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Shaped glass article and method for producing such a shaped glass article

Field of invention

The invention concerns a shaped glass article with two surfaces and one or more edges
joining the two surfaces, having a thickness between the two surfaces and at least one
curved area. The invention further concerns a method for producing such a shaped
glass article and a use of such a shaped glass article. Furthermore, the invention
concerns a device with such a shaped glass article laminated to it.

Background of the invention

The market of consumer electronics requires more and more glass articles for e.g.
displays of electronic devices that feature a curved surface. Examples include
panoramic TV-screens or curved cellular phone displays for increased viewing
experience or facilitated handling. Such applications of glass articles require a high
degree of precision during shaping since the fatigue lifetime of glasses can be
significantly decreased if they need to be bent out of a given shape. Unavoidable
inherent defects on the edges or on the surfaces resulting from the processing during
production will, after a certain time, lead to glass breakage. When external forces are
applied to the glass, e.g. when bending it, tensile stresses are induced on its edges and
surfaces which will result in the already present defects to propagate and grow,
ultimately causing the glass to break. Even small deflections of the glass from its given
shape lead to breakage during lamination or after a short lifetime due to static fatigue.
The tolerances for shaped glass articles or corresponding shaping processes are
therefore very low i.e. a high-precision shaping is required in order for a stress free
application in its given shape. Conventional processes as thermal molding as they are
widely used for providing e.g. glass bottles, trays or bowls are therefore not suitable for

such glass applications in consumer electronics.

Shaped glasses with the required precision can be obtained by e.g. high-precision
thermal bending or slumping. Thermal bending comprises heating a flat glass and
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pressing it into the desired shape between two molds with high-precision surfaces. In
thermal slumping, the heated glass is deformed under the influence of gravity to adapt
to an underlying mold. Thermal bending can be assisted by applying e.g. pressure or
vacuum. The heating temperature in both cases can be relatively low, typically around
20 - 30°C above the transition temperature T4 of the glass. The heating is usually
achieved by infrared (IR) heating. The mold or molds are usually made of mechanically
polished tungsten carbide with an additional coating in order to ensure the necessary
surface quality and precision of the shaped glass. Such molds are expensive and have

a limited lifetime, rendering such shaping processes not suitable for mass production.

Easily shapeable plastic materials have been used in order to replace glass. Glasses,
however, in many respects are superior to all known plastic materials having e.g. better
light transmittance, better hardness and resistance to water vapor and generally better

anti-aging performance and are therefore generally preferred.

Consumer electronics also requires thin glass articles to keep minimizing volume and
weight of the final product. In addition, it is a constant requirement, in particular in
respect of wearable devices as e.g. smart phones or tablets, to provide light and space-
saving glass articles with sufficiently high durability which can resist the mechanical
stress and impacts during daily use. In view of the desired reduction in volume and
weight, there is a demand for thin glass articles which have the necessary strength e.g.
for sufficient protection of the underlying components. With decreasing thickness, the
glass becomes more fragile and prone to breakage during handling and processing as
compared to thicker glasses. It is therefore common to chemically strengthen thin
glasses as described in e.g. US 2014/050911 and US 2010/119846. Chemical
strengthening or toughening enhances the strength of the glass by exchanging smaller
ions in the surface of the glass with larger ions from e.g. a salt bath. The exchanged
larger ions in the glass network result in a compressive surface stress in the ion-
exchanged surface layer. Typical parameters for describing ion-exchanged glasses are
the depth of the layer (DoL) and the resulting surface compressive stress (CS).

It is an object of the invention to provide a shaped glass article and a method for
producing such a shaped glass article, which overcome the disadvantages of the prior
art. In particular, it is the object of the invention to provide a shaped glass article which
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can be easily and cost effectively produced and a method for producing such a shaped
glass article. It is another object of the invention to provide a shaped glass article with a
wide range of applications, in particular for the use in electronic devices and a method
for producing such a shaped glass article. It is a further object of the invention, to
provide a shaped glass article that can be laminated out-of-shape with a viable fatigue
lifetime and a method for producing such a shaped glass article. Furthermore it is an
object of the invention to provide a device with such a shaped glass article.

Description of the invention
The following terminologies and abbreviations are adopted herein:

— The term “glass article” is used in its broadest sense to include any object made of
glass and/or glass ceramics. As used herein, ultrathin glass refers to glasses and
glass articles with a thickness of equal or less than 0.4 mm, unless otherwise
specified. The glass compositions are optimized for ultrathin forming and
applications requiring ultrathin glasses as e.g. described in PCT/CN2013/072695 by
SCHOTT®.

— Compressive stress (CS): the stress that results in the glass network in an e.g. ion-
exchanged or thermally annealed surface layer. CS can be measured by the
commercially available stress measuring instrument FSM6000 based on an optical
principle.

— Depth of layer (Dol): the thickness of the glass surface layer where ion-exchange
occurs and compressive stress is produced. DoL can be measured by the
commercially available stress measuring instrument FSM6000 based on an optical
principle. Analogous, the depth of layer can also be defined in the case of surface
compressive stress layers produced by other methods as e.g. thermal annealing.

— Central tensile stress (CT): the tensile stress that is generated in an interlayer of the
glass and counteracts the compressive stress that is generated in the ion-
exchanged surface layers of the glass. The CT can be calculated from the measured
CS and DolL.

— Average breakage strength (Oureak): Average breakage strength herein refers to the
average tensile stress of samples of the ultrathin glass upon breakage of the
samples. Opeak Can be measured by two point bending tests.
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The objects of the invention are solved by a shaped glass article and a method for
producing a shaped glass article according to the independent claims. Further, the

objects of the invention are solved by the use of the shaped glass article.

The shaped glass article according to the invention is ultrathin and has two surfaces
and one or more edges joining the two surfaces, and a thickness between the two
surfaces. The shaped ultrathin glass article has at least one curved area with a non-
vanishing surface curvature with a minimal curvature radius R if no external forces are
applied. The curved area thereby preferably is a result of a low-precision forming
process i.e. the curvature radius R can substantially deviate form a target radius R’, in
particular by up to 50 %, where R # R’ and the target radius R’ is the radius at which the
shaped glass article is intended to be applied or is applied as e.g. laminated to a
correspondingly curved target or lamination surface. In a preferred embodiment, the
curvature radius R deviates from the target radius R’ by at least 1 %.

The shaped ultrathin glass article according to the invention maintains its shape without
application of external stresses or forces. Whereas the curved area generally can be
curved in several directions e.g. as a dent or depression in an otherwise flat glass article,
the curvature of the at least one curved area is preferably essentially one-dimensional
with a preferably essentially constant curvature in one surface direction. An essentially
one-dimensional curvature hereby refers to a curvature in one surface direction and
essentially no curvature in a direction perpendicular to the surface direction of the
curvature as it is e.g. the case in a surface section of an e.g. circular, hyperbolic,
parabolic, or arbitrarily shaped cylinder.

It has surprisingly been found that shaped ultrathin glasses with low precision
requirements can be widely applied in applications that require a high precision fitting.
The invention is based on the insight that, since the force to bend a glass from a given
shape to a certain deviating target shape is proportional to the cube of the thickness of
the glass, thinner glasses do not need to be precisely shaped and can be bent from a
given close-to-final shape into the target shape without significant loss in lifetime due to
static fatigue or running the risk of breakage during the bending. This is not possible
with thicker glasses as e.g. a bending radius of 50 mm for a 0.5 mm thick flat glass
sheet results in a static stress of e.g. approx. 375 MPa which is much higher than the

breakage strength of approx. 100 MPa of typical glasses (see fig. 1 below). Besides the

4
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immediate breakage during lamination, glue as e.g. Optical Clear Adhesives (OCA)
which can tolerate a tensile strength higher than 375 MPa (or 375 N/mm?) would be
needed which is a challenge for most glass glues. Laminating a 0.05 mm thick flat glass
sheet to a 50 mm curvature radius surface in contrast only leads to a static stress of
approx. 37.5 MPa which is below the breakage stress for most 0.05 mm thick glasses.
Providing a static stress of 37.5 MPa, however, is still a challenge for most OCA and
lifetime could still be limited due to static fatigue of the glass.

