
WO 2004/094321 PCT/US2004/008518  1 HIGH-STRENGTH
LAMINATED SHEET FOR OPTICAL APPLICATIONS  Related
Application [0001] This application claims the benefit
of priority from U.S. Patent Application  No.
10/406,965, filed, April 4, 2003, the content of which
is incorporated herein by  reference. Background of
Invention [0002] The invention relates generally to
substrates, such as those used in  manufacturing flat
panel displays, and method of making the same. [0003]
Display components, e.g., thin film transistors
(TFTs), color filters, and  organic light emitting
diodes (OLEDs), are typically fabricated on glass
substrates.  Although, glass has desirable optical
properties for display and other applications, it is
relatively heavy and easily broken. [0004] From the
foregoing, there is desired a substrate for
applications such as  displays, other active
electronic devices, and optical device packaging that
has a high  mechanical strength and low thermal
shrinkage. Summary of Invention [0005] In one aspect,
the invention relates to a laminated sheet which
comprises  a surface layer having an optical surface
that is of fire-polished quality and a core layer WO
2004/094321 PCT/US2004/008518  2 having a higher
modulus than the surface layer to increase an overall
stiffness of the  laminated sheet. [0006] In another
aspect, the invention relates to a laminated sheet
which  comprises a compressive surface layer having an
optical surface that is of fire-polished  quality and
a core layer, wherein the thermal expansion
coefficients of the surface and  core layers are
adjusted to control stress and enhance fracture
toughness of the  laminated sheet. [0007] In another
aspect, the invention relates to a laminated sheet
which  



comprises a surface layer having an optical surface
that is of fire-polished quality, a  core layer having
a higher modulus than the surface layer to increase an
overall  stiffness of the laminated sheet, and a
sacrificial layer interposed between the surface
layer and the core layer. [0008] hl another aspect,
the invention relates to a laminated sheet which
comprises a core layer, a surface layer disposed on a
first side of the core layer, the  surface layer
having an optical surface that is of fire-polished
quality, and a bottom  layer disposed on a second side
of the core layer, wherein the core layer has a higher
section modulus than the surface layer and the bottom
layer to increase an overall  stiffness of the
laminated sheet. [0009] In another aspect, the
invention relates to a method of making a  laminated
sheet which comprises supplying a first viscous,
flowable material into an  overflow channel,
overflowing the first viscous, flowable material in a
controlled  manner to form a first sheet-like flow
having at least one untouched surface of fire-
polished quality, depositing at least a second
material on a surface of the first sheet-like  flow to
form a laminated flow, and drawing the laminated flow
into a laminated sheet.  [0010] In another aspect, the
invention relates to a method of making a  laminated
sheet which comprises supplying a viscous, flowable
material into an  overflow channel, positioning a
consumable material in a now path of the viscous,
flowable material so as to introduce a compositional
variation to a specific portion of  the viscous,
flowable material, overflowing the viscous, flowable
material in a WO 2004/094321 PCT/US2004/008518  3
controlled manner to form a sheet-like flow having at
least one untouched surface of  fire-polished quality,
and drawing the sheet-like flow into a laminated
sheet. [0011] In another aspect, the invention relates
to a method of making a  laminated sheet which
comprises forming a first sheet-like flow by a
continuous sol-gel  process, supplying a viscous,
flowable material into an overflow channel,
overflowing  the viscous, flowable material in a
controlled manner to form a second sheet-like flow,
fusing the second sheet-like flow with a surface of
the first sheet-like flow to form a  



