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(57) A glass tube production method includes (1) pre-
paring a tubular glass material, (2) irradiating an outer
main surface of the tubular glass material with a laser to
form an in-plane void region having a plurality of voids
arranged on the outer main surface, and forming a plu-
rality of internal void rows each having one void or two
or more voids arranged from the in-plane void region to-
ward an inner main surface of the tubular glass material,
and (3) chemically strengthening the tubular glass ma-
terial having the internal void rows formed therein.
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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The disclosure discussed herein generally relates to a glass article, a glass tube and the like, in particular to a
chemically strengthened glass article, a chemically strengthened glass tube, and the like.

2. Description of the Related Art

[0002] Laboratory glass tubes, medical glass tubes, heat collection glass tubes, etc., used for producing glass articles
may generally require high strength. A chemical strengthening treatment is thus often applied to such glass tubes which
act as materials for glass articles.
[0003] The chemical strengthening treatment is a process of immersing a glass tube in a molten salt containing an
alkali metal to replace alkali metal ions having a smaller atomic diameter present on the surface of the glass tube with
alkali metal ions having a larger atomic diameter present in the molten salt.
[0004] The application of the chemical strengthening treatment introduces alkali metal ions having an atomic diameter
larger than that of the original atom to the surface of the glass tube. As a result, a compressive stress layer is formed
on the surface of the glass substrate, thereby improving the strength of the glass tube.
[0005] Note that chemically strengthened glass articles are typically produced through the following steps:

(I) preparing a large-sized tubular glass material;
(II) cutting and acquiring two or more glass tubes having a product shape from the large-sized tubular glass material;
and
(III) chemically strengthening the acquired glass tubes.

[Citation List]

[Patent Literature]

[0006]

[PTL 1] U.S. Patent Application Publication No. 2015/0166393
[PTL 2] Japanese Translation of PCT International Application Publication No. JP-T-2013-536081
[PTL 3] U.S. Patent Application Publication No. 2012/0196071

SUMMARY OF THE INVENTION

[Technical Problem]

[0007] In the related-art production method, a large number of glass tubes having a final shape may need to be handled
from the cutting in (II) to the chemical strengthening treatment in (III). However, the glass tubes at this stage are yet to
be chemically strengthened, indicating that the glass tubes may be particularly prone to scratch on its end face. Thus,
sufficiently careful handling may be required for these glass tubes. For example, to chemically strengthen a glass tube
having a final shape, sufficient measures may be required for supporting or identifying the glass tube in the molten salt
or for contacting the glass tube with a glass tube handling tool.
[0008] As described above, the related-art production method may have some difficulty in handling of glass tubes. In
addition, the related-art production method may have some difficulty in ensuring mainly the quality of strength in the
finally obtained glass articles, failing to exhibit much improvement in the producing yield of the glass articles.
[0009] In order to overcome such difficulties, the following production method may be considered; that is, a chemical
strengthening treatment is applied to a large-sized glass material in advance, and the large-sized glass material is
subsequently cut to thereby produce chemically strengthened glass articles.
[0010] However, such a production method still has a difficulty in cutting the glass articles from the glass material
because the surface of the glass material is chemically strengthened. Further, even when a glass article is assumed to
have been successfully cut out by the above-described production method, the glass article obtained by this production
method has an end face that will not be chemically strengthened, thereby failing to acquire sufficient strength.
[0011] The present invention has been made in view of such a background, and it is an object of the present invention
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to provide a glass article production method and a glass tube production method capable of providing a glass article
having excellent strength while significantly controlling deterioration in external appearance quality due to scratches. It
is also an object of the present invention to provide a glass article and a glass tube produced by such production methods.
In addition, it is still an object of the present invention to provide a glass article production apparatus capable of producing
such a glass article.

[Solution to Problem]

[0012] A glass tube production method according to an embodiment of the present invention includes the following
steps:

(1) preparing a tubular glass material;
(2) irradiating an outer main surface of the tubular glass material with a laser to form an in-plane void region having
a plurality of voids arranged on the outer main surface, and forming a plurality of internal void rows each having one
void or two or more voids arranged from the in-plane void region toward an inner main surface of the tubular glass
material; and
(3) chemically strengthening the tubular glass material having the internal void rows formed therein.

[0013] In this glass tube production method, the glass material in the step (1) may be produced by a person who
performs the glass tube production method, or may be purchased from a third party.
[0014] Further, a glass article production method according to an embodiment of the present invention includes the
following steps:

producing a glass tube by the glass tube production method having the above-described features, the glass tube
having a first main surface corresponding to the outer main surface of the glass material and a second main surface
corresponding to the inner main surface of the glass material; and
separating one glass article, or two or more glass articles from the glass tube along a plane passing through the in-
plane void region and the plurality of internal void rows.

[0015] In addition, a glass tube according to an embodiment of the present invention includes
an in-plane void region having a plurality of voids arranged on an outer main surface of the glass tube; and
a plurality of internal void rows each having one void or two or more voids arranged from the in-plane void region toward
an inner main surface of the glass tube; and
a cut surface obtained by cutting the glass tube to pass through the in-plane void region and the plurality of internal void
rows, the cut surface having a compressive stress layer formed by applying a chemical strengthening treatment over
the entire cut surface.
[0016] Further, a glass tube according to an embodiment of the present invention includes
an in-plane void region having a plurality of voids arranged on an outer main surface of the glass tube; and
a plurality of internal void rows each having one void or two or more voids arranged from the in-plane void region toward
an inner main surface of the glass tube; and
a cut surface obtained by cutting the glass tube to pass through the in-plane void region and the plurality of internal void
rows, the cut surface having a concentration profile of predetermined alkali metal ions from the outer main surface of
the glass tube to the inner main surface of the glass tube indicating concentration of the predetermined alkali metal ions
being higher than bulk concentration of the glass tube,
where the predetermined alkali metal ions provide a compressive stress layer to at least the outer main surface of the
glass tube to increase strength of at least the outer main surface of the glass tube.
[0017] Moreover, a glass tube according to an embodiment of the present invention includes
an in-plane void region having a plurality of voids arranged on an outer main surface of the glass tube; and
a plurality of internal void rows each having one void or two or more voids arranged from the in-plane void region toward
an inner main surface of the glass tube; and
a cut surface obtained by cutting the glass tube to pass through the in-plane void region and the plurality of internal void
rows, the cut surface having a concentration profile of predetermined alkali metal ions from the outer main surface of
the glass tube to the inner main surface of the glass tube indicating concentration of the alkali metal ions becoming
higher toward at least the outer main surface of the glass tube,
where the predetermined alkali metal ions provide a compression stress layer to at least the outer main surface to
increase strength of at least the outer main surface, and
where the concentration profile of the cut surface indicates concentration of the alkali metal ions being higher than bulk
concentration of the glass tube.
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[0018] Further, a glass article according to an embodiment of the present invention includes
an outer main surface;
an inner main surface; and
at least one end face joining the outer and inner main surfaces,
where the end face has a concentration profile of predetermined alkali metal ions from the outer main surface to the
inner main surface indicating concentration of the alkali metal ions becoming higher toward at least the outer main surface,
where the predetermined alkali metal ions provide a compression stress layer to at least the outer main surface to
increase strength of at least the outer main surface, and
wherein the concentration profile of the end face indicates concentration of the alkali metal ions being higher than bulk
concentration of the glass article.
[0019] Further, a glass article production apparatus according to an embodiment of the present invention includes
a separation unit configured to separate one glass article or two or more glass articles from the glass tube having the
above-described features,
where the separation unit separates the one glass article or two or more glass articles by applying a pressure to the
outer main surface of the glass tube and/or by applying a tensile stress due to a thermal stress along the in-plane void
region of the glass tube.

[Advantageous effect of Invention]

[0020] The present invention may provide a glass article production method and a glass tube production method
capable of providing a glass article having excellent strength while significantly controlling deterioration in external
appearance quality due to scratches. The present invention may further provide a glass article and a glass tube produced
by such production methods. In addition, the present invention may still further provide a glass article production apparatus
capable of producing such a glass article.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Other objects and further features of embodiments will become apparent from the following detailed description
when read in conjunction with the accompanying drawings, in which:

[FIGURE 1]
FIG. 1 is a flowchart schematically illustrating a method for producing a glass article according to an embodiment
of the present invention.
[FIGURE 2]
FIG. 2 is a diagram schematically illustrating a configuration of a glass material that may be used in a method for
producing a glass article according to an embodiment of the present invention.
[FIGURE 3]
FIG. 3 is a schematic diagram describing respective configurations of an in-plane void region and internal void rows.
[FIGURE 4]
FIG. 4 is a diagram schematically illustrating a configuration of an in-plane void region.
[FIGURE 5]
FIG. 5 is a diagram schematically illustrating a configuration of two or more in-plane void regions formed on a first
main surface of a glass material.
[FIGURE 6]
FIG. 6 is a diagram schematically illustrating a configuration of an in-plane void region.
[FIGURE 7]
FIG. 7 is a diagram schematically illustrating another configuration of an in-plane void region.
[FIGURE 8]
FIG. 8 is a flowchart schematically illustrating a method for producing a glass tube according to an embodiment of
the present invention.
[FIGURE 9]
FIG. 9 is a diagram schematically illustrating a glass article according to an embodiment of the present invention.
[FIGURE 10]
FIG. 10 is a diagram schematically illustrating a concentration profile of introduced ions in a thickness direction on
one end face of a glass article according to an embodiment of the present invention.
[FIGURE 11]
FIG. 11 is a diagram schematically illustrating a glass tube according to an embodiment of the present invention.
[FIGURE 12]