Assuming the radius of a target curvature is R’ and the curvature of the shaped ultrathin
glass article in the at least one curved area is R with thickness t and Young’s modulus E.
The static stress o5t When bending the shaped ultrathin glass article from the curvature
R to the target curvature R’ can be approximated as

tE

o =(1-%2)5= . (R<R), (1)

R1/ 2R

tE

o =(1-5) = , (R>R). @)

2R!

For flat ultrathin glass, the bending radius R can be regarded as infinitely large, so the
static stress could be approximated by o4, = tE/2R’. Compared with flat ultrathin glass,
the static stress is largely reduced by providing the already low-precision i.e. close-to-
final shaped ultrathin glass article with a curved area with curvature R. This yields two
key benefits: Smaller curvature radii become possible since the static stress is lower
than the glass breakage stress and longer fatigue lifetime due to the low static stresses.

For example, for a target curvature of 50 mm radius, a shaped 0.05 mm thick ultrathin
glass article according to the invention with 50 £ 5 mm low-precision curvature can be
produced at extremely low cost (in contrast to the high-precision tolerance requirement
of e.g. £0.1 mm for thicker glasses). The static stress is significantly reduced and
amounts to only about 10% compared with bending a flat glass to the target curvature,
i.e. reducing the static stress from 37.5 MPa to 3.75 MPa. The external force for
bringing the shaped ultrathin glass article into the target shape is thus small enough to
be provided by e.g. an OCA by which the glass article is e.g. laminated to a curved
surface with the target curvature. The static stress is moreover far below the breakage
stress of the glass, in particular sufficiently low to ensure a viable lifetime of the
laminated glass.
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Based on the above insight, it is sufficient for ultrathin glass articles, i.e. glasses or
glass sheets having thicknesses equal to or less than 0.4 mm, to provide the glass
article with a low-precision close-to-final shape and to subsequently bend it into the
high-precision target shape by an external force. Whereas the invention is
advantageous for ultrathin glass articles with thicknesses equal to or less than 0.4 mm,
the ultrathin glass article preferably has a thickness which is equal to or less than
0.2 mm, further preferably equal to or less than 0.1 mm, further preferably equal to or
less than 0.05 mm, and further preferably equal to or less than 0.01 mm. Selected
preferred thicknesses are 5 um, 10 um, 15 um, 25 um, 30 pm, 35 um, 50 um, 55 uym, 70
pm, 80 pm, 100 pum, 130 pm, 145 pm, 160 pm, 190 um, 210 pum or 280 um.

In a preferred embodiment, the at least one curved area extends over the whole
ultrathin glass article. In other words, the whole shaped glass article has a curvature
which can be constant, i.e. has the minimal curvature radius R, or can be non-uniform
as e.g. a parabolic or hyperbolic curvature with minimal curvature radius R. The low-
precision shaped ultrathin glass article according to the invention can therefore
essentially also be applied in high-precision applications as e.g. lightweight parabolic
mirrors. In other embodiments, the shaped ultrathin glass article can have several
curved areas, with preferably alternating curvatures. The curvatures in the several
curved areas can be different or the same, resulting in an irregular or regular corrugated

shape, respectively.

Preferably, the minimal curvature radius R in the at least one curved area is equal or
smaller than 5000 mm, preferably equal or smaller than 1000 mm, further preferably
equal or smaller than 500 mm. At the same time, the minimal curvature radius R is
preferably equal or larger than 1 mm, further preferably equal or larger than 3 mm,
further preferably equal or larger than 10 mm, further preferably equal or larger than
30 mm, further preferably equal or larger than 50 mm. It is, however, to be understood
that the shaped ultrathin glass article according to the invention can also be
advantageously applied at essentially any minimal curvature radii that allows for non-

breakage and sufficient fatigue lifetime.

The glass of the shaped glass article preferably comprises an alkali containing glass
composition. Preferred glasses are e.g. lithium aluminosilicate glasses, soda-lime

glasses, borosilicate glasses, alkali metal aluminosilicate glasses, and aluminosilicate

6
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glass with low alkali content. Such glasses can be produced by e.g. drawing as e.g.

down-draw processes, overflow-fusion or float processes. These (glasses are

particularly suitable if an ion-exchange treatment shall be applied to the glass. In a

preferred embodiment, the ultrathin glass article comprises a lithium aluminosilicate
5 glass with the following composition in weight-%:

Composition weight-%
SiO, 55-69
Al>Os 18-25
Li>O 3-5
Na,O + K-O 0-30
MgO + CaO +SrO + BaO 0-5
Zn0O 0-4
TiOs 0-5
yA(oR 0-5
T|02 + ZFOQ + SﬂOg 2-6
P05 0-8
F 0-1
B>Os 0-2

Preferably, the lithium aluminosilicate glass comprises the following glass composition

in weight%:

Composition weight-%
SiO; 57-66
Al-O3 18-23
Li-O 3-5
NaoO + KO 3-25
MgO + CaO +SrO + BaO 1-4
Zn0O 0-4
TiO» 0-4
ZrO, 0-5
T|02 + ZFOQ + SﬂOg 2-6
P>0s 0-7
F 0-1
B-O3 0-2

10  Further preferably, the lithium aluminosilicate glass comprises the following glass
composition in weight%:
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Composition weight-%
SiO, 57-63
AlxOs 18-22
Li-O 3.5-5
NaoO + KoO 5-20
MgO + CaO +SrO + BaO 0-5
Zn0O 0-3
TiOo 0-3
ZrO, 0-5
Ti02 + ZFOQ + SnOz 2-5
P20s 0-5

F 0-1
B>Os 0-2

In another preferred embodiment, the ultrathin glass article comprises a soda-lime glass

with the following composition in weight-%:

Composition weight-%
SiO. 40-81
Al,O3 0-6
B-O3 0-5
Li-O + Na,O + K,O 5-30
MgO + CaO + SrO + BaO + ZnO 5-30
T|02 + ZFOQ 0-7
P>0s5 0-2

Preferably, the soda-lime glass comprises the following glass composition in weight-%:

Composition weight-%
SiO; 50-81
Al,O4 0-5
B-O3 0-5
ngO + NagO + Kgo 5-28
MgO + CaO + SrO + BaO + ZnO 5-25
Ti02 + ZFOQ 0-6
P,0s5 0-2

Further preferably, the soda-lime glass comprises the following glass composition in

weight%:
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Composition weight-%

SiOs 55-76

Al>O3 0-5

B-Os3 0-5

Lizo + Na20 + Kgo 5-25

MgO + CaO + SrO + BaO + ZnO 5-20

T|02 + ZFOQ 0-5

P>Os 0-2

In another preferred embodiment, the ultrathin glass article comprises a borosilicate

glass with the following composition in weight-%:

Composition weight-%
SiO; 60-85
Al,O4 0-10
B-O3 5-20
ngO + NagO + Kgo 2-16
MgO + CaO + SrO + BaO + ZnO 0-15
Ti02 + ZFOQ 0-5
P,0s5 0-2

Preferably, the borosilicate glass comprises the following composition in weight-%:

Composition weight-%
SiO; 63-84
Al,O3 0-8
B-O3 5-18
Lizo + Na20 + Kgo 3-14
MgO + CaO + SrO + BaO + ZnO 0-12
Ti02 + ZFOQ 0-4
P,0s5 0-2

Further preferably, the borosilicate glass comprises the following composition in weight-

%:
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Composition weight-%
SiO, 63-83
Al>Os 0-7
B.Os 5-18
Li>O + NaxO + K>O 4-14
MgO + CaO + SrO + BaO + ZnO 0-10
T|02 + ZFOQ 0-3
P20Os 0-2

In another preferred embodiment, the ultrathin glass article comprises an alkali metal

aluminosilicate glass with the following composition in weight-%:

Composition weight-%
SiO. 40-75
Al,O4 10-30
B-O3 0-20
ngO + NagO + Kgo 4-30
MgO + CaO + SrO + BaO + ZnO 0-15
TiO2 + ZrOo 0-15
P,0s5 0-10

5 Preferably, the alkali metal aluminosilicate glass comprises the following composition in

weight-%:

Composition weight-%
SiO, 50-70
Al,O3 10-27
B-Os3 0-18
Lizo + Na20 + Kgo 5-28
MgO + CaO + SrO + BaO + ZnO 0-13
TiOs + ZrO» 0-13
P20Os 0-9

Further preferably, the alkali metal aluminosilicate glass comprises the following
composition in weight-%:

10
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Composition weight-%
SiOs 55-68
Al,O3 10-27
B,O3 0-15
Lizo + Na20 + Kgo 4-27
MgO + CaO + SrO + BaO + ZnO 0-12
TiOs + ZrOs 0-10
P>0s5 0-8

In another preferred embodiment, the ultrathin glass article comprises an

aluminosilicate glass with low alkali content with the following composition in weight-%:

Composition weight-%
SiO. 50-75
Al,O4 7-25
B-O3 0-20
ngO + NagO + Kgo 0-4
MgO + CaO +SrO + BaO + ZnO 5-25
TiOo+ZrOo 0-10
P,0s5 0-5

5 Preferably, the aluminosilicate glass with low alkali content comprises the following
composition in weight-%:

Composition weight-%
SiOs 52-73
AloO3 7-23
B,O3 0-18
Lizo + Na20 + Kgo 0-4
MgO + CaO +SrO + BaO + ZnO 5-23
TiO2+2rO5 0-10
P20s 0-5

Further preferably, the aluminosilicate glass with low alkali content comprises the
following composition in weight-%:

10
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Composition weight-%
SiO, 53-71
Al,O3 7-22
B,O3 0-18
Lizo + Na20 + Kgo 0-4
MgO + CaO +SrO + BaO + ZnO 5-22
T|02 + ZFOQ 0-8
P20s 0-5

The glasses used in the invention, in particular the above mentioned glasses, can also
be modified. For example, the color can be modified by adding transition metal ions,
rare earth ions as e.g. Nd>Os, Fe>03, CoO, NiO, V.05, MnO,, TiO,, CuO, CeO,, Cra0s.
Inclusion of such modifying colorant can e.g. enrich the design of consumer electronics
such as color requirements for back covers or can provide an additional function for the
ultrathin glass article as e.g. as color filters. In addition, luminescence ions, such as
transition metals and rare earth ions can be added in order to endow optical functions,
such as optical amplifiers, LEDs, chip lasers etc. In particular, 0-5 weight-% of rare
earth oxides can be added to introduce magnetic, photon or optical functions. Moreover,
refining agents as e.g. As,0s, Sbo03, SNO,, SO3, Cl, F, and/or CeO, can be added into
the glass compositions in amounts of 0-2 weight-%.

The glass article can also be provided with an anti-microbial function by applying an ion-
exchange of the glass article in an Ag*-containing salt bath or a Cu?*-containing salt
bath. After the ion-exchange the concentration of Ag* or Cu®* is higher than 1 ppm,
preferably higher than 100 ppm, and more preferably higher than 1000 ppm. The
ultrathin glass with anti-microbial function could be applied for medical equipment such
as computer or screen used in hospitals and consumer electronics with anti-microbial

function.

It is to be understood that the sum of the components of the glass composition amounts
to 100 weight-%. Further preferred variations of such glasses can be found in e.g.
PCT/CN2013/072695 and are hereby incorporated by reference.

The at least one curved area preferably is a result of a non-precision forming process as
thermal bending, thermal slumping and/or thermal molding. As mentioned in the above,

high-precision forming processes are generally expensive and therefore not suitable for

12
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mass production. The low-precision shaped ultrathin glass article according to the
invention in contrast can be formed by low-precision forming methods that are cheap
and easy to achieve. The molds for thermal slumping or bending can e.g. be made of
graphite and the surface can be mechanically polished without special coating in
contrast to the requirements of high-precision molds which are usually made of
expensive tungsten carbide and need additional coatings that degenerate during
production and need to be refurbished.

Another low-precision forming process which can advantageously be applied in addition
to other forming processes or alone is unbalanced surface compressive stressing. By
this process, the at least one curved area is a result of the unbalanced surface
compressive stressing, where a surface compressive stress and/or a depth of layer in
the at least one curved area on one of the two surfaces of the ultrathin glass article is
larger than the surface compressive stress and/or the depth of layer on the other
surface, resulting in surface compressive stresses and/or depths of layers on the both
surfaces that are unbalanced with respect to a central tensile stress of the ultrathin
glass article. Surface compressive stress hereby refers to an integrated surface
compressive stress, inherent to the glass article. Due to the unbalanced surface
compressive stresses and/or depths of layers with respect to the central tensile stress,
the flat ultrathin glass article experiences an internal bending force. Due to the ultrathin
thickness, this bending force is large enough to deflect the ultrathin glass article in to a
relaxed curved shape. The unbalanced surface compressive stresses can e.g. be
measured if the shaped ultrathin glass article is brought into a flat shape.

The maximum of the larger of the surface compressive stresses preferably lies in the
range from 10 MPa to 1200 MPa, where the smaller surface compressive stress
preferably amounts to at most 90% of the larger surface compressive stress, further
preferably at most 50%, further preferably at most 30%, where preferably the smaller
surface compressive stress vanishes. The particular choices of the difference in the
surface compressive stresses and/or depths of layers depend on the particulars of a
given requirement as e.g. thickness of the glass article and required curvature radius.
The unbalanced surface compressive stressing and a shaped ultrathin glass article with
unbalanced compressive surface stresses by itself form inventive aspects and as such

are regarded as an invention independent of the further features described herein. The

13
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surface compressive stressing thereby comprises establishing the unbalanced surface
compressive stresses and/or depths of layers in which the surface compressive

stresses are established.

The unbalanced surface stresses and/or depths of layers can be easily achieved at low-
cost. Preferably, the unbalanced surface compressive stresses and/or depths of layers
in the at least one curved area are a result of unbalanced annealing of the surfaces of
the ultrathin glass article and/or unequal ion-exchanging surface layers on the surfaces
of the ultrathin glass article such that the ultrathin glass article has unbalanced
annealed surfaces and/or unequal ion-exchanged surface layers.

Unbalanced annealing of the two surfaces in the curved area results in different surface
stresses and/or depths of layers. The unbalanced annealing can be achieved as an in-
line process e.g. during manufacture of the ultrathin glass by e.g. unbalanced cooling of
the surfaces in a down-draw process. Alternatively, the unbalanced annealing can be
applied off-line, as a post-process, after production of a semi-finished ultrathin glass
sheet that is later shaped into the shaped ultrathin glass article of the invention.

Another preferred method for achieving the unbalanced surface stresses and/or depths
of layers is non-uniform or unequal ion-exchange on the both surfaces in the curved
area of the ultrathin glass article. Uniform ion-exchange on the surfaces of glass sheets
is well-known for strengthening a glass article. Unbalanced ion-exchange for shaping a
flat glass article, in contrast, is a novel process for shaping an ultrathin glass article and
as such forms an independent aspect of the invention. Similar, a shaped ultrathin glass
article having unequal ion-exchanged surface layers on its both surfaces forms an
independent invention. The unbalanced ion-exchange results in unequal ion-exchanged
surface layers on the both surfaces of the glass article with unequal associated surface
compressive stresses and/or unequal depths of layers. By adjusting the ion-exchange
parameters as e.g. the depth of layers DoL and/or the surface compressive stresses CS,
the curvature in the curved area can be controlled. DoL and CS can be a function of a
surface coordinate x such that a variable profile and thereby a variable curvature can be
achieved. The method thus advantageously provides for an easy and cost effective
process for shaping an ultrathin glass article at low-precision resulting in a cheap and
easy to produce shaped ultrathin glass article. It is, however, to be understood that this
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method can also be advantageously applied as a high-precision shaping methods if the

particular application so requires.

Preferably, the ion-exchanged surface layer on the surface with the larger surface
compressive stress has a depth of layer (DoL) in the range from 1 um to 50 pm,
preferably in the range from 1 um to 30 pm, further preferably in the range from 1 pm to
10 pm, further preferably 1 um to 3 um. The specifically preferred parameters generally
depend on the required parameters of the ultrathin glass article.

In preferred embodiments, the product of the difference of the surface compressive
stresses in the curved area ACS and the difference in the depth of layers ADoL of the
ion-exchanged surface layer on the surface with the larger compressive stress is in the
range from 2 MPa-um to 30°000 MPa-pm, preferably 5 MPa-um to 10°000 MPa-pm,
further preferably 50 MPa-pm to 2’500 MPa- um.