laminated flow, and drawing the laminated flow into a
laminated sheet. [0012] In another aspect, the
invention relates to a method of making a  laminated
sheet which comprises supplying a first and a second
viscous, flowable  material into independent
compartments in an overflow channel, simultaneously
overflowing the first and second viscous, flowable
materials to form separate flow  streams, uniting the
separate flow streams into a single sheet-like
laminated flow, and  drawing the sheet-like laminated
flow into a laminated sheet. [0013] In another aspect,
the invention relates to a method of making a
laminated sheet which comprises drawing a first
viscous, flowable material through a  slot to form a
first sheet-like flow, supplying a second viscous,
flowable material into  an overflow channel and
overflowing the second viscous, flowable material from
the  overflow channel in a controlled manner to form a
second sheet-like flow having an  untouched surface of
fire-polished quality, merging the second sheet-like
flow with a  surface of the first sheet-like flow to
form a laminated flow, and drawing the laminated  flow
into a laminated sheet. [0014] - In another aspect,
the invention relates to a method of making a
laminated sheet which comprises supplying a viscous,
flowable material into an open  channel,
simultaneously overflowing the viscous, flowable
material from a first side of  the open channel and
drawing the viscous, flowable material from a second
side of the  open channel, wherein the viscous,
flowable material drawn from the second side of the
open channel forms a sheet-like flow, wherein the
viscous, flowable material  overflowed from the first
side of the open channel forms two separate flow
streams  having untouched surfaces of fire-polished
quality, merging each of the flow streams WO
2004/094321 PCT/US2004/008518  4 with a surface of the
sheet-like flow to form a laminated flow, and drawing
the  laminated flow into a laminated sheet. [0015] In
another aspect, the invention relates to a method of
making a  laminated sheet which comprises obtaining a
sheet of material, supplying a first  viscous,
flowable material to a first overflow channel,
overflowing the first viscous,  



flowable material in a controlled manner to form a
sheet-like flow with an untouched  surface of
fire-polished quality, and, while the sheet-like flow
is in viscous, flowable  form, merging the sheet-like
flow with a surface of the sheet of material. [0016]
In another aspect, the invention relates to a method
of making a  laminated sheet which comprises
'supplying a first viscous, flowable material to a
first  overflow channel and a second viscous, flowable
material to a second overflow  channel, overflowing
the first viscous, flowable material from the first
overflow  channel in a controlled manner to form a
first sheet-like flow with at least one  untouched
surface of fire-polished quality, wherein the viscous,
flowable material  drawn from the second side of the
open channel forms a sheet-like flow, wherein the
viscous, flowable material overflowed from the first
side of the open channel forms two  separate flow
streams having untouched surfaces of fire-polished
quality, merging each  of the flow streams with a
surface of the sheet-like flow to form a laminated
flow,  drawing the laminated flow into a laminated
sheet. [0017] In another aspect, the invention relates
to an apparatus for forming a  laminated sheet which
comprises an overflow means for forming opposed
sheet-like  flows, wherein the overflow means has at
least two independent compartments for  receiving a
viscous, flowable material, a forming means positioned
below the overflow  means for converging and uniting
the opposed sheet-like flows into a single drawn
sheet flow, means for pivotally adjusting the overflow
means such that a surface of the  overflow channel has
a desired tilt angle with respect to the horizontal,
and means for  delivering a viscous, flowable material
into the compartments. [0018] In another aspect, the
invention relates to an apparatus for forming a
laminated sheet which comprises an overflow channel
for forming opposed sheet-like  flows from a viscous,
flowable material, a slotted channel positioned below
the WO 2004/094321 PCT/US2004/008518  5 overflow
channel for forming a drawn sheet-like flow, and a
forming body positioned  below the overflow channel
for converging and uniting the opposed sheet-like
flows  with outer surfaces of the drawn sheet-like
flow to form a laminated flow. The  



apparatus further includes means for pivotally
adjusting the overflow channel such that  a surface of
the overflow channel has a desired tilt angle with
respect to the horizontal  and means for delivering a
viscous, flowable material into the overflow channel.
[0019] Other features and advantages of the invention
will be apparent from the  following description and
the appended claims. Brief Description of Drawings
[0020] Figure 1 shows a two-layered laminated sheet
according to one  embodiment of the invention. [0021]
Figure 2 shows a coating layer added to the laminated
sheet of Figure 1.  [0022] Figure 3 shows a
three-layered laminated sheet according to another
embodiment of the invention. [0023] Figure 4 shows a
coating layer added to the laminated sheet of Figure
3.  [0024] Figure 5 shows a laminated sheet having a
sandwich structure according  to another embodiment of
the invention. [0025] Figure 6A shows a perspective
view of a double-sided overflow fusion  pipe. [0026]
Figure 6B shows a method for forming a sheet-like flow
using the  double-sided overflow fusion pipe of Figure
6A. [0027] Figure 7A shows a perspective view of a
single-sided overflow fusion  pipe. [0028] Figure 7B
shows a method for forming a sheet-like flow using the
single-sided overflow fusion pipe of Figure 7A. WO
2004/094321 PCT/US2004/008518  6 [0029] Figure 8A
shows a perspective view of a multi-compartment
overflow  fusion pipe. [0030] Figure 8B shows a'
method for forming a laminated sheet-like flow using
the multi-compartment overflow fusion pipe of Figure
8A. [0031] Figure 9A shows a device for drawing a
sheet-like flow into a sheet.  [0032] Figure 9B shows
a sheet-like flow advancing into the device of Figure