EP 3 345 878 A1

5

5

10

15

20

25

30

35

40

45

50

55

FIG. 12 is an SEM photograph illustrating examples of a first main surface and a cross section of a first glass tube.
[FIGURE 13]
FIG. 13 is an SEM photograph illustrating an example of an internal void row in a virtual end face of a glass tube
according to an embodiment of the present invention.
[FIGURE 14]
FIG. 14 is an SEM photograph illustrating an example of an internal void row in a virtual end face of a glass tube
according to an embodiment of the present invention.
[FIGURE 15]
FIG. 15 is an SEM photograph illustrating an example of an internal void row in a virtual end face of a glass tube
according to an embodiment of the present invention.
[FIGURE 16]
FIG. 16 is a diagram illustrating a relationship between a glass substrate and acquired samples in Examples.
[FIGURE 17]
FIG. 17 is a diagram depicting an in-plane stress distribution result measured on a first end face of a sample A.
[FIGURE 18]
FIG. 18 is a diagram depicting an in-plane stress distribution result measured on a first end face of a sample B.
[FIGURE 19]
FIG. 19 is a diagram depicting an in-plane stress distribution result measured on a first end face of a sample C.
[FIGURE 20]
FIG. 20 is a graph illustrating results of a potassium ion concentration analysis obtained in sample A.
[FIGURE 21]
FIG. 21 is a graph illustrating results of a potassium ion concentration analysis obtained in sample B.
[FIGURE 22]
FIG. 22 is a graph illustrating results of a potassium ion concentration analysis obtained in sample C.
[FIGURE 23]
FIG. 23 is a diagram schematically illustrating a configuration of a flat bending test apparatus.
[FIGURE 24]
FIG. 24 is a diagram schematically illustrating a configuration of a longitudinal bending test apparatus.
[FIGURE 25]
FIG. 25 is a diagram (Weibull distribution diagram) illustrating results of a flat bending test obtained for each sample.
[FIGURE 26]
FIG. 26 is a diagram (Weibull distribution diagram) illustrating results of a longitudinal bending test obtained for each
sample.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0022] The following describes an embodiment of the present invention with reference to accompanying drawings.
(GLASS ARTICLE PRODUCTION METHOD ACCORDING TO ONE EMBODIMENT OF THE PRESENT INVENTION)
[0023] In the following, a method for producing a glass article according to an embodiment of the present invention
will be described with reference to FIGS. 1 to 7.
[0024] FIG. 1 schematically illustrates a flow of a method for producing a glass article (hereinafter referred to as a
"first production method") according to an embodiment of the present invention.
[0025] As illustrated in FIG. 1, the first production method includes
a step of preparing a tubular glass material (glass material preparation step) (step S110);
a step of irradiating an outer main surface of the tubular glass material with a laser to form an in-plane void region in the
outer main surface of the tubular glass material and to form an internal void row inside the tubular glass material (laser
irradiation step) (step S120);
a step of chemically strengthening the tubular glass material (chemical strengthening step) (step S130); and
a step of separating a glass article from the chemically strengthened tubular glass material along the in-plane void region
and the internal void row (separation step) (step S140).
[0026] The respective steps will be described below with reference to FIGS. 2 to 7. FIGS. 2 to 7 are diagrams sche-
matically illustrating respective steps of the first production method. The outer main surface and an inner main surface
are hereinafter expressed as a first main surface and a second main surface, respectively.

(STEP S110)

[0027] First, a tubular glass material having a first main surface and a second main surface opposite each other is
prepared.
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[0028] A glass composition of the glass material is not particularly specified insofar as the glass composition is capable
of being chemically strengthened. The glass material may be, for example, soda-lime glass, aluminosilicate glass, alkali
aluminosilicate glass or the like.
[0029] At this stage, the glass material may be or may not be applied with a chemical strengthening treatment. Noted
that the chemical strengthening treatment described above differs from the chemical strengthening treatment applied
in the later-described step S130.
[0030] In order to clarify this difference, the chemical strengthening treatment at this stage is called a "preliminary
chemical strengthening treatment" to be distinguished from the later-described chemical strengthening treatment.
[0031] The number of preliminary chemical strengthening treatments to be applied may be once, or twice or more,
and is not particularly limited. When the preliminary chemical strengthening treatment is applied twice or more, a profile
of a residual stress layer in a direction orthogonal to the main surface may be made different from a profile obtained
when the preliminary chemical strengthening treatment is applied only once.
[0032] The thickness of the glass material is not particularly specified; the thickness of the glass material may be in
a range of 0.1 to 10 mm, for example.
[0033] The glass material need not be a linear tube and may be a bent tube. Further, the diameter of the tube may
be constant or vary along the axis of the tube. The shape of the cross section orthogonal to the axis of the tube may be
circular, elliptical, polygonal, or a combination of compound curves.
[0034] FIG. 2 schematically illustrates a configuration of a tubular glass material 110 as an example. The glass material
110 has a first main surface 112, a second main surface 114, and an end face 116.

(STEP S120)

[0035] Next, the tubular glass material 110 is irradiated with a laser. As a result, an in-plane void region is formed on
the first main surface 112 of the glass material 110. Plural internal void rows are formed from the in-plane void region
toward a tube axis side, that is, toward the second main surface 114.
[0036] Note that the "in-plane void region" indicates a linear region having two or more surface voids formed in a
predetermined arrangement. In addition, the "internal void row" indicates a linear region having one void or two or more
voids formed in the glass material from the first main surface toward the second main surface.
[0037] In the following, configurations of "in-plane void region" and "internal void row" will be described in more detail
with reference to FIG. 3. FIG. 3 schematically illustrates an in-plane void region and internal void rows formed on the
outer surface of the glass material. Note that FIG. 3 only partially illustrates the in-plane void region and the internal void
rows formed on the outer surface.
[0038] As depicted in FIG. 3, the glass material 110 includes one in-plane void region 130 and two or more internal
void rows 150 formed corresponding to the in-plane void region 130.
[0039] As described above, the in-plane void region 130 indicates a linear region having two or more surface voids
138 formed in a predetermined arrangement. For example, in the example of FIG. 3, two or more surface voids 138 are
arranged in a certain direction (X direction) in the first main surface 112 of the glass material 110, thereby forming an
in-plane void region 130.
[0040] Each surface void 138 corresponds to the irradiation position of a laser on the first main surface 112, and has
a diameter of, for example, 1 to 5 mm. Note that the diameter of the surface void 138 varies with a laser irradiation
condition, a type of the glass material 110, and the like.
[0041] The distance P between the centers of the adjacent surface voids 138 may be determined based on the
composition and thickness of the glass material 110, laser processing conditions, and the like. For example, the distance
P between the centers of the adjacent surface voids 13 may be in a range of 2 to 10 mm. Note that the distance P
between the centers of the surface voids 138 does not have to be equal at all positions, and may be different according
to places. That is, the surface voids 138 may be arranged at non-equal intervals.
[0042] As described above, the internal void row 150 indicates a linear region having one void 158 or two or more
voids 158 in the glass material 110 from the first main surface 112 toward the second main surface 114.
[0043] The shape, size, and pitch of the voids 158 are not particularly specified. The void 158 may have a shape such
as a circle, an ellipse, a rectangle, a triangle, or the like when viewed from the Y direction, for example. Further, the
maximum dimension of the void 158 (typically corresponding to the length of the void 158 along an extending direction
of the internal void row 150) when viewed from the Y direction may, for example, be in a range of 0.1 to 1000 mm.
[0044] Each of internal void rows 150 has a corresponding one of surface voids 138. For example, a total number of
18 internal void rows 150 corresponding to 18 surface voids 138 are formed in the example illustrated in FIG. 3.
[0045] In the example of FIG. 3, the voids 158 forming one internal void row 150 are arranged along the thickness
direction (Z direction) of the glass material 110. That is, each of internal void rows 150 extends in the Z direction. Note
that this is merely an example, and respective voids forming the internal void row 150 that are arranged from the first
main surface 112 to the second main surface 114 may be inclined with respect to the Z direction.
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[0046] Further, in the example of FIG. 3, each internal void row 150 is composed of a total number of three voids 158
except for the surface void 138. Note that this is merely an example, and each internal void row 150 may be composed
of one or two voids 158, or four or more voids 158. Further, the number of voids 158 involved may be different in each
of the internal void rows 150. In addition, some voids 158 may be coupled with surface voids 138 to form "long" surface
voids 138.
[0047] Furthermore, each internal void row 150 may or may not have a void (second surface void) opened at the
second surface 114.
[0048] As is apparent from the above description, it should be noted that the in-plane void region 130 represents a
region that is not actually formed as a continuous "line" but a virtual linear region that is formed by connecting respective
surface voids 138.
[0049] Similarly, it should be noted that the internal void row 150 represents a region that is not actually formed as a
continuous "line" but a virtual linear region that is formed by connecting respective voids 158.
[0050] Furthermore, one in-plane void region 130 need not necessarily be recognized as a single "line" (a row of
surface voids 138); one in-plane void region 130 may be formed as an aggregate of parallel "lines" arranged in mutually
close proximity.
[0051] FIG. 4 depicts an example of the in-plane void region 130 recognized as an aggregate of two or more such
"lines". In this example, two surface void rows 138A and 138B parallel to each other are formed on the first main surface
112 of the glass material 110, thereby forming one in-plane void region 130. The distance between the surface void
rows 138A and 138B is, for example, 5 mm or less, and is preferably 3 mm or less.
[0052] In the example of FIG. 4, the in-plane void region 130 is composed of two surface void rows 138A and 138B.
However, the in-plane void region 130 may be composed of a large number of surface void rows.
[0053] Hereinafter, such an in-plane void region composed of two or more surface void rows is specifically referred
to as a "multiple line in-plane void region". In addition, the in-plane void region 130 composed of one surface void row
as depicted in FIG. 3 is specifically referred to as a "single line in-plane void region" to be distinguished from "multiple
line in-plane void region".
[0054] The in-plane void region 130 and the internal void row 150 as described above may be formed by irradiating
the first main surface 112 of the glass material 110 with a laser.
[0055] More specifically, first, a laser is applied to a first position of the first main surface 112 of the glass material 110
to form a first internal void row including surface voids from the first main surface 112 to the second main surface 114.
Next, the laser application position with respect to the glass material 110 is changed such that a laser is applied to a
second position of the first main surface 112 of the glass material 110 to form a second internal void row including second
surface voids from the first main surface 112 to the second main surface 114. The in-plane void region 130 and the
corresponding internal void rows 150 may be formed by repeating this operation.
[0056] In a case where an internal void row having voids 158 sufficiently close to the second main surface 114 is not
formed by one laser application, that is, the void closest to the second main surface 114 among the voids 158 is still at
a position sufficiently remote from the second main surface 114 (e.g., the void closest to the second main surface 114
is of a distance equal to or less than a half of the thickness of the glass material 110 from the first main surface 112), a
laser may be applied twice or more to substantially the same position. Note that the "substantially the same (laser
application) position" indicates not only a case where the two positions perfectly match but also indicates a case where
the two positions may slightly be deviated from each other (e.g., a deviation of 3 mm at maximum).
[0057] For example, a laser is applied two or more times along a first direction parallel to the first main surface 112 of
the glass material 110, such that the laser forms a first in-plane void region 130 and a corresponding internal void row
150 (first pass), and subsequently, a laser is applied to substantially the same direction and substantially the same
position as the first pass (second pass), thereby forming a "deeper" internal void row 150 corresponding to the first in-
plane void region 130.
[0058] Note that in a case where such a pass is repeated, the possibility of the obtained in-plane void region 130
becoming the "multiple line in-plane void region" may increase.
[0059] The distance from the center of the void closest to the second main surface 114, among the voids 158 constituting
the internal void row 150, to the second main surface 114 may preferably be in a range of 0 to 10 mm although such a
distance may vary with the thickness of the glass material 110.
[0060] As a laser that may be used for such a process, a short pulsed-laser with a pulse width from an order femto-
seconds to an order of nanoseconds, i.e., 1.0 3 10-15 to 9.9 3 10-9 seconds may be given. Such a short pulsed-laser
may further preferably be of a burst of pulses because internal voids may be efficiently formed. The mean power at the
irradiation time of such a short pulsed-laser is, for example, 30 W or more. When this mean power of the short pulsed-
laser is less than 10 W, sufficient voids may fail to be formed. As an example of laser light with a burst of pulses, a burst
laser having a pulse number of 3 to 10 may be applied to form one internal void row; the laser power is approximately
90% of the power rating (50 W), the burst frequency is approximately 60 kHz, and the burst time width is 20 picoseconds
to 165 nanoseconds. As a time width of the burst, a preferable range may be from 10 nanoseconds to 100 nanoseconds.
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[0061] As a laser irradiation method, a method using self-convergence of beam based on the Kerr effect, a method
using a Gaussian-Bessel beam together with axicon lens, or a method using a linear focusing beam with aberration lens
may be used. In any case, any method may be used insofar as an in-plane void region and an internal void row are formed.
[0062] For example, when a burst laser apparatus (Patent Document 2) is used, the dimensions of each of the voids
forming the internal void row 150, the number of voids included in the internal void row 150, and the like may be changed
to some extent by appropriately changing the irradiation conditions of a laser.
[0063] In the following description, it is assumed that a plane (a plane 170 indicated by hatching in FIG. 3) including
the in-plane void region 130 and the internal void rows 150 corresponding to the in-plane void region 130 may also be
referred to as a "virtual end face". This virtual end face 170 substantially corresponds to the end face of the glass article
produced by the first production method.
[0064] FIG. 5 schematically illustrates an example of a configuration of the glass material 110 having two or more in-
plane void regions 130 formed on the first main surface 112 of the glass material 110 in step S120.
[0065] In the example of FIG. 5, four in-plane void regions 130 are formed on the first main surface 112 of the glass
material 110 in a tube axis direction. Further, though not viewable from FIG. 5, two or more internal void rows each
having one or more voids intermittently arranged toward the second main surface 114 are formed below each in-plane
void region 130, that is, nearer the second main surface 114.
[0066] Virtual parts bounded within the four in-plane void regions 130 with the corresponding internal void rows, that
is, the three virtual parts bounded by the virtual end faces are each referred to as a "glass piece 160".
[0067] The shape of the in-plane void region 130, and the shape of the glass piece 160 substantially may correspond
to the shape of a glass article obtained after step S140. For example, in the example of FIG. 5, three tubular glass articles
are ultimately produced from the glass material 110. Furthermore, as described above, each of the virtual end faces
including the in-plane void region 130 and the corresponding internal void rows 150 corresponds to one end face of the
glass article produced after step S140.
[0068] Note that the in-plane void regions 130 and the arrangement configuration of the glass pieces 160 depicted in
FIG. 5 are merely examples, and these are formed in a predetermined arrangement according to the shape of the finally
produced glass articles.
[0069] FIG. 6 and FIG. 7 schematically illustrate respective examples of another configuration of the in-plane void
region.
[0070] In the example of FIG. 6, each of the in-plane void regions 131 is arranged in a tube axis direction and a direction
orthogonal to the tube axis direction. As a result, a glass piece 161 having a curved shape with a certain curvature may
be obtained from the tubular material.
[0071] In the example of FIG. 7, each of the in-plane void regions 132 is disposed on a portion of the surface of the
glass tube.
[0072] Note that the in-plane void regions 130, 131, and 132 may be formed in a linear shape, a curved shape, or a
combination of both.