The following Table 1 gives some preferred combinations of ranges of DoL and CS of
the surface with the larger surface compressive stress and ACS-ADolL for several

exemplary thicknesses of the ultrathin glass article:

Thickness [mm] DoL(x} [um] CS(x) [Mpa] ACS - ADoL [MPa-pm)
0.3 0 < DoL <50 0<CS<1200 1’688 < ACS - ADoL < 30'000
0.2 0 < DolL <50 0<CS<1200 750 < ACS - ADoL <30°000
0.1 0 < DolL <30 0<CS<1200 188 < ACS - ADoL < 18’000
0.07 0 <DolL <25 0<CS<1200 92 < ACS - ADoL < 15000
0.05 0 < DolL <20 0<CS<1200 474 < ACS - ADoL < 12'000
0.025 0<DolL <10 0<CS<1200 124 < ACS - ADol < 6’000
0.01 0<Dol <3 0<CS<1200 42 < ACS - ADol < 1’800

Table 1: Ranges of DoL(x) and CS(x) for several exemplary thicknesses

The values in Table 1 are derived from the equation

JACS-ADoL dxdydz
Ao = -

3

2

where Ag is the internal tensile or compressive stress of the unbalanced ion-exchanged
ultrathin glass after relaxation into the bent shape. [ ACS - ADoL dxdydz = %-Aa, if

DoL is the same on both sides. The minimum ACS-ADolL is calculated based on

1000 mm radius at the different thicknesses, and the maximum is calculated based on
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(DOoLmax'CSmax)/2. It is to be noted that the values in Table 1 are exemplary and based

on the simplified assumptions of constant CS(x) and DoL(x) on the respective surfaces.

In a preferred embodiment, the shaped ultrathin glass article is bendable out-of-shape
to a target minimal curvature radius R’ # R in the curved area without breakage,
resulting in a non-vanishing static surface tensile stress in the curved area, wherein

preferably the resulting static surface tensile stress is not greater than

1.15-Min Ga—Aa0.4-[1—In[M¢n,66—Aeo.4-[1—ln[|'r—efd>D , (3)
A App L app

where

- Lt is the stressed edge length and
- At is the stressed surface area of the side faces of ultrathin glass samples,

- 0, being the median of the tensile stress of samples of the ultrathin glass upon break
of the samples, where the break occurs within a side face of the samples within the
stressed surface area, and

- 0, is the median of the tensile stress of samples of the ultrathin glass upon break of
the samples, where the break emanates from an edge of the samples within the
stressed edge length,

- Ag and A, being standard deviations of the tensile stress upon break of the samples

at the edge or within a side face of the samples, respectively (i.e. the standard
deviations of the median values &,, 7,),

- Agpp being the surface area of one side face of the ultrathin glass article and

- Lapp being the cumulated edge length of the longitudinal edges of the ultrathin glass
article, and

- ® being a specified maximum rate of breakage within a time interval of at least half a

year.

Often, a longer lifetime than half a year will be needed. To guarantee a low rate of
breakage for longer terms such as, e.g., ten years, it is preferred that the resulting static

tensile stress is not greater than
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0_93.|\/|in[6a -A,04. [1 —In[ﬁicpn,c—se —A0.4- [1 - In[ll_'r—efCI)D] . (4)
app app

Preferably, the maximum rate of breakage @ is less than 0.1, further preferably less
than 0.05.

As an example, a pre-bended ultra-thin glass article having a glass thickness of 0.05
mm, a Young’s modulus of 74.8 GPa and a minimal curvature radius R of 77 mm may
be regarded. The target curvature radius R’ is set to be 75 mm. The maximum rate of

breakage & is set to 0.1.

For this sample, break tests were performed with samples having a surface area Ares =
121 mm2. The relevant edge length for the two-point bending test employed in this
example amounts to Lges = 2 mm. The break tests yielded G, =421 MPa (median) and
A, = 35 MPa (standard deviation) as parameters for the surface strength; 5, =171
MPa (median) and A, = 16.9 MPa (standard deviation) as parameters for the edge
strength. Using Az = 0.06 mx 0.1 m =6:10°m?and Lypy=2x0.1m=2-10"min
Term (4) yields:

G, — A, 0.4 X (1 —In (j—f fb))

app

121x10"°m?
6x1073m?2

- (421 —35x% 0.4 % (1 - 1n( x 0.1))) MPa ~ 398 MPa (5)

G, — A,0.4 X (1 —In (ﬁ fb))

Lapp
= (171 —16.9 X 0.4 X (1 —In (zzigjz X 0.1))) MPa ~ 118 MPa (6)
0.93 x Min (398 MPa, 118 MPa) = 110 MPa (7)

The resulting static stress Osiat can be calculated according to equations (1) and (2)
above. That is, for the example set forth in the preceding paragraph, the resulting static
stress Ogqt iS approximately 0.65 MPa (using eq. 2). The resulting static stress is
therefore much lower than the maximum tolerable stress according to equations (5) and
(6).
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As is evident from the example, the resulting static tensile stress for the laminated
shaped ultrathin glass article is much lower than for a flat glass-article that is bent into
the target shape. Moreover, the resulting static tensile stress is even lower than 7 MPa,
the value set for long-term reliability of the glass sample.

In a preferred embodiment, the shaped ultrathin glass article is laminated onto a target
surface, in particular laminated out-of-shape onto the target surface having a target
curvature radius R’# R in the curved area.

The invention also concerns a device having a lamination surface with a curved area
with a minimal lamination curvature radius R’, which has a shaped ultrathin glass article
as described herein laminated to the lamination surface. Preferably, the target
lamination curvature radius R’ is not equal to the minimal curvature radius R of the at
least one curved area of the shaped ultrathin glass article. The lamination can thereby
e.g. be achieved by an Optical Clear Adhesive (OCA) as they are commonly used in the
art and the device can e.g. be a cellular telephone or a tablet computer or any other
application where the shaped ultrathin glass article according to the invention can be

advantageously applied.

In a preferred embodiment, the deviation of the target curvature radius R’ from the
minimal curvature radius R can be up to 50 %, preferably up to 25%, further preferably
up to 20%, further preferably up to 10%. Generally, the deviation is equal to or larger
than 1 %, dependent on the tolerance of the low-precision production process used for
the production of the ultrathin glass article. It is to be understood that the shaped glass
article according to the invention can of course also be applied if the deviation is smaller
than 1 % or even smaller than 0.1 %. The advantage of the invention, however, lies in
the fact that it is not necessary to have such a high-precision shape of the glass article
in order to apply it at a desired high-precision curvature. Preferably, the ratio of the
resulting static surface tensile stress in the at least one curved area and an average
breakage stress of the ultrathin glass article is equal or lower than 20 %, preferably
equal or lower than 10 %, further preferably equal or lower than 5 %, further preferably
equal or lower than 1 %. If the resulting static tensile stress does not exceed these
values, a very long-term reliability, even a life-time reliability of the ultrathin glass article
can be assumed. In other words, no failure due to glass breakage will occur during the

intended use of the device.
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The resulting static surface tensile stress in the at least one curved area is thereby
preferably less than 75 MPa, preferably equal or less than 20 MPa, further preferably
equal or less than 10 MPa, further preferably equal or less than 3 MPa, further
preferably equal or less than 1 MPa. These values, however, strongly depend on the
average breakage strength of the glasses in use. Some glasses as e.g. glass C in Table
2 below with a thickness of 0.1 mm have very high average breakage strength of 717
MPa after chemical strengthening and as such can have a comparatively high surface
resulting tensile stress when bent out-of-shape without significant decrease in fatigue
lifetime. Other glasses as e.g. glass B or C in Table 2 have average breakage strengths
between 150 MPa and 200 MPa without strengthening.

The invention further concerns a method for producing a shaped glass article and in
particular a shaped ultrathin glass article according to the invention as described herein.

The method comprises:

— providing an ultrathin glass with two surfaces and one or more edges joining the two
surfaces, having a thickness between the two surfaces;

— shaping the ultrathin glass to a shaped ultrathin glass article by forming at least one
curved area having a non-vanishing surface curvature with a minimal curvature
radius R if no external forces are applied to the shaped ultrathin glass article; where

— the forming of the at least one curved area preferably includes forming an essentially
one-dimensional curvature with preferably essentially constant curvature in one

surface direction.