9A. [0033] Figure 9C shows a side view of the device
shown in Figure 9A with a  sheet-like flow being
conveyed through the channel of the device. [0034]
Figure 9D shows a sheet emerging from the device of
Figure 9A. [0035] Figure 10 illustrates a method of
forming a two-layered laminated sheet  using a
double-sided overflow fusion pipe and a single-sided
overflow fusion pipe.  [0036] Figure 11 illustrates a
method of forming a three-layered laminated sheet
using a double-sided overflow fusion pipe and two
single-sided overflow fusion pipes.  [0037] Figure 12
illustrates a method of forming a two-layered
laminated sheet  using two single-sided overflow
fusion pipes. [0038] Figure 13 illustrates a method of
forming a two-layered laminated sheet  using two
double-sided overflow fusion pipes. [0039] Figure 14
illustrates a method of forming a two-layered
laminated sheet  using a single-sided overflow fusion
pipe and a slot draw fusion pipe. [0040] Figure 15
illustrates a method of forming a two-layered
laminated sheet  using a double-sided overflow fusion
pipe with an integrated slot draw fusion device.
[0041] Figure 16A shows a perspective view of a
double-sided overflow fusion  pipe with a combined
overflow and slot draw channel according to another
embodiment  of the invention. WO 2004/094321
PCT/US2004/008518  7 [0042] Figure 16B is a vertical
cross-section of the fusion pipe shown in Figure  16A.
[00431 Figure 17 illustrates a method of forming a
two-layered laminated sheet  using a continuous
sol-gel process and a single-sided overflow fusion
pipe. [0044] Figure 18 illustrates a method of forming
a sandwich laminated sheet  structure. [0045] Figure
19 illustrates a method of applying a coating material
on a fusion- formed surface. [0046] Figure 20 shows a
coating material delivered to a fusion-formed surface



via an overflow channel. [0047] Figure 21 shows a
coating material being sprayed on a fusion-formed
surface. [0048] Figures 22A and 22B show a mapping of
locations in a viscous,  flowable material carried
through a delivery system to locations in a final
sheet formed  from the viscous, flowable material.
Detailed Description [0049] The invention will now be
described in detail with reference to a few  preferred
embodiments, as illustrated in accompanying drawings.
In the following  description, numerous specific
details are set forth in order to provide a thorough
understanding of the invention. It will be apparent,
however, to one skilled in the art,  that the
invention may be practiced without some or all of
these specific details. In  other instances,
well-known features and/or process steps have not been
described in  detail in order to not unnecessarily
obscure the invention. The features and advantages  of
the invention may be better understood with reference
to the drawings and  discussions that follow. [0050]
The inventors propose herein a substrate that can be
used for fabricating  displays, especially flat panel
displays. The substrate may also be used for other WO
2004/094321 PCT/US2004/008518  8 applications
benefiting from a surface with high optical flatness,
such as active  electronic devices, photovoltaic
devices, and substrates for biological arrays. In one
embodiment, the substrate is a laminated sheet having
a surface layer that exhibits  optimal properties for
enduring direct chemical and thermal interaction with
display  manufacturing processes and a core layer that
has a higher elastic modulus than the  surface layer
for enhancing the overall mechanical stiffness of the
laminated sheet. In  one embodiment, the surface layer
has a fusion-formed optical surface that is pristine
and of fire-polished quality and a uniform thickness
and flatness that satisfy display  application
requirements. In one embodiment, the core layer is
separable from the  surface layer, leaving a final
product, i.e., the surface layer, that is thin and
meets  