(STEP S120)

[0073] Next, the glass material 110 is chemically strengthened.
[0074] The conditions of the chemical strengthening treatment were not particularly specified. The chemical strength-
ening may be performed, for example, by immersing the glass material 110 in a molten salt at 430 to 500°C for 1 minute
to 2 hours.
[0075] For the molten salt, nitrate may be used. For example, when replacing the lithium ions contained in the glass
material 110 with larger alkali metal ions, a molten salt containing at least one of sodium nitrate, potassium nitrate,
rubidium nitrate, and cesium nitrate may be used. Further, when replacing the sodium ions contained in the glass material
110 with larger alkali metal ions, a molten salt containing at least one of potassium nitrate, rubidium nitrate, and cesium
nitrate may be used. Moreover, when replacing the potassium ions contained in the glass material 110 with larger alkali
metal ions, a molten salt containing at least one of rubidium nitrate and cesium nitrate may be used.
[0076] In addition, one or more salts such as potassium carbonate may be further added to the molten salt. In this
case, a low density layer having a thickness of 10 nm to 1 mm may be formed on the surface of the glass material 110.
[0077] The application of a chemical strengthening treatment to the glass material 110 will form a compressive stress
layer on the first main surface 112 and the second main surface 114 of the glass material 110, resulting in improving
the strength of the first main surface 112 and the second main surface 114. The thickness of the compressive stress
layer corresponds to the penetration depth of alkali metal ions for substitution. For example, when replacing sodium ions
with potassium ions using potassium nitrate, the thickness of the compressive stress layer for soda-lime glass may be
8 to 27 mm, and the thickness of the compressive stress layer for aluminosilicate glass may be 10 to 100 mm. In a case
of aluminosilicate glass, the penetration depth of alkali metal ions may preferably be 10 mm or more, and may more
preferably be 20 mm or more.
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[0078] The chemical strengthening treatment is typically applied to the first main surface and the second main surface.
However, for example, in a case where the improvement of only the quality of the outside of the glass article is desirable,
only the first main surface may be chemically strengthened. In the chemical strengthening treatment of the first main
surface, for example, both end portions of the glass material 110 may be sealed such that the molten salt does not come
into contact with the inside of the glass material 110.
[0079] As described above, in the related-art production method of a chemically strengthened glass article, a glass
article is produced through the following steps:

(I) preparing a large-sized tubular glass material;
(II) cutting and acquiring a large number of glass tubes having a product shape from the large-sized tubular glass
material; and
(III) chemically strengthening the acquired glass tubes.

[0080] In contrast, in the first production method, a chemical strengthening treatment is applied to the glass material
110 as a treatment subject. In this case, unlike the related-art production method of a chemically strengthened glass
article having a product shape, handling of the treatment subject at the time of the application of a chemical strengthening
treatment will be facilitated.
[0081] For example, in a case where the end face 116 (see FIG. 5) of the glass material 110 is scratched, this scratched
part is not included in the finally produced glass article. Further, at the time of the application of a chemical strengthening
treatment, it is possible to support or grip a treatment subject by utilizing, for example, the outer peripheral portion of
the glass material 110 that is not used as a glass article.
[0082] Hence, in the first production method, it is easier to ensure the quality of appearance and strength related to
scratches on the glass article to be produced, as compared with the related-art production method, which makes it
possible to increase the producing yield. In addition, in the first production method, the glass material 110 may be
chemically strengthened as a treatment subject; hence, it is easy to chemically strengthen only the first main surface.
[0083] Note that in the first production method, the chemical strengthening treatment is applied to the glass material
110 before forming the shape of the glass article. Accordingly, the glass article obtained after the separating step S140
may have an end face that is not chemically strengthened. In this case, the glass article may fail to acquire sufficient
strength.
[0084] However, the inventors of the present invention have found that after the step S130 of the first production
method, that is, in the glass material 110 after the application of a chemical strengthening treatment, alkali metal ions
(hereinafter referred to as "introduced ions") introduced by the chemical strengthening treatment are also present on
the virtual end face (i.e., the end face of the cut glass article).
[0085] As will be described later, unlike at least the first main surface 112, in the virtual end face, the introduced ions
exhibit non-uniform concentration distribution in a plane, representing that the closer to the central portion in the thickness
direction of the glass material 110, the lower the concentration of the introduced ions. However, alkali metal ions introduced
through the chemical strengthening treatment are present on the entire virtual face, and the introduced ions are also
present in the central portion in the thickness direction. Accordingly, the concentration of the introduced ions present in
the central portion in the thickness direction is not zero.
[0086] This suggests that in the first production method, a molten salt is introduced into the glass material 110 via the
fine surface voids 138 formed on the surface of the glass material 110 by the laser irradiation and via the fine voids 158
formed inside the glass material 110, and that a substitution reaction occurs between the introduced molten salt and the
virtual end face. Such an outcome has not been reported insofar as the applicant knows.
[0087] As a result of supporting this outcome, the glass article produced through the first production method, that is,
the steps S110 to S140, has sufficient strength compared to that of a glass article produced through the aforementioned
steps (I) to (III). Details will be described later.
[0088] According to the first production method, it is possible to obtain, after the step S130, the glass material 110
having at least the first main surface 112 and respective virtual end faces all of which have been chemically strengthened.
For the second main surface 114, chemical strengthening treatment is applied as required.