In a preferred embodiment, the shaping of the ultrathin glass comprises applying a non-
precision forming process, including but not restricted to thermal bending, thermal
slumping, thermal molding, and/or unbalanced surface stressing to the ultrathin glass in
an at least one area to be curved. The unbalanced surface stressing thereby refers to a
process resulting in surface compressive stressed layers on the both surfaces that are
unbalanced with respect to an interlayer of the glass where the counteracting central
tensile stress of the ultrathin glass article is generated. Preferably, the unbalanced
surface stressing comprises unbalanced annealing of the surfaces of the ultrathin glass

and/or unequal ion-exchange on the surfaces of the ultrathin glass.
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The unequal ion-exchange preferably comprises applying alkaline metal salts to the
ultrathin glass, preferably one or more of the following alkaline metal salts: NaNOs,
Na,COs, NaOH, Na S04, NaF, NagPO4, NasSiOs, NaxCro0O7, NaCl, NaBF4, NaHPOy,
K2COs, KOH, KNO3, K2SO4, KF, K3PO4, KsSiOs, KoCra0O7, KCI, KBF4, KoHPO4, CsNOs,
CsS0O4, CsCl. The unequal ion-exchange preferably comprises fully or partially
submerging the ultrathin glass in an alkaline metal salt bath for 15 minutes to 48 hours,
preferably at a temperature between 350°C and 700°C. The unequal ion-exchange can
advantageously comprise applying a paste containing alkaline metal salts to one or both
of the surfaces in the curved area and annealing the ultrathin glass sheet, where
preferably the paste is dried at a temperature of 100°C and 300°C for 2 to 10 hours prior
to annealing. The ion-exchange can then be driven by heating the ultrathin glass to a

temperature in the range from 200°C to 765°C for 15 minutes to up to 48 hours.

In a preferred embodiment, the unequal ion-exchange includes controlling a slow ion-
exchange rate to achieve an ion-exchange surface layer with a depth of layer of equal
to or less than 50 pm, preferably equal to or less than 30 um, further preferably equal to
or less than 10 pm, further preferably equal to or less than 3 um, and preferably a
maximum surface compressive stress in the range from 10 MPa to 1200 MPa. If the
unbalanced ion-exchange includes having no ion-exchange on one of the surfaces, DoL
and CS on this surface can vanish.

The unbalanced ion-exchange is preferentially achieved by controlling a slow ion-
exchange rate during the ion-exchange to achieve the depths of ion-exchanged layer
DoL as mentioned, the surface compressive stresses CS as mentioned and a central
tensile stress CT (o¢t) of equal or less than 120 MPa, wherein the thickness t, DoL, CS

and CT of the toughened ultrathin glass article meet the relationship

0.2t ocs

LpoL ocr

In a preferred embodiment of the method, the unbalanced surface stressing comprises
masking at least one of the surfaces in the at least one area to be curved, preferably by
applying a cover or coating, which fully or partially prevents surface stressing.
Preferably, the masking is removed after the surface stressing. The masking can be
designed to completely prevent or partially inhibit the surface stressing in the at least
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one masked area. In case of ion-exchange, a suitable method for preventing the ion-
exchange is masking by coating an Indium Tin Oxide film (ITO-film) to the ultrathin glass.
A SiO; coating can slow down the ion-exchange rate. In a preferred embodiment, one
whole surface of the ultrathin glass is masked whereas the other surface has no

masking, resulting in one curved area extending over the whole ultrathin glass article.

In a preferred embodiment, the method includes re-shaping the shaped glass article by
laminating the shaped ultrathin glass article out-of-shape onto a lamination surface with
a target curvature radius R'# R in the curved area, in particular the lamination surface of
a device, so that the resulting static tensile stress is not greater than

1.15-Min Ga—Aa0.4-[1—In[M¢n,66—Aeo.4-[1—ln[|'r—efd>D , (3)
A App L app

preferably not greater than

0_93.Min[6a ~A,0.4- [1 —In[:iCI)D,Ee —Ag0.4- [1 - In[ll_"—efcbm : (4)
app app

where

- Lret is the stressed edge length and

- Aret is the stressed surface area of the side faces of ultra-thin glass samples,

- 0, being the median of the tensile stress of samples of the ultrathin glass upon break
of the samples, where the break occurs within a side face of the samples within the
stressed surface area, and

- 0, is the median of the tensile stress of samples of the ultrathin glass upon break of
the samples, where the break emanates from an edge of the samples within the
stressed edge length,

- A and A, being standard deviations of the tensile stress upon break of the samples

at the edge or within a side face of the samples, respectively (i.e. the standard
deviations of the median values &,, 7,),

- Aqpp being the surface area of one side face of the ultrathin glass and

- Lapp being the cumulated edge length of the longitudinal edges of the ultrathin glass,
and
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- ® being a specified maximum rate of breakage within a time interval of at least half a
year. The maximum rate of breakage @ is preferably less than 0.1, further preferably
less than 0.05.

The invention further concerns the use of a shaped ultrathin glass article according to
the invention or a shaped ultrathin glass article as produced by the method according to
the invention, as display, display cover, in particular for OLED display, OLED lightning,
sensors, in particular touch or fingerprint sensors, thin film batteries, PCB/CCL,
capacitors, E-papers or MEMS/MOEMS. Further preferred uses include semiconductor
packaging, protective member for shaped or curved windows as well as shaped
decorative elements. The invention also concerns the use of a low-precision shaped
ultrathin glass article with a curvature radius tolerance of up to 50%, preferably up to
25%, in high-precision applications with curvature radius tolerances of less than 1%,
preferably less than 0.1 %.

Brief description of the drawings
The exemplary figures used for illustration of the invention show schematically:

Fig. 1: a Weibull diagram for a soda-lime glass as well as glasses A and C
according to Table 2 at different thicknesses and different stressing status;

Fig. 2: a log-linear plot of fatigue lifetime vs. ratio of static stress and breakage

stress for glass samples of glass A with a thickness of 0.07 mm;
Fig. 3: a shaped ultrathin glass sheet according to the invention;

Fig. 4a-4d: several different embodiments of an ultrathin glass article with unbalanced
ion-exchanged surface layers in a flat configuration;

Fig. ba: an ultrathin glass article with stripe patterned ion-exchange surface layers
on both surfaces;

Fig. bb: the shaped ultrathin glass article according to the invention resulting from
the ion-exchanged surface layers according to Fig. 5a;
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Fig. 6: the lamination of the shaped ultrathin glass article with constant curvature
radius to a target surface of a device with different curvature radius;

Fig. 7: thermal slumping and thermal bending setup for shaping the shaped
ultrathin glass article.

The dimensions and aspect ratios in the figures are not to scale and have been
oversized in places for better visualization. Corresponding elements in the figures are
generally referred to by the same reference numerals.

Detailed description of the figures

Figure 1 shows a double logarithmic plot for the cumulative probability in % of the
breakage strengths of different glass types at different thicknesses and stressing status
(Weibull diagram). The breakage strength of 0.5 mm soda-lime glass indicates the
breakage strength of a comparison sample representing a typical inorganic glass of
similar thickness. The plot for 0.05 mm glass A (see Table 2 below) without ion-
exchange represents the typical strength of inorganic glass thinner than 0.1 mm. The
plot for 0.05 mm toughened glass A (Table 2) with ion-exchange shows the strength
that can be achieved by unbalanced ion-exchanging glass A in a K-ion salt bath. The
plot for 0.07 mm glass C (Table 2) shows the achievable strength after ion-exchange of
an aluminosilicate glass in a K-ion salt bath.

Figure 2 shows a log-linear plot of the fatigue lifetime of ultrathin glass samples made
from glass A (Table 2) at a thickness of 0.07 mm. On the one hand, the plot shows that
the logarithm of the fatigue lifetime (in seconds) is linear to the ratio between static
stress and breakage stress of the glass. The plot can be used for extrapolation of the
fatigue lifetime. A reduction of the static stress to 1/10 of the original stress can increase
the fatigue lifetime of the glass sheet about 1,000 times. On the other hand, the force
needed to deform the glass sample to a certain deflection is proportional to the cube of
the glass thickness. Hence, ultrathin glasses can be bent at significantly lower forces as
compared to thicker glasses, i.e. at lower static stresses if e.g. laminated to a target
surface, with fatigue lifetimes that still exceed the usual lifetime of the corresponding

application.
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Figure 3 shows a shaped ultrathin glass article 1 (hereinafter referred to “glass article 17)
according to the invention as it can be obtained from a rectangular flat glass sheet with
a length L, a width W and a thickness t. The glass article 1 can also have other shapes

as e.g. a circular shape or any other shape as required by the desired application.