display application requirements. [00511 In general,
the materials used in forming the layers in the
laminated  sheet are selected such that the optical,
electrical, chemical, and mechanical properties  of
the laminated sheet are optimized for the target
application. For example, the  materials can be
selected such that the laminated sheet has a low
density and is flexible,  tough, and transparent. For
the fission-formed layers, the layer-forming materials
should have viscoelastic characteristics. Examples of
materials exhibiting viscoelastic  characteristics are
glass and polymer. The laminated sheet may be made of
multiple  materials with different elastic moduli,
which could include, but are not limited to,  glasses
and polymers and/or their precursors such as curable
monomers and oligomers,  or multiple polymers, or
glasses, including low-melting glasses,
glass-ceramics,  nanocomposites, and any combination
thereof. The laminated sheet may include  additional
layers besides the surface layer and the higher
modulus core layer. For  example, the laminated sheet
may include interlayers with thermal expansion
coefficients tailored to manage residual stress upon
cooling. As another example,  should the outermost
surface layer require additional optical
functionality, the pristine,  fire-polished quality
need not be maintained. For example, one of ordinary
skill in the  art will recognize that optically
functional layers, such as microlens arrays or
polarizers, could be added to any of the laminated
sheets described herein. One of  ordinary skill in the
art will also recognize that the laminated sheet with
fire-polished  surface quality could also be achieved
with a redraw-type process, for example,  redrawing of
a slot-drawn laminated sheet. WO 2004/094321
PCT/US2004/008518  9 [0052] Specific laminated sheet
structures will now be described with reference  to
the accompanying drawings. TWO-LAYERED LAMINATED SHEET
[0053] Figure 1 shows a two-layered laminated sheet 10
having a surface layer  12 and a core layer 14. The
surface layer 12 and the core layer 14 may be single
layers,  as illustrated in the figure, or may be made
of sub-layers. The surface layer 12 has a  



fission-formed optical surface 16 that can serve as a
basis for fabricating functional  elements (not
shown), such as, but not limited to, TFTs, OLEDs, or
color filters. The  fusion-formed optical surface 16
is untouched by a forming device, e.g.,
uncontaminated by refractory material, and has a
fire-polished surface quality. The  surface layer 12
has a uniform thickness and a flatness that meet
display application  requirements. The core layer 14
has a higher elastic modulus than the surface layer 12
and provides mechanical support to the surface layer
12 such that the structural  integrity of the
laminated sheet 10 is maintained while packaging and
fabricating  functional elements (not shown) on the
surface layer 12. [0054] Preferably, the outer extent
of the core layer 14 is placed as far as  possible
from the neutral axis of the thickness of the
laminated sheet 10. This is  because the section
modulus of the laminated sheet 10 depends on the
square of the  distance of the higher modulus layer 14
from the neutral axis. Thus, the farther away  the
outer extent of the core layer 14 is from the neutral
axis of the thickness of the  laminated sheet, the
higher the section modulus and the mechanical
stiffness of the  laminated sheet 10. [0055] In one
embodiment, the surface and core layers 12, 14 are
made of  glasses and/or polymers or glasses and/or
glass-ceramics. Examples of glasses include,  but are
not limited to, alkaline-earth boro-aluminosilicate,
zinc borosilicate, and soda- lime glass. Examples of
polymers include, but are not limited to, poly
perfluorocyclobutane ether, polycyclic olefin,
polyamide, polyether-sulfone (PES),  polyarylate,
polycarbonate, poly ethylene terphthalate (PET), poly
ethylene naphthalate  (PEN), poly methyl methacrylate
(PMMA), and poly vinyl butyral (PVB). Examples WO
2004/094321 PCT/US2004/008518  10 of glass-ceramics
include, but are not limited. to, glasses enriched
with magnesium  oxide, yttria, berylia, alumina, or
zirconia. [00561 Preferably, the materials used in
forming the surface and core layers 12,  14 are
transparent. The type of materials used in forming the
surface and core layers  12, 14 can be the same or can
be different. For example, the surface and core layers
12,  