(STEP S140)

[0089] Next, glass articles (e.g., not-illustrated glass articles 180) are separate from the chemically strengthened glass
material 110 (e.g., a not-illustrated glass tube 175).
[0090] When separating glass articles 180 from a glass tube 175, the aforementioned virtual end faces are utilized.
In other words, the glass pieces 160 bounded by the virtual end faces are separated from the glass tube 175 to produce
the glass articles 180.
[0091] As mentioned above, it is difficult to separate the glass article from the glass tube 175, because the chemically
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strengthened glass material typically has the strengthened first and second main surfaces.
[0092] However, in the first production method, the virtual end face of the glass tube 175 has the surface voids 138
and voids 158 that are contained in the in-plane void region 130 and the corresponding internal void row 150 in a plane.
As a result, when separating the glass articles 180 from the glass tube 175, these voids 138 and 158 play a role such
as "perforation formed in a plane and inside" of the virtual end faces of the glass tube 175. Accordingly, in the first
production method, it is possible to easily separate the glass articles 180 from the glass tube 175 by using the virtual
end faces. In particular, in a case where the in-plane void region 130 is a "multiple line-in-plane void region", the glass
articles 180 may be separated more easily.
[0093] Note that, as described above, the in-plane void region 130 is composed of two or more voids 138, and the
internal void row 150 is composed of two or more voids 158. The in-plane void region 130, the internal void row 150,
and the voids 138 and 158 are different from through holes formed so as to penetrate the glass tube in the thickness
direction of the glass tube, for example.
[0094] As described above, a chemical strengthening treatment is also applied to the virtual end faces of the glass
tube 175. Thus, the resulting glass articles 180 also have chemically strengthened end faces 186. Hence, the first
production method may be able to avoid a problem in a method in which glass articles are separated from the conventional
glass material after the conventional glass material is chemically strengthened; that is, since the conventional glass
material has the end faces that are not chemically strengthened, the glass articles may have insufficient strength.
[0095] A specific method for performing step S140 is not particularly specified. For example, one or more glass articles
180 may be separated from the glass tube 175 by a mechanical method or a thermal method.
[0096] For example, a method of separating a glass article from a glass tube 175 is performed by applying a pressure
to the first main surface of the glass tube 175 in an intra-tubular direction of the glass tube. In order to apply pressure
in a direction to push the glass tube against the entire first main surface of the glass tube, pressure is applied by placing
the glass tube in a cylindrical metal container larger than the glass tube. In this case, the first main surface of the glass
tube is covered with an elastic body having a larger Poisson’s ratio than that of the glass so as to facilitate separation
of the glass articles after application of pressure. Note that the elastic body may be urethane rubber or Teflon (registered
trademark) resin.
[0097] To separate one or more glass articles 180 from the glass tube 175 by a thermal method, a "surface absorption
method" or an "internal absorption method" may be used.
[0098] In the "surface absorption method", the first main surface 112 of the glass tube 175 is locally heated using a
heat source to generate thermal stress, thereby separating the glass articles 180 from the glass tube 175. As the heat
source, for example, a laser having a relatively long wavelength (e.g., a CO2 laser), a burner, a heater wire, or the like
is used. Concentrating the heat from the heat source in the in-plane void region 130 generates thermal stress in the in-
plane void region 130 and furthermore in the virtual end faces, thereby breaking the glass tube 175 along these virtual
end faces. Thereby, the glass articles 180 may be separated.
[0099] In the "internal absorption method", a laser having a relatively short wavelength (e.g., a CO laser) is used.
When such a laser is applied to the glass tube 175, the heat of the laser is absorbed inside the glass tube 175. Accordingly,
the application of the laser along the in-plane void region 130 will locally generate an internal stress in the virtual end
face to be broken from the other portion. As a result, the glass article 180 is separated from the glass tube 175.
[0100] To typically separate a glass article from a glass material, a glass material is cut using a glass cutter or the
like. In this case, the end face of the glass article tends to be a "rough" end face having unevenness.
[0101] In the first production method, a cutting tool such as a glass cutter is not necessarily used for separating the
glass article 180, which indicates that a relatively smooth end face 186 may be obtained when separating the glass
article 180.
[0102] Note that in particular cases, such as when a smooth end face 186 is not required, the glass article 180 may
be separated by cutting the glass tube 175 along the virtual end face using a glass cutter or the like. In this case, the
presence of the virtual end face may also facilitate cutting of the glass tube 175 more easily than normal cutting.
[0103] Through the above steps, one or more glass articles 180 may be produced. Note that in order to protect the
end face 186 of the obtained glass article 180, a material such as resin may be applied to the end face 186.
[0104] In the first production method, due to the above-mentioned characteristics, it is possible to significantly reduce
deterioration in appearance quality of the glass article 180 and obtain a glass article 180 having sufficient strength.
[0105] As described above, one production method for producing a glass article has been described by taking the first
production method as an example. However, the first production method is merely an example, and various modifications
may be made when actually producing a glass article.
[0106] For example, the chemical strengthening treatment in step S130 of the first production method is not necessarily
applied to both the first main surface 112 and the second main surface 114 of the glass material 110; a modified method
may be considered where the chemical strengthening treatment is not applied to one of the first main surface 112 and
the second main surface 114 of the glass material 110.
[0107] Further, for example, a step (additional step) of providing various characteristics to the glass tube 175 may be
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performed after the step S130 and before the step S140.
[0108] The additional step is not particularly specified to the above-described step; for example, the additional step
may be performed to add an additional characteristic such as a protection function to the surface of the glass tube 175
or to modify the surface of the glass tube 175.
[0109] Such additional steps may include, for example, a step of attaching a functional film to the first main surface
112, the second main surface and/or the end surface 116 (hereinafter collectively referred to as "exposed surface") of
the glass tube 175, and a step of applying surface treatment (including surface modification) to at least a part of the
exposed surface, and the like.
[0110] Examples of the surface treatment method include etching treatment, film formation treatment, printing treatment
and the like. The film formation treatment may be performed using, for example, a coating method, a dipping method,
a vapor deposition method, a sputtering method, a PVD method, a CVD method, or the like. Note that the surface
treatment includes washing using a chemical solution.
[0111] By surface treatment, for example, a wavelength selective film such as a low reflective film, a high reflective
film, an IR absorbing film or a UV absorbing film, an anti-glare film, an anti-fingerprint film, an anti-fogging film, a printing,
an electronic circuit, and a multilayered film of these may be formed.
[0112] Furthermore, grooves may be formed in at least one of the main surfaces of the glass material 110 before or
after step S120, or both before and after step S120, that is, before or after formation of the in-plane void region 130, or
both before and after formation of the in-plane void region 130.
[0113] For example, when the in-plane void region 130 is already formed on the first main surface 112 of the glass
material 110, grooves may be formed along the in-plane void region 130. Alternatively, when the in-plane void region
130 is yet to be formed on the first main surface 112 of the glass material 110, grooves may be formed along the in-
plane void region 130 to be formed at a later time.
[0114] The shape of the groove is not particularly specified. For example, the groove may have a substantially V-
shaped cross section, a substantially U-shaped cross section, a substantially inverted trapezoidal shape, a substantially
square-recessed shape, or the like. Further, in the configuration of these grooves, an opening portion of the groove in
the first main surface 112 or the second main surface 114 may be round.
[0115] In a case of forming grooves having such a cross-sectional shape, the glass article 180 obtained after step
S140 has a connecting portion of the end face 186 with the first main surface 112 and/or the second main surface 114
that is chamfered or rounded. Accordingly, a post-processing step with respect to the glass article 180 may be omitted.
[0116] The depth of the groove may, for example, be less than a half of the thickness of the glass material 110. The
depth of the groove is preferably 0.01 mm or more.
[0117] The tool for forming the groove may be, for example, a grindstone, a laser, or the like. In particular, from the
viewpoint of accuracy and quality of the groove, laser processing is preferable.

(GLASS TUBE PRODUCTION METHOD ACCORDING TO ONE EMBODIMENT OF THE PRESENT INVENTION)

[0118] In the following, a method for producing a glass tube according to an embodiment of the present invention will
be described with reference to FIG. 8.
[0119] FIG. 8 schematically illustrates a flow of a method for producing a glass tube (hereinafter referred to as a
"second production method") according to an embodiment of the present invention.
[0120] As illustrated in FIG. 8, the second production method includes
a step of preparing a tubular glass material (glass material preparation step) (step S210) ;
a step of irradiating a first main surface of the glass material with a laser to form an in-plane void region in the first main
surface and to form an internal void row inside the glass material (laser irradiation step) (step S220); and
a step of chemically strengthening the glass material (chemical strengthening step) (step S230).
[0121] As is apparent from FIG. 8, this second production method corresponds to the above-described first production
method illustrated in FIG. 1 from which the separation step of step S140 is omitted.
[0122] That is, in this second production method, as the glass tube, a glass material having one or more virtual end
faces, that is, in-plane void regions and corresponding internal void rows as illustrated in FIGS. 5 to 7 is produced.
[0123] In other words, in the present application, a "glass tube" indicates an intermediate body in steps of producing
the glass articles from the glass material, that is, a processed glass material.
[0124] Such a "glass tube" is useful in a case where the steps of processing the glass material (e.g., step S210 to
step S230) and the step of separating the glass article from the glass tube are performed by different persons or in
different places, or in a case where these steps are performed at appropriate intervals in time.
[0125] It should be apparent to those skilled in the art that effects similar to those obtained in the above-described
first production method may also be obtained in such a second production method. That is, in the glass tube obtained
by the second production method, the virtual end face is chemically strengthened, and when the glass article is separated
from the glass tube, a glass article having sufficient strength may be obtained. In addition, there is a significant control
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against deterioration of the quality of the obtained glass article.