The glass article 1 has a first surface 2 and an opposing second surface 3 which are
joined by four edges 4. The glass article 1 has a one-dimensional curvature with an
essentially constant radius R in a direction perpendicular to an axis A and no curvature
along A. The shape of the glass article 1 therefore corresponds to a section of the
mantle surface of a virtual regular circular cylinder with cylinder axis A and thus, in the
terminology used herein, has one curved area extending over the whole glass article 1.
According to the invention, the curvature of the glass article 1 can be achieved by a
non-precision-forming process such as thermal bending, thermal slumping, thermal
molding and/or unbalanced surface compressive stressing, the latter including

unbalanced annealing and/or unbalanced ion-exchanging on the two surfaces.

Figure 4a to 4d show partial sectional views of exemplary embodiments of the glass
article 1 in a flattened state with ion-exchanged surface layers. The figures exemplarily
depict the depth of layer Dol for the different embodiments. The diagrams above and/or
below the surfaces 2 and 3 show the qualitative profile of associated surface
compressive stresses CS along a surface coordinate x. It is to be understood that the
corresponding profiles of CS and DoL can also derive from an annealing treatment and
the basic principle is not limited to ion-exchanged surface layers. Furthermore, the
present surface layers are to be understood to vary only in the surface direction x
whereas they are constant in a perpendicular surface direction (one-dimensional

variation).

Figure 4a shows an embodiment of the glass article 1 having an ion-exchanged surface
layer 5 with a constant DoL on the surface 2 whereas the surface 3 has no ion-
exchanged layer. This configuration results in a constant surface compressive stress
CS; on surface 2 and a surface compressive stress CS3 = 0 on surface 3. The glass
article 1 results in a shaped glass article 1 as shown in Fig. 3 due to the unbalanced
surface compressive stresses CS, and CSs, where the surface 2 is the convex surface.
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Figure 4b shows an embodiment of the glass article 1 having a surface layer 5 with a
constant DolL, on surface 2 and a surface layer 6 with a constant DolLs; on surface 3,
where Dol > DolLs # 0. As a result, the surface compressive stresses CS; and CS3 are
also different and non-vanishing. Dependent on the difference ACS = | CS,; — CS3|, the
glass article 1 receives a curved shape, where in this case, the surface 3 becomes the

convex surface.

Figure 4c shows an embodiment of the glass article 1 with a surface layer 5 on surface
2 with a variable depth, i.e. DoL = DoL(x), whereas the surface 3 has no ion-exchanged
surface layer. DoL(x) has a maximum DolLmax at a location xmax in the center of the glass
article 1. As a result, the surface compressive stress CS: is also a function of coordinate
x with a maximum at xmax. The glass article 1 in this case receives a variable curvature
R = R(x) with a minimum curvature radius Rmin at Xmax, Where the curvature radius R(x)
increases with increasing distance from xmax. Dependent on the function of DoL(x) or
CS(x), the resulting shape of the glass article can be e.g. cylindrical parabolic or

hyperbolic.

Figure 4d shows another embodiment of the glass article 1 with a surface layer 5 on
surface 2 with a variable depth, i.e. DolLo= DolLs(x), whereas the surface 3 has a
surface layer 6 with a corresponding but in x-direction inverted profile for DolLs(x).
DoLy(x) has a minimum at the smallest x and a maximum at the largest x. In this case,
the curvature radius R = R(x) is largest at the edges of the glass article 1 whereas there
IS no curvature at xeq Where Dola(Xeq) = DoLs(xeq). The glass article 1 according to Fig.
4d therefore has two curved regions with alternating curvature, separated at Xeq.

Figure 5a shows another embodiment of the glass article 1 with a stripe patterned
surface layer 5 on surface 2 and a stripe patterned surface layer 6 on surface 3. Dol y(x)
and Dol s(x) are described by a periodic rectangle function. Dol is shifted in x-direction
by half a period length with respect to DolLs such that each area with a DolLpax is
opposed on the other surface by Dol = 0. The alternating surface stresses CS, and CS3
are therefore unbalanced with respect to a surface parallel center-plane of the glass
article 1. Such a configuration results in a corrugated or wave shaped glass article 1 as
shown in fig. 5b with 4 curved regions with alternating curvatures.
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Figure 6 shows the lamination of the glass article 1 with a constant curvature radius R to
a target lamination surface 7 of a device 8 with a constant target curvature radius R’
The target curvature radius R’ in this embodiment is larger than the curvature radius R
of the glass article 1. During the lamination, the glass article 1 is forced out of its shape
in order to fit the larger target radius R’ by lamination forces F. The forces F induce a
surface tensile stress TS on the surface of the glass article 1. Further tensile stresses
are also induced at the edges of the glass article 1. These static stresses need to be
maintained in a laminated configuration 1’ in order to keep the glass article 1 out-of-
shape. The lamination force can be provided e.g. by an Optical Clear Adhesive (OCA)
between the target surface 7 and the corresponding surface of the glass article 1.

According to the invention, the shaped ultrathin glass article 1 can be laminated out-of-
shape with very limited lamination forces resulting in very limited static stresses. As
such, the shaped ultrathin glass article 1 can be produced at comparatively low
precision since it can be adapted to its final high-precision shape in the laminated
configuration 1’ without running the risk of breakage during lamination or due to static

fatigue.

Figure 7 shows a configuration/method for shaping the ultrathin glass article 1 e.g.
thermal slumping. A graphite mold 10 which has a molding surface 11 is used for
shaping the glass article 1. The mold 10 can be produced at low precision and as such
at low cost. The mold 10 is located underneath an ultrathin glass sheet 12 which is to be
formed into the shaped glass article 1. The mold 10 and the ultrathin glass sheet 12 are
heated by e.g. infrared radiation IR to temperatures of about 20 — 30°C above the glass
transition temperature T4. The shaping time needed is approx. 2 -5 min. for ultrathin
glasses. Under the influence of gravity G, with assistance of a vacuum V applied at the
mold surface 11 if necessary, the glass sheet 12 deforms and adapts to the molding
surface 11. This process can be performed at low precision such that the curvature R of
the finished shaped glass article 1 can deviate from the curvature of the molding surface
12.

In an alternative method for shaping the ultrathin glass article 1 (indicated in Fig. 7 by
dashed lines), i.e. thermal bending, the ultrathin glass sheet 12 is sandwiched between
the molding surfaces 11 and 13 of the mold 10 and an inversely shaped second mold
part 14 which are forced against each other by a force S in order to bend the ultrathin
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glass sheet 12 into the desired shape. The parts 10 and 14 of the mold are heated
similar to the above described thermal slumping.

Exemplary embodiments

The glass compositions A, B and C as listed in the below Table 2 are used for the
exemplary embodiments 1-6 as described below:

Glass A Glass B Glass C
Composition | weight-% Composition | weight-% Composition | weight-%
SiO; 64.0 SiO, 61 SiO; 62
B>Os 8.3 B>Os 10 Al>Os 17
Al-O3 4.0 Al,O3 18 NaoO 13
Na,O 6.5 MgO 2.8 K20 3.5
K>O 7.0 CaO 4.8 MgO 3.5
Zn0O 5.5 BaO 3.3 CaO 0.3
Sb,05 0.6 TiO, 0.6
Cl 0.1

Table 2: Several exemplary glass compositions

Glasses A to C have the following selected properties:

Parameter Glass A | Glass B | Glass C
CTE (20-300°C) [10'6/K] 7.2 3.2 8.3
T4[°C] 557 717 623
Density [g/cm”] 2.5 2.43 2.4

Table 3: Parameters of glasses A to C according to Table 2

CTE in Table 3 refers to the coefficient of thermal expansion and Ty refers to the glass
transition temperature.

