass sheet
comprises a surface compression layer of depth DOL and a central region;

translating the serrated scribing wheel in a first direction at an initiation speed such
that the serrated scribing wheel forms a crack initiation site comprising surface indentations
extending into the surface compression layer;

accelerating the serrated scribing wheel in the first direction from the initiation speed
to a scoring speed to scribe a score line extending into the glass sheet to a median crack depth
greater than DOL; and

stopping the serrated scribing wheel in the first direction before the score line reaches

a second edge of the glass sheet, wherein the score line is completed in a score time measured
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from when the serrated scribing wheel contacts the glass sheet to when the serrated scribing
wheel is stopped, and the score line grows through the central region after the score time.
18. The method of claim 17, wherein translating the serrated scribing wheel at the

initiation speed forms the crack initiation site in an edge crash mode.

19. The method of claim 18, wherein the score line grows through the glass sheet and
forms a through-body crack.

20. The method of any one of claims 17-19, wherein a stress field within the central
region surrounding the fixed position relaxes after the serrated scribing wheel has been
translated away from a fixed position, inducing the score line to grow through the central
region such that, at the fixed position on the glass sheet, the score line grows through the
central region at a time after the serrated scribing wheel has been translated away from the

fixed position.
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