(GLASS ARTICLE ACCORDING TO ONE EMBODIMENT OF THE PRESENT INVENTION)

[0126] Next, a glass article according to an embodiment of the present invention will be described with reference to
FIG. 9.
[0127] FIG. 9 schematically illustrates a glass article (hereinafter referred to as "first glass article") according to an
embodiment of the present invention.
[0128] As illustrated in FIG. 9, a first glass article 380 has a first main surface 382 and a second main surface 384
and end surfaces 386 connecting the two main surfaces. Note that the first main surface 382 corresponds to the first
main surface of the glass material and the main outside surface of the glass material and the second main surface 384
corresponds to the second main surface of the glass material and the main inside surface of the glass material.
[0129] However, this form may merely be an example; various forms may be assumed as the configuration of the first
glass article 380. For example, the first main surface 382 and the second main surface 384 may be in the shape of a
circle, an ellipse, a triangle, or a polygon other than a rectangle. Further, an end face 386 may extend obliquely. In this
case a "tilted" end face is obtained.
[0130] The thickness of the first glass article 380 is not particularly specified. The thickness of the first glass article
380 may be, for example, in a range of 0.1 to 10 mm.
[0131] Note that in the first glass article 380, at least the first main surface 382 is chemically reinforced, and the second
main surface 384 is chemically reinforced as required. Further the first glass article 380 has a chemically strengthened
end face 386.
[0132] However, a chemically strengthened state may differ between the main surfaces 382, 384 and an end face
386, that is, a distribution state of introduced ions (alkali metal ions introduced by a chemical strengthening treatment)
may differ between the main surfaces 382, 384 and an end face 386.
[0133] This difference will be described in more detail with reference to FIG. 10. Note that in the following, an example
of the chemical strengthening treatment applied to the first main surface and the second main surface will be described.
[0134] FIG. 10 schematically depicts the concentration profile of the introduced ions in the thickness direction (Z
direction) at one end face 386 (e.g., 386-1) of the first glass article 380. In FIG. 10, the horizontal axis indicates the
relative position t (%) in the thickness direction, the first main surface 382 side corresponds to t = 0%, and the second
main surface 384 side corresponds to t = 100%. The vertical axis indicates the concentration C of the introduced ions.
As described above, the introduced ions indicates alkali metal ions introduced by the chemical strengthening treatment,
that is, alkali metal ions to provide a compressive stress layer to the first main surface and the second main surface of
the glass article for improving the strength of the main surfaces.
[0135] This concentration C is calculated by subtracting the concentration of alkali metal ions which are of the same
type as the introduced ions contained in portions other than the main surfaces 382, 384 and the end surfaces 386-1 to
386-2 of the glass article 380, that is, by subtracting the concentration of alkali metal ions in the bulk portion of the glass
article 380 (hereinafter referred to as "bulk concentration"). Accordingly the bulk concentration is approximately the same
as the arithmetic mean concentration of alkali metal ions with respect to the volume of the glass material before the
application of a chemical strengthening treatment.
[0136] Note that the concentration profile as illustrated in FIG. 10 may be measured at each in-plane position of the
end face 386-1. However, insofar as the measured position is within the same end face 386-1 of the glass article 380,
the tendency of the concentration evaluated at any position within the same end surface profile will be almost the same
regardless of the position of the end face 386-1.
[0137] As illustrated in FIG. 10, in the end face 386-1, the concentration C of the introduced ions along the thickness
direction indicates a profile larger at the entire end face relative to the bulk concentration, which indicates a substantially
parabolic profile in this example. That is, the concentration C of the introduced ions tends to indicate the maximum value
Cmax on the first main surface 382 side (t = 0%) and the second main surface 384 side (t = 100%), and tends to indicate
the minimum value Cmin at the central portion (t = 50%) in the thickness direction. Here, the minimum value Cmin > 0.
[0138] Note that the shape of the concentration profile of the introduced ions varies with the thickness, material,
producing conditions (conditions of chemical strengthening treatment, etc.), and the like of the first glass article 380.
However, in any condition, the bulk concentration is larger at the entire end face, and such a substantially parabolic
profile is generated as one example. However, due to the effect of the chemical strengthening treatment method or the
like, it is often accepted that the concentration C of the introduced ions does not match exactly at the first main surface
382 side (t = 0%) and at the second main surface 384 side (t = 100%). That is, it is frequently observed that the
concentration C becomes Cmax only on one of the main surfaces. The substantially parabolic profile here is different
from the mathematical definition of a parabola; the concentration C of the introduced ions increases at least on the first
main surface side with respect to the central portion in the thickness direction, and the introduced ion concentration in
this concentration profile is equal to or higher than the bulk concentration of the glass article.
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[0139] Note that when concentration (atomic ratio) of introduced ions normalized by silicon ions, that is, (the concen-
tration C of the introduced ions)/(the concentration of the Si ions) is determined to be Cs, the ratio of the minimum value
of Cs at the target end face to the Cs in the bulk is preferably 1.6 or more, more preferably 1.8 or more, and further
preferably 2.2 or more.
[0140] In the first main surface 382 and the second main surface 384, the concentration of the introduced ions is
substantially constant in a plane, and the concentration profile of such an end surface 386-1 is a distinct feature. In
addition, a first glass article 380 having such a chemically strengthened end face 386 has not been recognized in the
known technology.
[0141] For example, in a case where a glass article of a product shape is cut out from a glass material and the glass
article is chemically strengthened, the concentration of the introduced ions at the end face of the obtained glass article
is substantially constant in a plane. In that case, typically a profile as indicated by the broken line in FIG. 10 is obtained.
That is, C = Cmax regardless of position. For example, when a glass article of product shape is cut out after the chemical
strengthening treatment of a glass material, almost no introduced ions are detected on the end face of the obtained
glass article. That is, C≈0.
[0142] The first glass article 380 has an end face 386 having such a characteristic concentration profile of introduced
ions. Accordingly, the first glass article 380 has an excellent strength compared to a glass article obtained by cutting out
a conventional chemically strengthened glass material.
[0143] The surface compressive stress of the first main surface 382 and the second main surface 384 of the first glass
article 380 is, for example, in a range of 200 to 1000 MPa, and preferably in a range of 500 to 850 MPa. The surface
compressive stress of the end surfaces 386-1 to 386-4 (not illustrated) of the first glass article 380 has a minimum value
of more than 0 MPa, for example, is in a range of 25 to 1000 MPa or more, preferably 50 to 850 MPa, and more preferably
100 to 850 MPa. Note that the surface compressive stress may be measured by for example, a surface stress measuring
apparatus FSM-6000LE or FSM-7000H produced by Orihara Manufacturing Co., Ltd. using a photoelastic analysis
method.
[0144] In a case where the chemical strengthening treatment is applied only to the first main surface, the distribution
appears only in a region on the left side with respect to the longitudinal symmetry axis in the substantially parabolic
curve in FIG. 10. In such a case, the molten salt permeates from the end face side in the vicinity of the second main
surface, and the concentration of the introduced ions becomes higher than at least the bulk introduced ion concentration
(bulk concentration).
[0145] Note that the first glass article 380 may include one or two or more additional members on the first main surface
382, the second main surface 384, and/or the end surface 386.
[0146] Such additional members may be provided in the configuration of, for example, layers, membranes, films, and
the like. Furthermore, such additional members may be provided on the first main surface 382, the second main surface
384, and/or the end surface 386 to develop functions such as low reflective properties and protection.
[0147] The first glass article 380 may be applied to an electronic apparatus (e.g., an information terminal apparatus
such as a smartphone or a display), a cover glass of a camera or a sensor, architectural glass, glass for industrial
transportation equipment glass apparatus for biomedical use and the like.

(GLASS TUBE ACCORDING TO ONE EMBODIMENT OF THE PRESENT INVENTION)