Example 1

A sheet of 100 mm x 60 mm was cut from glass A (see Table 2) with a thickness of
0.05 mm. The glass sheet was pasted with an ink mixed with KNO3; powder by a screen
printing method fully covering one of its surfaces. Subsequently, the sheet was dried at
180°C during 1 hour to remove the ink. After drying, the sheet was annealed at 330°C

for 2 hours to drive an ion-exchange process. As a result, the ultrathin glass sheet
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experienced a bending into a widely cylindrical curved shape with a curvature radius of

52 mm.
Example 2

A sheet of 100 mm x 60 mm was cut from glass A (Table 2) with a thickness of 0.05 mm.
The sheet was coated with an Indium Tin Oxide (ITO) film on one of its surfaces in order
to prevent ion-exchange and was subsequently submersed into a KNOj3 salt bath. The
ultrathin glass sheet was toughened at a temperature of 400°C for 1 hour. The CS is
approximately 270 MPa and the Dol is approximately 7 upm. As a result, the ultrathin
glass sheet experienced a bending into a widely cylindrical curved shape with a

curvature radius of 48 mm.
Example 3

A sheet of 100 mm x 60 mm was cut from glass A (Table 2) with a thickness of 0.1 mm.
The sheet was masked according to a regular stripe pattern. The sheet was then coated
with an ITO-film, resulting in coated areas in order to prevent ion-exchange in the
coated areas. After removing the masking, the ultrathin glass sheet was submersed into
a KNOj salt bath and toughened at a temperature of 400°C for 1 hour. This resulted in
an ion-exchange in the uncoated areas and in no ion-exchange in the ITO-coated areas.
The CS is approximately 270 MPa and the Dol is approximately 7 um. As a result, the
ultrathin glass sheet experienced an alternating bending with several curved areas into

a wave shape.
Example 4

Samples of glass A were drawn directly from the glass melting furnace with unbalanced
cooling to cause unbalanced annealing of the glass surfaces. Due to the resulting
unbalanced surface compressive stresses, the ultrathin glass bends into a curved
shape. The surface with the larger compressive stress thereby forms the convex side
whereas the surface with the smaller surface compressive stress forms the concave
side. An excess surface compressive stress of 60 MPa and a depth of annealed layer of
8 um on a 50 um thick ultrathin glass lead to a curvature radius of 190 mm. It is to be
noted that the glass shaped by unbalanced annealing has different CS and depth of
layer profiles as ion-exchanged glasses. The depth of the annealed layer is generally

about 1/6 of the thickness of the glass. When fitting the bent glass to a curved surface
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with 150 mm curvature radius, the static stress is calculated to be 2.6 MPa. Over 99%
of the shaped ultrathin glass articles produced by this process were laminated without

breakage.

In comparison, the same unbalanced annealing causes an excess surface compressive
stress of 90 MPa and a depth of layer of 83 um for 0.5 mm thick glass, resulting in a
bending radius of 1220 mm. Lamination attempts to a target curvature radius of 150 mm
resulted in breakage of all samples.

Example 5

Samples of glass B (Table 2) with a thickness of 0.1 mm and 100 mm x 100 mm surface
area were thermally bent in an IR furnace at 780°C for 15 min on a graphite mold with a
52 mm curvature. After bending, the curvatures of the samples were 52 mm. These
shaped ultrathin glasses could almost all (99%) successfully be laminated to a curved
target surface with a curvature radius of 50 mm without breakage. The static stress is
calculated as 2.9 MPa, resulting in an extrapolated fatigue lifetime of more than 1 year.
In a further example, a low precision tungsten carbide mold is used at the same thermal
treatment condition to get a radius curvature of 50.5 mm, which is still 1% deviation from
the target radius. When laminating to the 50 mm target, the resultant static stress is
0.7 MPa and the expected life time is over 5 years. The yield during laminating was 100%
i.e. all samples could successfully be laminated to the target surface.

In comparison, samples of 0.7 mm thick glass B (Table 2) resulted in a curvature radius
of 58 mm under the same forming conditions. The lamination to 50 mm radius curvature
surface leads to a static force of 70 MPa. Lamination could not be achieved due to the

high de-lamination force.

In a further comparison, laminating of flat, i.e. having vanishing curvature radius,
ultrathin glass samples with a thickness of 0.1 mm to a 75 mm target curvature radius
leads to a yield of about 90% due to breakage of some samples. The static stress is
calculated to about 50 MPa. Furthermore, over 80 % of these samples break after 1 day
which is presumably due to the high static stress that amounts to approx. 30.2% of the
average breakage strength.
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Example 6

Samples of glass C (Table 2) with a thickness of 0.1 mm and 100 mm x 30 mm surface
area were coated with a SiO, coating on one surface and then submersed in a molten
KNOs salt bath at 390°C for 30 min. The resulting glass article receives a curvature
radius of 36 mm due to unbalanced ion-exchange since the SiO, coating slows down
the ion-exchange rate. The uncoated surface becomes the convex side and has a
surface compressive stress (CS) of 730 MPa and depth of ion-exchanged layer (DoL) of
11 um, whereas the coated surface has a lower CS of 500 MPa and DoL of 6 um. This
shaped ultrathin glass article has a high bending strength due to the ion-exchanged
surface layers. When laminating to a curved display with a target curvature radius of
35 mm, the yield is 100%. The calculated fatigue lifetime is higher than 10 years due to
a low static stress of 3.6 MPa and extremely high breakage strength of 1131 MPa, as

shown in Figure 1. The static stress is only 0.3 % of the breakage strength.

Table 4 below summarizes several parameters of the embodiments according to

Examples 4 to 6, and three comparative examples:

T g ® Q
= 3 s g 2 - & > ¢ g o
€ © B a a8 2 S = | o9 £
® = O — it = fut Q » ~ c n D D
o ] T E ) ° oo IS 0o S O =
2 & € 5 g 02 | » = = | & =
+~ [0} [0} 3 = o~ K =] © W % [0
” £ 8 x T 8. | g2 25| o8 £ |odg 2
k: 2| SE | 5E | SE|%2|3%| 8| § |mck 5
0] ] aE oE | CE 25|22 &= s oz L
Soda-lime | 0.5 |100x100 | flat 100 124 | 73 | 1825 >100%
Comparative
samples Glass B 0.05 | 100 x100 flat 50 173 | 748 37.4 9% | 21.6% <10 days
Glass B 0.1 | 100x100 | flat 75 165 | 748 | 499 | 90% | 30.2% <1 day
Example 4 GlassA | 0.05 | 100x100 | 190 150 170 | 72.9 2.6 99% | 1.5% > 1 year
Glass B 0.1 | 100 x100 52 50 165 | 74.8 2.9 99% | 1.7% > 1 year
Example 5
Glass B 0.1 | 100x100 | 50.5 50 165 | 74.8 0.7 |[100%| 0.4% > 5 years
Example 6 Glass C 0.1 | 100x30 36 35 131 | 74 36 |100%| 03% | >10years

Table 4: Summary of parameters
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Claims

1.

Shaped ultrathin glass article with two surfaces and one or more edges joining the
two surfaces, having a thickness between the two surfaces, where the shaped
ultrathin glass article has at least one curved area with a non-vanishing surface
curvature with a minimal curvature radius R where no external forces are applied,
where preferably the curvature of the at least one curved area is essentially one-
dimensional with a preferably essentially constant curvature in one surface direction,
wherein the shaped ultrathin glass article preferably comprises an alkali containing

glass composition.

Shaped ultrathin glass article according to claim 1, wherein the thickness of the
ultrathin glass article is equal or less than 0.4 mm, further preferably equal or less
than 0.2 mm, further preferably equal or less than 0.1 mm, further preferably equal
or less than 0.05 mm, and further preferably equal or less than 0.01 mm.

Shaped ultrathin glass article according to claim 1 or 2, characterized in that the at
least one curved area extends over the whole ultrathin glass article.

Shaped ultrathin glass article according to claim 1 or 2, characterized in that it has

several curved areas, with preferably alternating curvatures.

Shaped ultrathin glass article according to anyone of claims 1 to 4, characterized in
that the minimal curvature radius R in the at least one curved area is equal or
smaller than 5000 mm, preferably equal or smaller than 1000 mm, further preferably
equal or smaller than 500 mm and preferably equal or larger than 1 mm, further
preferably equal or larger than 3 mm, further preferably equal or larger than 10 mm,
further preferably equal or larger than 30 mm, further preferably equal or larger than

50 mm.

Shaped ultrathin glass article according to anyone of claims 1 to 5, characterized in
that the at least one curved area is a result of a non-precision-forming process as
thermal bending, thermal slumping, thermal molding and/or unbalanced surface

compressive stressing.