14 may both be made of glass or of polymer.
Alternatively, the surface layer 12 may  be made of
glass and the core layer 14 of polymer, and
vice-versa. Alternatively, the  surface layer 12 may
be made of glass and the core layer 14 made of
glass-ceramic.  Typically, the layer-forming materials
are selected based on the display application
requirements. For example, display applications
involving fabrication of low- temperature poly-silicon
(LTPS) TFTs typically require a substrate that has a
high  strain point, e.g., greater than 600C, in order
to minimize shrinking and/or warping  when the
substrate is heated. These applications also generally
require a substrate  having a thermal behavior that is
similar to that of silicon. [0057] In general, the
materials used in forming the surface and core layers
12,  14 will be selected to achieve a desired thermal
expansion behavior when the laminated  sheet 10 is
heated. Of particular interest in display applications
is to select the  materials such that the overall
shrinkage of the laminated sheet 10 due to heating is
negligible. The layer-forming materials may also be
selected to achieve low density,  flexibility,
toughness, transparency, and, possibly, low permeation
to moisture and gas.  The optical properties of the
surface layer 12 can be optimized for the target
application, while the mechanical properties of the
core layer 14 can be optimized to  achieve, for
example, a desired toughness and flexibility. [0058]
In one embodiment, the core layer 14 is separable from
the surface  layer 12 by means such as thermal,
chemical, mechanical, electromagnetic radiation, or
other means. In one embodiment, separation of the core
layer 14 from the surface layer  12 is achieved by
selecting the material used in forming the core layer
14 to be more  soluble in an appropriate solvent than
the material used in forming the surface layer 12.
The advantages of making the core layer 14 separable
from the surface layer 12 are  significant. The
surface layer 12 can be made as thin as necessary to
meet display  application requirements, e.g., thinner
than 1 mm. During handling and packaging of WO
2004/094321 PCT/US2004/008518  11 the laminated sheet
10 and fabrication of functional elements on the
surface layer 12,  the core layer 14 would provide the
required mechanical support to the surface layer  



12. After adding function to the surface layer 12, the
core layer 14 can then be  separated from the surface
layer 12, leaving the thin surface layer 12 that meets
display  application requirements. [0059] When the
core layer 14 is separable from the surface layer 12,
there is a  wider latitude in selecting the material
used in the core layer 14, i.e., the core layer 14
does not have to satisfy the stringent requirements
required for display applications  since it will not
be a part of the final product. Thus, for example, the
core layer 14 may  be made of a cheap glass or polymer
or glass-ceramic that provides the desired  mechanical
stiffness to the surface layer 12. The core layer 14
may also be made of a  material that has a low thermal
shrinkage, e.g., a well-annealed glass. Alternatively,
the core layer 14 may be made of a material that can
be expanded to achieve zero  thermal shrinkage, e.g.,
a foam material such as polystyrene. The core layer 14
can be  made as thick as necessary to provide the
necessary mechanical support to the surface  layer 12
and does not need to have a fusion-formed optical
surface that is pristine and  of fire-polished
quality. [0060] One or more layers of coatings can be
added to the laminated sheet 10.  For example, Figure
2 shows a coating layer 18 formed on the optical
surface 16 of the  laminated sheet 10. The coating
layer 18 could be made of a metal, semiconducting, or
nonmetallic organic or inorganic material. In one
embodiment, the coating layer 18  could act as a
barrier to the environment, e.g., act to reduce gas
and moisture  permeation. A protective coating (not
shown) may also be added to the core layer 14.  Other
types of coating may also be added to the laminated
sheet 10, such as an optical  coating, which will
enhance the optical properties of the surface layer 12
and/or core  layer 14, or a conductive coating, which
can be used as a basis for fabricating active
electronic devices, such as electrodes, diodes, or
transistors, or a dark or dark color  coating that can
enhance the contrast of the display, or a reflective
metal coating that  can enhance the brightness of the
display, etc. WO 2004/094321 PCT/US2004/008518  12
THREE-LAYERED LAMINATED SHEET 