[0148] Next, a glass tube according to an embodiment of the present invention will be described with reference to FIG.
11.
[0149] FIG. 11 schematically illustrates a glass tube (hereinafter referred to as "first glass tube") according to an
embodiment of the present invention.
[0150] As illustrated in FIG. 11, a first glass tube 415 includes a first main surface 417 and a second main surface
419, and two end surfaces 420 (420-1 to 420-2) connecting the first main surface 417 and the second main surface 419.
Note that the first main surface 417 corresponds to the first main surface and the outer main surface of the glass material,
and the second main surface 419 corresponds to the second main surface and the inner main surface of the glass material.
[0151] A glass composition of the first glass tube 415 is not particularly specified insofar as the glass composition is
capable of being chemically strengthened. The first glass tube 415 may be, for example, soda-lime glass, aluminosilicate
glass, alkali aluminosilicate glass or the like.
[0152] The thickness of the first glass tube 415 is not particularly specified; the thickness of the glass material may
be in a range of 0.1 to 10 mm, for example.
[0153] The first glass tube 415 has two or more in-plane void regions 431 on the first main surface 112, and two or
more internal void rows (not viewable) are formed below (toward the second main surface) each in-plane void region
431. The internal void rows may extend parallel to the thickness direction (Z direction) of the first glass tube 415 or may
be inclined with respect to the thickness direction of the first glass tube 415.
[0154] A portion bounded by respective in-plane void regions 431 and the corresponding internal void rows, that is, a
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portion bounded by the virtual end surfaces is referred to as a glass piece 461.
[0155] As is apparent from FIG. 11, the first glass tube 415 corresponds to the glass material 110 illustrated in FIG.
5 described above. Specifically, the first glass tube 415 is used as an intermediate body in a process until a glass article
is produced from a glass material; in other words, the first glass tube 415 is used as a glass material before separating
a glass article having a desired shape.
[0156] More specifically, in the first glass tube 415, it is possible to obtain a glass article (corresponding to the glass
piece 461) by separating the glass piece 461 from the first glass tube 415 along the virtual end faces.
[0157] Such a "glass tube" is useful in a case where the step of producing the first glass tube 415 from the glass
material and the step of separating the glass article from the first glass tube 415 are conducted by different persons or
in different places, or in a case where these steps are performed at appropriate intervals in time.
[0158] With reference to FIGS. 12 to 15, the in-plane void regions 431 and the internal void rows included in the first
glass tube 415 will be described in more detail.
[0159] FIG. 12 illustrates an example of a SEM photograph obtained from a glass plate corresponding to the first main
surface 417 and a cross section of the first glass tube 415 illustrated in FIG. 11. In FIG. 12, an upper side corresponds
to the first main surface 417 of the first glass tube 415, and the lower side corresponds to the cross section of the first
glass tube 415.
[0160] In the first main surface 417 of the first glass tube 415, two rows of surface voids are formed in the horizontal
direction, and each row corresponds to the in-plane void region 431 illustrated in FIG. 11. In this example, each surface
void has a diameter of approximately 2 mm and the distance P between adjacent surface voids is approximately 50 mm.
[0161] An altered portion (whitish ring-shaped region) having a width of approximately 1 to 2 mm is formed around
each surface void. This seems to be a residual stress portion formed by the components of the first glass tube 415
melting during laser irradiation and subsequent solidifying of the melted components.
[0162] The cross section of the first glass tube 415 is substantially cut along one in-plane void region 431 and the
corresponding internal void rows. Hence, this cross section corresponds to the virtual end face of the first glass tube
415. Note that to be accurate, this cross section is formed by manual cutting, the cross section depicted does not include
the leftmost surface voids. However, in FIG. 12, the configuration of the virtual end face may also be substantially
identified. Hence, the cross-sectional portion in FIG. 12 will also be referred to as a virtual end face.
[0163] In FIG. 12, three internal void rows extending in vertical directions are observed in the depicted virtual end face.
Referring to the most clearly observed central internal void row, two or more fine voids in this internal void row are
arranged intermittently like "perforations". In the internal void example, several whisker-like cracks formed in an oblique
direction, that is, the three whisker-like cracks observed in the central internal void row are due to the manual cutting,
and are not internal voids.
[0164] FIG. 13 depicts an example of a SEM photograph at another virtual end face corresponding to the first glass
tube 415. In FIG. 13, an upper side corresponds to the first main surface 417 side of the first glass tube 415, and a lower
side corresponds to the second main surface 419 side.
[0165] According to this photograph, a large number of voids are formed in a row in the virtual end face from the first
main surface 417 toward the second main surface 419, thereby forming one internal void row.
[0166] In the photograph of FIG. 13, each void forming the internal void row has a maximum length (length in the
longitudinal direction) of approximately 0.5 to 1.5 mm, and the shape of the void is substantially circular, substantially
elliptical, substantially rectangular shape, and the like. The measure of the dividing walls between adjacent voids is
approximately 0.2 to 0.5 mm.
[0167] FIGS. 14 and 15 each depicts an example of a SEM photograph at another virtual end face corresponding to
the first glass tube 415.
[0168] In the example shown in FIG. 14, one internal void row formed in the virtual end face is composed of a void
having a size of approximately 0.5 to 1.5 mm. The shape of the void is substantially circular or substantially elliptical.
The measure of the dividing walls between adjacent voids is approximately 0.1 to 2 mm.
[0169] In the example depicted in FIG. 15, one internal void row formed in the virtual end face is composed of a long
and thin void having a size of approximately 3 to 6 mm. The measure of the dividing walls between adjacent voids is
approximately 0.8 mm.
[0170] As described above, the configuration of the internal void rows included in the virtual end face of the first glass
tube 415, and further, the configuration of a group of voids (void group) forming the first void row is not particularly
specified. The configuration of the void group may variously change with the glass composition of the first glass tube
415, laser irradiation conditions, and the like. Note that microcracks may be formed along the internal void row due to
the stress at the time of void formation, and the group of voids may be connected by the microcracks to the extent that
the glass material is not separated along the in-plane void region. This configuration may be preferable in view of
penetration of the molten salt into the glass material during a chemical strengthening treatment. Typically, however, the
size of the voids forming the internal void row in the direction along the internal void row is in a range of 0.1 to 1000 mm,
preferably in a range of 0.5 to 100 mm, more preferably in a range of 0.5 to 50 mm. Further, the shape of the voids
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forming the internal void row may be rectangular, circular, elliptical, or the like. Furthermore, the thickness of the dividing
walls between adjacent voids is typically in a range of 0.1 to 10 mm.
[0171] Similarly, the size of the surface voids forming the in-plane void region 431 may variously change with the glass
composition of the first glass tube 415, the laser irradiation conditions, and the like.
[0172] The diameter of the surface voids is typically in a range of 0.2 to 10 mm, for example in a range of 0.5 to 5 mm.
The distance P (see FIG. 3) between the centers of the adjacent surface voids is in a range of 1 to 20 mm, for example,
in a range of 2 to 10 mm. The smaller the distance P between the centers of the adjacent surface voids, the easier the
glass article may be separated from the first glass tube 415; since the number of repetitions of laser irradiation increases,
a high-power oscillator is required due to limitation of processing speed.
[0173] Note that referring back to FIG. 11, in the first glass article 415, at least the first main surface 417 is chemically
strengthened, and the second main surface 419 is chemically strengthened as required. Note that the four end faces
420 may or may not be chemically strengthened. In addition, in the first glass tube 415, the periphery of each glass piece
461, that is, the virtual end face is chemically strengthened.
[0174] Note that a chemically strengthened state, that is, a distribution state of introduced ions differs between the
main surfaces 417, 419 and the virtual end faces.
[0175] That is, the introduced ions in the virtual end face are distributed along the extending direction of the internal
void row as depicted in FIG. 13; that is, the introduced ions represent the concentration profile such as a half region with
respect to a substantially parabolic shape or a shape substantially parabolic axis of symmetry.
[0176] Note that the concentration profile when a chemical strengthening treatment is applied to the first main surface
and the second main surface as depicted in FIG. 10 does not change substantially even in a case where the measurement
position in the virtual end face is changed, and the concentration profile tends to be almost the same at any position
within the same virtual end face regardless of the position. Even in a case where a chemical strengthening treatment is
applied only to the first main surface, introduced ions may also be present on the virtual end face, and the introduced
ion concentration at the virtual end face becomes higher than the introduced ion concentration in the bulk.
[0177] With respect to the first glass tube 415, in the main surface 417 and the second main surface 419, the concen-
tration of the introduced ions is substantially constant in a plane; the concentration profile of such an end surface indicates
a distinct feature. In addition, a first glass article 415 having such a chemically strengthened virtual end face has not
been recognized in the known technology.
[0178] Note that according to the inventors of the present invention, the virtual end face of the first glass tube 415 is
chemically strengthened together with the first main surface 417 and the second main surface 419, when applying a
typical chemical strengthening treatment to the first glass tube 415.
[0179] Accordingly, it may be considered that during the chemical strengthening treatment of the glass material of the
first glass tube 415, a molten salt is introduced into the first glass tube 415 via intermittent voids contained in the virtual
end face, and the virtual end face is further chemically strengthened by the substitution reaction occurring between the
introduced molten salt and the virtual end face.
[0180] The first glass tube 415 having such a feature may be used as a supply member for providing a glass article.
In particular, in the first glass tube 415, the virtual end face is chemically strengthened, and the glass article obtained
from the first glass tube 415 thus has chemically strengthened end portions. Therefore, a glass article having sufficient
strength may be provided by using the first glass tube 415. In addition, because an end face-to-be formed of a glass
article does not appear before chemical strengthening the first glass tube 415 until separating a glass article from the
first glass tube 415, the first glass tube 415 may be handled as a large plate as compared with a glass article. Hence,
the surface and the virtual end face of the first glass tube 415 are unlikely to be scratched, and the deterioration of the
strength is significantly controlled against.
[0181] Note that the first glass article 415 may include one or two or more additional members on at least one of the
first main surface 417, the second main surface 419, and the end surface 420.
[0182] Such additional members may be provided in the form of, for example, layers, membranes, films, and the like.
Further, since such an additional member may exhibit functions such as a low reflection function, high reflection function,
wavelength selection function such as IR absorption function or UV absorption function, anti-glare function, anti-fingerprint
function, anti-fog function, printing and their multilayer configuration function, the additional member may be provided
on at least one of the first main surface 417, the second main surface 419, and the end surface 420.

EXAMPLES

[0183] Next, examples of the present invention will be described.
[0184] Samples of various glass articles were produced by the following method and characteristics of the produced
glass articles were evaluated. In the present embodiment, the characteristics of the produced glass articles were evaluated
with plate glass; however, the effect obtained by the idea of the present invention is apparent from the following results.
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(PRODUCTION METHOD OF SAMPLE A)

[0185] A glass substrate made of aluminosilicate glass having a length L of 100 mm in length and width, and a thickness
t of 1.3 mm was prepared. The glass substrate corresponds to a glass material. For the glass substrate, a raw material
plate before chemical strengthening of Dragontrail (registered trademark) was used. Hence, a glass composition of the
glass substrate is the same as that of Dragontrail except for the alkali metal component substituted by the chemical
strengthening treatment. The glass substrate was irradiated with laser from a direction of the main surface side to form
two or more in-plane void regions in the vertical direction and the horizontal direction.
[0186] For the laser, a burst laser (number of bursts: 3) produced by Rofin (Germany), which is capable of emitting a
short pulsed-laser of the order of picoseconds, was used. The power of the laser was 90% of the power rating (50 W).
The frequency of one burst of the laser is 60 kHz, the pulse width is 15 picoseconds, and one burst width is 66 ns. In
addition, the number of times of laser irradiation was set to only once in each in-plane void region (accordingly, 1-pass
laser irradiation). In each in-plane void region, the distance P between the centers of the adjacent surface voids was
set to 5 mm.
[0187] As illustrated in FIG. 16, in a first main surface 802 of the glass substrate 800, two in-plane void regions 831
were formed in the vertical direction and nine in-plane void regions 832 were formed in the horizontal direction. An
interval R between the in-plane void regions 831 in the vertical direction was 60 mm and an interval Q between the in-
plane void regions 832 in the horizontal direction was 10 mm.
[0188] Note that the laser was irradiated in a direction orthogonal to the first main surface 802. Accordingly, internal
void rows formed under the in-plane void regions 831 and 832 extend substantially parallel to a thickness direction of
the glass substrate 800.
[0189] Next, a chemical strengthening treatment was applied to the obtained glass substrate 800.
[0190] The chemical strengthening treatment was conducted by immersing the entire glass substrate 800 in potassium
nitrate molten salt. The treatment temperature was 435°C, and the treatment time was 1 hour.
[0191] Next, a total number of 8 samples 880 was obtained from the center portion (thick frame portion in FIG. 16) of
one glass substrate 800 by pushing and separating the glass substrate 800 along the respective in-plane void regions
831 and 832. Each sample 880 had a length (see a length R in FIG. 16) of approximately 60 mm and a width (see length
Q in FIG. 16) of approximately 10 mm. Each of the four end faces of each sample 880 corresponded to the aforementioned
virtual end face. When the end faces of each sample were visually observed, defects such as scratches were not identified.
[0192] Each of the samples 880 produced in this method is referred to as a sample A.

(PRODUCTION METHOD OF SAMPLE B)

[0193] A glass substrate similar to the glass substrate used in the sample A was cut after formation of in-plane void
regions and internal void rows under the same laser conditions as in the sample A to thereby obtain two or more samples
each having a length of 60 mm and a width of 10 mm. Thereafter, each sample was chemically strengthened to prepare
a sample B. The conditions of the chemical strengthening treatment were the same as in those of the sample A described
above.
[0194] Note that some samples produced by this sample B production method had scratches on the end faces, which
indicates that the samples produced by this sample B production method included some samples that were not intact.
Thus, samples B were prepared by visually screening only intact samples. The chemical strengthening treatment was
applied to the cut samples; such scratches were thus assumed to have formed during the process before the chemical
strengthening treatment was applied to the cut samples.