Shaped ultrathin glass article according to claim 6 wherein the at least one curved

area is a result of unbalanced surface compressive stressing, characterized in that
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a surface compressive stress and/or a depth of layer in the at least one curved area
on one of the two surfaces is larger than the surface compressive stress and/or the
depth of layer on the other surface, resulting in surface compressive stresses and/or
depths of layers on the both surfaces that are unbalanced with respect to a central
tensile stress of the ultrathin glass article.

Shaped ultrathin glass article according to claim 7, characterized in that the larger
surface compressive stress lies in the range from 10 MPa to 1200 MPa and the
smaller surface compressive stress preferably amounts to at most 90% of the larger
surface compressive stress, further preferably at most 50%, further preferably at
most 30%, where preferably the smaller surface compressive stress vanishes.

Shaped ultrathin glass article according to claim 7 or 8, characterized in that the
unbalanced surface compressive stresses and/or depths of layer in the at least one
curved area are a result of unbalanced annealing of the surfaces of the ultrathin
glass article and/or unequal ion-exchanged surface layers on the surfaces of the
ultrathin glass article.

Shaped ultrathin glass article according to claim 9, where the unbalanced surface
compressive stresses and/or depths of layer are a result of unequal ion-exchanged
surface layers, characterized in that the ion-exchanged surface layer on the surface
with the larger surface compressive stress has a depth of layer DoL in the range
from 1 pm to 50 um, preferably in the range from 1 pm to 30 um, further preferably
in the range from 1 pm to 10 pm.

Shaped ultrathin glass article according to anyone of the preceding claims,
characterized in that the glass article is bendable out of shape to a target minimal
curvature radius R* # R in the curved area without breakage, resulting in a non-

vanishing static surface tensile stress in the curved area, wherein preferably the
resulting static surface tensile stress is not greater than

1.15-Min Ga—Aa0-4-[1—ln[M¢n,66—Aeo.4-[1—|n[—Lref cbD :
Anpp L App

preferably not greater than
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0.93-Min Ga—Aa0-4-[1—ln[M¢D,66—Aeo.4-[1—|n[—Lref cbD :
Aapp Lapp

where

- Lret is the stressed edge length and

- Aret is the stressed surface area of the side faces of ultra-thin glass samples,

- 0, being the median of the tensile stress of samples of the ultra-thin glass upon
break of the samples, where the break occurs within a side face of the samples
within the stressed surface area, and

- 0, is the median of the tensile stress of samples of the ultra-thin glass upon break
of the samples, where the break emanates from an edge of the samples within the
stressed edge length,

- A and A, being standard deviations of the tensile stress upon break of the

samples at the edge or within a side face of the samples, respectively (i.e. the

standard deviations of the median values &,, 7,),

- Aap being the surface area of one side face of the ultra-thin glass and

- Lapp being the cumulated edge length of the longitudinal edges of the ultra-thin
glass, and

- ® being a specified maximum rate of breakage within a time interval of at least half

a year.

Shaped ultrathin glass article according to claim 11, where the maximum rate of

breakage @ is less than 0.1, preferably less than 0.05.

Shaped ultrathin glass article according to claims 11 or 12, characterized in that a
deviation of the target curvature radius R’ from the curvature radius R is up to 50%,
preferably up to 25 %, further preferably up to 20%, further preferably up to 10%.

Shaped ultrathin glass article according to anyone of claims 11 to 13, characterized
in that the ratio of the resulting static surface tensile stress in the curved area and
an average breakage stress of the ultrathin glass article is equal or lower than 20 %,
preferably equal or lower than 10 %, further preferably equal or lower than 5 %,
further preferably equal or lower than 1 %.
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Shaped ultrathin glass article according to anyone of claims 11 to 14, wherein the
resulting static surface tensile stress in the at least one curved area is less than
75 MPa, preferably equal or less than 20 MPa, further preferably equal or less than
10 MPa, further preferably equal or less than 3 MPa, further preferably equal or less
than 1 MPa.

Shaped ultrathin glass article according to anyone of the preceding claims,
characterized in that it is laminated onto a target surface, in particular laminated out-

of-shape onto the target surface having a target curvature radius R'# R in the

curved area.

Device having a lamination surface with a curved area with a minimal lamination
curvature radius R’, which has a shaped ultrathin glass article according to anyone

of claims 1 to 16 laminated to the lamination surface, where preferably R* = R.

Method for producing a shaped ultrathin glass article, in particular an ultrathin glass
article according to anyone of claims 1 to 16, comprising

— providing an ultrathin glass with two surfaces and one or more edges joining the
two surfaces, having a thickness between the two surfaces,

— shaping the ultrathin glass to a shaped ultrathin glass article by forming at least
one curved area having a non-vanishing surface curvature with a minimal
curvature radius R if no external forces are applied to the shaped ultrathin glass

article, where

— the forming of the at least one curved area preferably includes forming an
essentially one-dimensional curvature with preferably essentially constant

curvature in one surface direction.

Method according to claim 18, where the shaping of the ultrathin glass comprises
applying a non-precision-forming process including thermal bending, thermal
slumping, thermal molding and/or unbalanced surface stressing to the ultrathin
glass in at least one area to be curved.
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Method according to claim 19, wherein the unbalanced surface stressing comprises
unbalanced annealing of the surfaces of the ultrathin glass and/or unequal ion-

exchange on the surfaces of the ultrathin glass.

Method according to claim 20, wherein the unequal ion-exchange comprises
applying alkaline metal salts to the ultrathin glass, preferably one or more of the
following alkaline metal salts: NaNOs, Na,COs;, NaOH, Na,SO4, NaF, NasPO,,
NasSiOs, Na-Cro07, NaCl, NaBF,, Na,HPO,, KoCOs;, KOH, KNOj;, K>SO, KF,
K3POy4, K2SiO3, KoCr.07, KCI, KBF4, Ko2HPO4, CsNO3s, CsSOy4, CsCl.

Method according to claim 20 or 21, wherein the unequal ion-exchange comprises
fully or partially submerging the ultrathin glass in an alkaline metal salt bath for 15

minutes to 48 hours, preferably at a temperature between 350°C and 700°C.

Method according to anyone of claims 20 to 22, wherein the unequal ion-exchange
comprises applying a paste containing alkaline metal salts to one or both of the
surfaces and annealing the ultrathin glass, where preferably the paste is dried at a

temperature of 100°C and 300°C for 2 to 10 hours prior to annealing.

Method according to anyone of claims 20 to 23, wherein the unbalanced surface
stressing comprises masking at least one of the surfaces in the at least one area to
be curved, preferably by applying a cover or coating, which fully or partially prevents

surface stressing.

Method according to claim 18 to 24, including re-shaping the shaped ultrathin glass
article by laminating the shaped ultrathin glass article out-of-shape onto a
lamination surface with a lamination curvature radius R'# R in the curved area, in

particular the lamination surface of a device, so that the resulting static tensile
stress is not greater than

1.15-Min Ga—Aa0-4-[1—ln[M¢n,66—Aeo.4-[1—|n[—Lref cbD ,
Anpp L App

preferably not greater than

0.93-Min Ga—Aa0-4-[1—ln[M¢D,66—Aeo.4-[1—|n[—Lref cbD :
Aapp Lapp
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where

- Lt is the stressed edge length and

- Aret is the stressed surface area of the side faces of ultra-thin glass samples,

- 0, being the median of the tensile stress of samples of the ultrathin glass upon
break of the samples, where the break occurs within a side face of the samples
within the stressed surface area, and

- 0, is the median of the tensile stress of samples of the ultrathin glass upon break
of the samples, where the break emanates from an edge of the samples within the
stressed edge length,

- A and A, being standard deviations of the tensile stress upon break of the

samples at the edge or within a side face of the samples, respectively (i.e. the

standard deviations of the median values &,, 7,),

- Aqpp being the surface area of one side face of the ultrathin glass and

- Lapp being the cumulated edge length of the longitudinal edges of the ultrathin
glass, and

- ® being a specified maximum rate of breakage within a time interval of at least half

a year.

The method according to claim 25, where the maximum rate of breakage is less
than 0.1, preferably less than 0.05.

Use of a shaped ultrathin glass article according to anyone of claims 1 to 16 or a
shaped ultrathin glass article produced by the method according to anyone of
claims 18 to 26, as display, display cover, in particular for OLED display, OLED
lightning, sensors, in particular touch or fingerprint sensor, thin film battery,
PCB/CCL, capacitor, E-paper or MEMS/MOEMS.
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