[0061] Figure 3 shows a three-layered laminated sheet
20 which includes a  surface layer 22, a sacrificial
interlayer 24, and a core layer 26. The surface layer
22  and the core layer 26 may be single layers, as
illustrated in the figure, or may be made  of
sub-layers. The surface layer 22 has a fusion-formed
optical surface 28 that can  serve as a basis for
fabricating active and passive electronic devices. The
fusion- formed optical surface 28 is untouched by a
forming device, e.g., uncontaminated by  refractory
material, and has a fire-polished surface quality. The
core layer 26 has a  higher elastic modulus than the
surface layer 22 and provides mechanical support to
the  surface layer 22, as previously described above.
Much of the discussions above  concerning materials to
use in the two-layered laminated sheet (10 in Figures
1 and 2)  also apply to the three-layered laminated
sheet 20. [0062] The sacrificial interlayer 24 couples
the surface layer 22 to the core layer  26 and may be
removed so as to allow the surface layer 22 to be
separated from the  core layer 26. For example, the
sacrificial interlayer 24 may be made of a material
that  is more soluble in an appropriate solvent than
at least the material used in the surface  layer 22.
In this way, the core layer 26 can be separated from
the surface layer 22 by  dissolving the sacrificial
interlayer 24 away. The advantage of this embodiment
over  the one shown in Figure 1 is that the
sacrificial interlayer 24 can be made very thin so
that the amount of material to be dissolved away is
very small. In this way, the core  layer 26 can be
made as thick as necessary to provide the necessary
mechanical support  to the surface layer 22 while it
is coupled to the surface layer 22 through the
sacrificial  interlayer 24. [0063] One or more layers
of coatings may be added to the laminated sheet 20.
For example, Figure 4 shows a coating layer 30 formed
on the optical surface 28 of the  laminated sheet 20.
The coating layer 30 could be made of a metal,
semiconducting, or  nonmetallic organic or inorganic
material. In one embodiment, the coating layer 30
could act as a barrier to the environment, e.g., act
to reduce gas and moisture  permeation. A protective
coating (not shown) may also be added to the core
layer 26.  Other types of coating may also be added to
the laminated sheet 20, such as an optical  coating,
which will enhance the optical properties of the
surface layer 22 and/or core 



WO 2004/094321 PCT/US2004/008518  13 layer 26, or a
conductive coating, which can be used as a basis for
fabricating active  electronic devices, such as
electrodes, diodes, or transistors, or a dark or dark
color  coating that can enhance the contrast of the
display, or a reflective metal coating that  can
enhance the brightness of the display, etc. SANDWICH
LAMINATED SHEET [0064] Figure 5 shows a laminated
sheet 32 having a surface layer 34, a core  layer 36,
and a bottom layer 38, where the core layer 36 is
sandwiched between the  surface layer 34 and the
bottom layer 38. The surface layer 34, core layer 36,
and  bottom layer 38 may be single layers, as
illustrated in the figure, or may be made of
sub-layers. The surface layer 34 has a fusion-formed
optical surface 40 that can serve  as a basis for
fabricating functional elements (not shown), such as
TFTs, OLEDs, or  color filters. The fusion-formed
optical surface 40 is untouched by a forming device,
e.g., uncontaminated by refractory material, and has a
fire-polished surface quality.  The bottom layer 38 is
generally non-functional and does not necessarily have
to meet  the stringent requirements for the surface
layer 34. The surface and bottom layers 34,  38 can be
made very thin. The core layer 36 can be made much
thicker than the surface  and bottom layers 34, 38 and
may have a higher section modulus than the surface and
bottom layers 34, 38 so as to improve the overall
structural integrity of the laminated  sheet 32. The
core layer 36 can be made of a low thermal shrinkage
material that will  constrain the shrinkage of the
laminated sheet 34 while undergoing cyclic thermal
history. [0065] Generally speaking, the higher
strength of the laminated sheet 32 comes  from the
surface layer 34 that is resistant to compression, the
bottom layer 38 that is  resistant to tension, and the
core layer 36 that is resistant to shear stress. In
one  embodiment, the thermal expansion coefficients of
the surface layer 34, the core layer  36, and the
bottom layer 38 are adjusted to control stress and
enhance fracture  toughness of the laminated sheet 32.
If desired, function can be added to the core layer
36. For example, the core layer 36 can be optically
enhanced to enhance the brightness  