(PRODUCTION METHOD OF SAMPLE C)

[0195] A sample C was produced using the same glass substrate as the glass substrate used in the sample A. In a
case of a sample C, a chemical strengthening treatment was directly applied to the glass substrate without laser irradiation,
to produce a sample C. The conditions of the chemical strengthening treatment were the same as in those of the sample
A described above.
[0196] Thereafter, the chemically strengthened glass substrate was cut under the same laser conditions as those of
the sample A to thereby obtain two or more samples C having a length of 60 mm and a width of 10 mm.
[0197] Note that some samples produced by this sample C production method had scratches on the end faces, which
indicates that the samples produced by this sample C production method included some samples that were not intact.
Thus, samples C were prepared by visually screening only intact samples. Such scratches were assumed to have formed
due to the difficulty in cutting the chemically strengthened glass substrate.
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(EVALUATION)

[0198] The samples A to C produced as described above were evaluated as follows.

(STRESS DISTRIBUTION EVALUATION)

[0199] The stress distribution of the end faces of the sample A to C was evaluated. This stress was mainly due to
chemical strengthening treatment. For the evaluation, a birefringence imaging system (abrio: produced by CRi Inc.,
USA) was used. In each sample, an evaluation target surface was an end face having a length of 60 mm and a thickness
of 1.3 mm (hereinafter referred to as a "first end face").
[0200] FIGS. 17 to 19 illustrate in-plane stress distribution results measured with the first end faces of samples A to
C, respectively. Note that because FIGS. 17 to 19 are illustrated only in black-and-white, the stress distribution may not
be fully clear. A relatively small tensile stress occurs in the central region on the right side of the figure and a tensile
stress smaller than that in the central region on the right side of the figure occurs in the dense region from the left side
end portion toward the right side of the figure, and the compression stress increases as the image portion gets darker
(the region outside the white portion) in the vicinity of the upper left corner portion and the lower left corner portion and
on the left end portion.
[0201] In addition, the used apparatus has not only information on the evaluation target surface but also information
on the depth direction of the evaluation target surface. Hence, this evaluation may provide a result of integration of the
stress values up to 10 mm in the depth direction from the evaluation target surface.
[0202] As depicted in FIG. 17, in the sample A, three outer surfaces, that is, upper and lower two main surfaces, and
an end face having a width of 10 mm 3 a thickness of 1.3 mm (hereinafter referred to as "second end face") have large
compressive stress. Specifically, the "second end face" has a large compressive stress throughout the entire thickness
direction regardless of the position.
[0203] Further, as depicted in FIG. 18, in the sample B, a large compressive stress is present in all three outer surfaces.
[0204] In contrast, as depicted in FIG. 19, in the sample C, although a large compressive stress is present in the two
upper and lower main surfaces, there is substantially no compressive stress in many portions of the second end face,
particularly in the center in the thickness direction.
[0205] As described above, the results indicate that the second end face of the sample A had compressive stress
almost equal to that of the end face of the sample B throughout the entire thickness direction.

(ANALYSIS OF POTASSIUM IONS)

[0206] Next, the potassium ion concentration at the first end face was analyzed using each of samples A to C. Spe-
cifically, a line analysis using the EDX method (Energy Dispersive X-ray Spectrometry) was performed on the first end
face of each sample.
[0207] FIGS. 20 to 22 illustrate the results of the concentration analysis obtained for respective samples. In these
figures, the horizontal axis is the distance from the first main surface at the first end surface, and this distance varies
from 0 (the first main surface) to 1300 mm (the second main surface). The vertical axis (left axis) is the concentration
(atomic ratio) of potassium ions normalized by silicon ions. In FIGS. 20 and 21, the profile of penetration depth of
potassium ions is indicated on the right vertical axis for reference. This penetration depth represents a penetration depth
of potassium ions in a direction orthogonal to the first end face measured by the EDX method. That is, this value represents
the penetration depth of potassium ions in the depth direction from the first end face measured at each position along
the direction of the distance defined as described above at the first end face.
[0208] These analyses were performed at several positions on the first end face of each sample, but the results
obtained were nearly the same.
[0209] The results of FIG. 20 indicate that in the sample A, the concentration of potassium ions from the first main
surface to the second main surface along the first end face indicates a substantially parabolic profile. That is, the
potassium ion concentration tends to be high on the first main surface side and the second main surface side, and low
in the middle portion between the two main surfaces.
[0210] Note that the potassium ion concentration (K/Si) originally contained in the glass substrate used for producing
the sample A is 0.118 as a bulk concentration, that is, approximately 0.12. In contrast, in the profile of FIG. 20, the
minimum value of potassium ion concentration (value at a depth of approximately 650 mm) is 0.19 to 0.20. Hence, in
the sample A, potassium ions may be introduced throughout the first end face. Note that this is clear because the
penetration depth of potassium ions does not greatly depend on the distance from the first main surface, and the
potassium ions are introduced up to approximately 20 mm even at the position of the distance of 650 mm. The ratio of
the minimum value of K/Si of the profile to the bulk concentration of K/Si is 1.6.
[0211] FIG. 21 illustrates the results of the analysis of the sample B. In the sample B, the first end face is chemically
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strengthened similar to the first main surface and the second main surface. Hence, the potassium ion concentration
does not depend on the distance on the horizontal axis, and indicates a substantially constant high value at any distance.
[0212] In contrast, as illustrated in FIG. 22, in the sample C, a sample is cut out after the chemical strengthening
treatment is applied to the glass substrate. As a result, almost no potassium ions are introduced into the first end face.
That is, regardless of the distance of the horizontal axis, the concentration of potassium ions in the glass substrate is
equal to 0.12 as originally contained.
[0213] Thus, the results of the sample A indicate that potassium ions were introduced to the end face despite the fact
that the sample was obtained after the chemical strengthening treatment.

(STRENGTH EVALUATION)

[0214] Next, the strength was evaluated by a 4-point bending test using each of samples A to C.
[0215] The 4-point bending test was conducted in the following two methods (flat bending test and longitudinal bending
test).

(FLAT BENDING TEST)

[0216] FIG. 23 schematically depicts a configuration of a flat bending test apparatus.
[0217] As depicted in FIG. 23, the flat bending test apparatus 900 includes a pair of fulcrum members 920 and a pair
of load members 930. The distance L1 between the centers of the fulcrum members 920 is 30 mm, and the distance L2
between the centers of the load members 930 is 10 mm. The fulcrum members 920 and the load members 930 each
have a sufficiently long full length (length in Y direction) as compared with the thickness (10 mm) of a sample to be tested.
[0218] In the test, a sample 910 is horizontally placed on the two fulcrum members 920. The sample 910 is arranged
such that each of second end faces 918 of the sample 910 has an equal distance from the center of the fulcrum members
920. In addition, the sample 910 is arranged such that the first main surface 912 or the second main surface 914 faces
downward.
[0219] Next, the two load members 930 are placed above the sample 910 such that the center between the load
members 930 corresponds to the center of the sample 910.
[0220] Next, a load is applied to the sample 910 from the top of the sample 910 by pressing the load members 930
against the sample 910. The head speed is 5 mm/min. In the test, the temperature in the room is approximately 23°C
and the relative humidity is approximately 60%. According to such a test, the maximum tensile stress obtained from the
load when the sample 910 is broken is defined as a flat bending rupture stress.

(LONGITUDINAL BENDING TEST)

[0221] FIG. 24 schematically depicts a configuration of a longitudinal bending test apparatus.
[0222] As depicted in FIG. 24, the longitudinal bending test apparatus 950 includes a pair of fulcrum members 970
and a pair of load members 980. The distance L1 between the centers of the fulcrum members 970 is 50 mm, and the
distance L2 between the centers of the load members 980 is 20 mm. The fulcrum members 970 and the load members
980 each have a sufficiently long full length (length in Y direction) as compared with the thickness (1.3 mm) of a sample
to be tested.
[0223] In the test, a sample 910 is horizontally placed on the two fulcrum members 970. The sample 910 is arranged
such that each of second end faces 918 of the sample 910 has an equal distance from the center of the fulcrum members
970. Further, the sample 910 is arranged such that a first end face 916 faces upward. The sample 910 is supported so
as not to fall over. To support the sample, the sample 910 is arranged such that friction will not be generated between
the sample 910 and members for supporting the sample 910.
[0224] Next, the two load members 980 are placed above the sample 910 such that the center between the load
members 980 corresponds to the center of the sample 910.
[0225] Next, a load is applied to the sample 910 from the top of the sample 910 by pressing the load members 980
against the sample 910. The head speed is 1 mm/min. In the test, the temperature in the room is approximately 23°C
and the relative humidity is approximately 60%. According to such a test, the maximum tensile stress obtained from the
load when the sample 910 is broken is defined as a longitudinal bending rupture stress.

(TEST RESULTS)

[0226] FIG. 25 illustrates the summarized results of the flat bending test (Weibull distribution map) obtained in the
samples A to C. The straight line fitting to the Weibull plot in each sample in the figure was obtained by the least squares
method.
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[0227] FIG. 25 illustrates that the sample C exhibited an insufficiently high rupture stress to indicate insufficient strength.
In contrast, the sample A and sample B exhibited nearly the same sufficient strength.
[0228] In general, the slope of a straight line in a Weibull distribution map correlates with the variability between
samples. In other words, the slope of the straight line becomes steeper as the variability between samples decreases.
[0229] In the result shown in FIG. 25, the slope of the straight line of the sample A is steeper than that of the sample
B. Thus, in sample A, variability in strength between samples may be smaller than the variability in strength between
samples in sample B. The reason for this is that in the sample A, since the internal void rows acting as the end portions
are covered with the glass itself during the chemical strengthening treatment, scratches are less likely to be formed and
the variability in strength is reduced.
[0230] Next, FIG. 26 illustrates the summarized results of the longitudinal bending test (Weibull distribution map)
obtained in the samples A to C. The straight line fitting to the Weibull plot in each sample in the figure was obtained by
the least squares method.
[0231] FIG. 26 illustrates that the sample C exhibited an insufficiently high rupture stress to indicate insufficient strength.
In contrast, the sample A and sample B exhibited sufficient strength. The rupture stress of sample A is slightly lower
than the rupture stress of sample B because there is a difference in the potassium ion concentration between the two
due to the chemical strengthening treatment at the first end face described above.
[0232] Further, as described above, the slope of the straight line of the sample A is steeper than that of the sample
B; hence, the variability in strength between the samples in the sample A is smaller than that in the sample B. The reason
for this is that in the sample A, since the internal void rows acting as the end portions are covered with the glass itself
during the chemical strengthening treatment, scratches are less likely to be formed and the variability in strength is
reduced.
[0233] As described above, in the sample A, potassium ions were introduced into the end face during the chemical
strengthening treatment of the glass substrate, and as a result, the sample A exhibited sufficient strength.
[0234] From the above results, similar effects may be obtained in the present invention for glass tubes and glass articles.
[0235] Next, other examples of the present invention will be described.

(ANOTHER EXAMPLE 1)

[0236] Three types of samples E, F and G were produced by the method as illustrated in the above-mentioned (Pro-
duction method of Sample A).
[0237] Note that the sample E was produced from a glass substrate (glass material) having a thickness t of 0.5 mm,
and the sample F was produced from a glass substrate (glass material) having a thickness t of 0.85 mm. In contrast,
the sample G was produced from a glass substrate (glass material) having a thickness t of 1.3 mm. That is, the sample
G was produced by the same method as sample A.
[0238] For each of samples E to G, the potassium ion concentration at the above-mentioned "first end face" was
analyzed using the EPMA method (Electron Probe Micro Analyzer).
[0239] The analysis was conducted at the following three points on the first end face:

Any position corresponding to the first main surface of the glass material, that is, any position corresponding to one
side of a length of 60 mm (referred to as "measurement region 1");
Any position moved from the position corresponding to the first main surface of the glass material by 1/4 of the
thickness along the thickness direction of the sample (the direction toward the second main surface of the glass
material) ("measurement region 2"); and
Any one position (referred to as "measurement region 3") moved from the position corresponding to the first main
surface of the glass material by 1/2 of the thickness along the thickness direction of the sample.

[0240] Table 1 below represents results of the analysis of potassium concentration obtained in each of the measurement
regions of samples E to G.
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[0241] The potassium ion concentration is indicated by the concentration (atomic ratio) of potassium ions normalized
by silicon ions, that is, Cs. To be accurate, the potassium ion concentration is maximized in the vicinity of the surface
at a position slightly toward the depth direction orthogonal to the surface of each of the measurement regions (the width
direction of the sample) of the corresponding measurement region. Hence, the Cs value at the position where the analysis
value of K is the maximum in the vicinity of the surface in each measurement region is applied as Cs in the corresponding
measurement region.
[0242] Note that the value of Cs obtained by the EPMA method may be different from the result of the aforementioned
EDX method. Note that there is no effect in the evaluation of the profile.
[0243] Table 1 also indicates the penetration depth values of potassium ions in the respective measurement regions.
This penetration depth represents the penetration depth along the depth direction (the width direction of the sample)
such that there is no change in potassium ion concentration depth from the first end face.
[0244] Furthermore, Table 1 indicates the ratio of Cs in each measurement region to the bulk Cs (hereinafter referred
to as "Cs ratio") calculated in the measurement region 3.
[0245] The results in Table 1 indicate that in samples E to G, potassium ions are introduced to the entire first end face
and the concentration of potassium ions represents a profile of concentration increased from the central portion of the
thickness toward the first main surface. Furthermore, the results indicate that the potassium ion concentration at the first
end face was 1.8 times greater than the potassium ion concentration (bulk concentration) originally contained in the
sample.

(ANOTHER EXAMPLE 2)

[0246] Inner voids were formed in a glass tube made of soda-lime glass having an outer diameter of 40 mm, a tube
thickness of 0.85 mm and a total length of 30 cm, using a burst laser (number of bursts = 4) of Rofin Co. (Germany).
[0247] The irradiation conditions of the burst laser are as follows: the rotation speed of the glass tube is 89.5 rpm, the
output of the laser is 90% of the rating (50 W), the frequency of one burst of laser is 37.5 kHz, the pulse width is 15
picoseconds, one burst width was 75 nanoseconds and the distance between the centers of adjacent inner voids was
5 um. The number of times of laser irradiation was set to once in each in-plane void region.
[0248] Further, a chemical strengthening treatment was applied. The chemical strengthening treatment was conducted
by immersing the entire glass tube in potassium nitrate molten salt. Treatment temperature was set to 400°C, 420°C,
and 450°C, and treatment time was set to 6 hours, 8 hours, and 10 hours, respectively.
[0249] The glass tube did not separate along the internal void rows even after the chemical strengthening treatment
was applied.
[0250] The glass tube after the application of a chemical strengthening treatment was separated by heating with a
burner at one point of the internal void row. The end faces were separated without any problems after 1 to 2 seconds
from the start of heating.
[0251] The present application is based on and claims the benefit of priority of Japanese Priority Application No.
2015-175178 filed on September 4, 2015, the entire contents of which are hereby incorporated by reference.

REFERENCE SIGNS LIST

[0252]

110 glass material
112 first main surface
114 second main surface
116 end face
130, 131, 132 in-plane void region
138 surface void
138A, 138B surface void row
150 internal void row
158 void
160, 161, 162 glass piece
170 virtual end face
175 glass tube
380 first glass article
382 first main surface
384 second main surface
386(386-1 to 386-2) end face
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415 first glass tube
417 first main surface
419 second main surface
420(420-1 to 420-2) end face
431 in-plane void region
461 glass piece
800 glass substrate
802 first main surface
831, 832 in-plane void region
880 sample
900 flat bending test apparatus
910 sample
912 first main surface
914 second main surface
918 second end face
920 fulcrum member
930 load member
950 longitudinal bending test apparatus
916 first end face
918 second end face
970 fulcrum member
980 load member

Claims

1. A glass tube production method comprising:

(1) preparing a tubular glass material;
(2) irradiating an outer main surface of the tubular glass material with a laser to form an in-plane void region
having a plurality of voids arranged on the outer main surface, and forming a plurality of internal void rows each
having one void or two or more voids arranged from the in-plane void region toward an inner main surface of
the tubular glass material; and
(3) chemically strengthening the tubular glass material having the internal void rows formed therein.

2. The glass tube production method according to claim 1,
wherein in the in-plane void region, an interval between the adjacent voids falls within a range of 3 to 10 mm.

3. The glass tube production method according to claim 1 or 2,
wherein in the (2) irradiating step, after the in-plane void region is formed by first-pass laser irradiation, at least one
laser irradiation is additionally repeated along the in-plane void region to form the internal void rows from the outer
main surface toward the inner main surface of the tubular glass material.

4. A glass article production method comprising:

producing a glass tube by the glass tube production method according to any one of claims 1 to 3, the glass
tube having a first main surface corresponding to the outer main surface of the glass material and a second
main surface corresponding to the inner main surface of the glass material; and
separating one glass article, or two or more glass articles from the glass tube along a plane passing through
the in-plane void region and the plurality of internal void rows.

5. The glass article production method according to claim 4,
wherein in the separating step, the one glass article or two or more glass articles are obtained by applying a pressure
to the first main surface of the glass tube and/or by applying a tensile stress due to a thermal stress along the in-
plane void region of the glass tube.

6. A glass tube comprising:
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an in-plane void region having a plurality of voids arranged on an outer main surface of the glass tube;
a plurality of internal void rows having one void or two or more voids arranged from the in-plane void region
toward an inner main surface of the glass tube; and
a cut surface obtained by cutting the glass tube to pass through the in-plane void region and the plurality of
internal void rows, the cut surface having a compressive stress layer formed by applying a chemical strengthening
treatment over the entire cut surface.

7. A glass tube comprising:

an in-plane void region having a plurality of voids arranged on an outer main surface of the glass tube; and
a plurality of internal void rows each having one void or two or more voids arranged from the in-plane void region
toward an inner main surface of the glass tube; and
a cut surface obtained by cutting the glass tube to pass through the in-plane void region and the plurality of
internal void rows, the cut surface having a concentration profile of predetermined alkali metal ions from the
outer main surface of the glass tube to the inner main surface of the glass tube indicating concentration of the
predetermined alkali metal ions being higher than bulk concentration of the glass tube,
wherein the predetermined alkali metal ions provide a compressive stress layer to at least the outer main surface
of the glass tube to increase strength of at least the outer main surface of the glass tube.

8. A glass tube comprising:

an in-plane void region having a plurality of voids arranged on an outer main surface of the glass tube; and
a plurality of internal void rows each having one void or two or more voids arranged from the in-plane void region
toward an inner main surface of the glass tube; and
a cut surface obtained by cutting the glass tube to pass through the in-plane void region and the plurality of
internal void rows, the cut surface having a concentration profile of predetermined alkali metal ions from the
outer main surface of the glass tube to the inner main surface of the glass tube indicating concentration of the
alkali metal ions becoming higher toward at least the outer main surface of the glass tube,
wherein the predetermined alkali metal ions provide a compression stress layer to at least the outer main surface
of the glass tube to increase strength of at least the outer main surface of the glass tube, and
the concentration profile of the cut surface indicates concentration of the alkali metal ions being higher than
bulk concentration of the glass tube.

9. The glass tube according to any one of claims 6 to 8,
wherein in the in-plane void region, an interval between the adjacent voids falls within a range of 3 to 10 mm.

10. The glass tube according to any one of claims 6 to 9,
wherein the cut surface corresponds to an end face obtained by separating the glass article from the glass tube.

11. The glass tube according to claim 10,
wherein the cut surface has a chamfered or rounded connecting portion with the outer main surface and/or a
chamfered or rounded connecting portion with the inner main surface.

12. A glass article comprising:

an outer main surface;
an inner main surface; and
at least one end face joining the outer and inner main surfaces,
wherein the end face has a concentration profile of predetermined alkali metal ions from the outer main surface
to the inner main surface indicating concentration of the alkali metal ions becoming higher toward at least the
outer main surface,
wherein the predetermined alkali metal ions provide a compression stress layer to at least the outer main surface
to increase strength of at least the outer main surface, and
wherein the concentration profile of the end face indicates concentration of the alkali metal ions being higher
than bulk concentration of the glass article.

13. The glass article according to claim 12,
wherein the predetermined alkali metal ions are sodium ions and/or potassium ions.
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14. The glass article according to claim 12 or 13,
wherein the end face has a chamfered or rounded connecting portion with the outer main surface and/or a chamfered
or rounded connecting portion with the inner main surface.

15. A glass article production apparatus comprising:

a separation unit configured to separate one glass article or two or more glass articles from the glass tube
according to any one of claims 6 to 11,
wherein the separation unit separates the one glass article or two or more glass articles by applying a pressure
to the outer main surface of the glass tube and/or by applying a tensile stress due to a thermal stress along the
in-plane void region of the glass tube.
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