and/or enlarge viewing angle of the display. As
described for the two-layered and  three-layered
laminated sheets above, one or more coating layers
(not shown), e.g., WO 2004/094321 PCT/US2004/008518
14 protective coating, optical coating, or conductive
coating, may be added to the surface  layer 34 and/or
the bottom layer 38. METHODS FOR MAKING LAMINATED
SHEETS [0066] The inventors propose herein a method of
making a laminated sheet  having at least one
fusion-formed optical surface that is pristine and of
fire-polished  quality. The method of the invention
can also be used to add one or more layers of  coating
to the laminated sheet. The coating layer may be
protective, e.g., reduce gas  and moisture permeation.
The coating layer may enhance the optical properties
of the  substrate, e.g., enhance brightness or enlarge
viewing angle. The coating layer may be  conductive or
have other functional characteristics [0067] In
general, the methods for making the laminated sheets
of the invention  start with formation of a sheet of
material by a fusion process. In the fusion process, a
viscous, flowable material flows into an overflow
channel and then overflows in a  controlled manner
from one side or both sides of the overflow channel,
depending on  the configuration of the fusion-forming
device, to form a sheet-like flow. The other  layers
of the laminated sheet may be formed by depositing
other materials on one or  both surfaces of the
sheet-like flow. The thickness of the layers are
controlled to  achieve a laminated sheet having a
desired thickness. [0068] The viscous, flowable
material(s) used in forming the layers of the
laminated sheets may be materials such as, but not
limited to, a glass melt or polymer  melt. In some
embodiments, the viscous, flowable material(s) may be
a base glass melt  that can, with the addition of one
or more elements or oxides, be readily transformed
into several specific glasses. The elements or oxides
could be nucleating agents for a  glass-ceramic, with
the base glass being the precursor glass without these
agents or  with these agents below a critical
composition level. The elements or oxides could also
be glass components that would cause a significant,
controlled change in the resulting  



elastic modulus of the formed layer. [0069] Recent
advances in modeling of the fusion process using
computational  fluid dynamics make possible the
mapping of the precise location in the delivery WO
2004/094321 PCT/US2004/008518  15 system of the glass
(or polymer) that ultimately ends up at any location
in the finished  sheet. Thus, elements or oxides can
be introduced to the glass melt according to a
computer-model-generated map to produce a final fusion
drawn sheet having the  desired layered structure. The
oxides or elements could be introduced, for example,
by  positioning blocks of consumable (dissolvable)
material containing the oxides or  elements at
specific positions in the fusion pipe to achieve the
desired layered structure.  DOUBLE-SIDED OVERFLOW
FUSION PIPE [0070] Figure 6A shows a double-sided
overflow fusion pipe 42 having a  wedge-shaped forming
body 44 bounded by converging sidewalls 46, 48. An
overflow  channel 50 is formed in the upper portion of
the forming body 44. The overflow  channel 50 is
bounded by sidewalls (or dams) 52, 54 and a contoured
bottom surface  56. The shape of the contoured bottom
surface 56 is such that the height of the  overflow
channel 50 decreases as it extends outwardly from the
channel inlet 58 to the  dam 60. In operation, a
delivery pipe (not shown) would be connected to the
channel  inlet 58 for delivery of a viscous, flowable
material to the overflow channel 50. [0071] The fusion
pipe 42 can be pivotally adjusted by any suitable
means, such  as roller, wedge, or cam 62, such that
the upper surfaces of the dams 52, 54 have a  desired
tilt angle with respect to the horizontal. The tilt
angle of the dams 52, 54, the  rate at which a
viscous, flowable material is supplied to the overflow
channel 50, and  the viscosity of the flowable
material can be selected such that a single sheet-like
now  having a uniform thickness is formed. [0072] In
operation, a viscoelastic material, e.g., a glass or
polymer material, is  blended, melted, and stirred
well. As shown in Figure 6B, the homogeneous flowable
viscoelastic material 64 is then delivered to the
channel inlet 58. The flowable  viscoelastic material
64 has a low effective head that allows it to flow up
the overflow  



channel 50 without surge or agitation. The flowable
viscoelastic material 64 wells over  the dams 52, 54
and flows down the converging sidewalls 46, 48 of the
forming body  44 as flow streams 64a, 64b. At the
bottom of the forming body 44, the separate now
streams 64a, 64b rejoin to form a single sheet-like
flow 66 with pristine surfaces 66a,  66b of
fire-polished surface quality. WO 2004/094321
PCT/US2004/008518  16 [0073] The initial thickness of
the sheet-like flow 66 is determined by the  amount of
material flowing down the converging walls 46, 48,
where the amount of  material 64a, 64b flowing down
the converging walls 46, 48 is dependent on the head
pressure of the flowable viscoelastic material 64 and
the geometry of the overflow  channel 50. SINGLE-SIDED
OVERFLOW FUSION PIPE [0074] Figure 7A shows a
single-sided overflow fusion pipe 70 having a
wedge-shaped forming body 72 bounded by a straight
sidewall 74 and a converging  sidewall 76. An overflow
channel 78 is formed in the upper portion of the
forming  body 72. The overflow channel 78 is bounded
by sidewalls (or dams) 82, 84 and a  contoured bottom
surface 86. The dam 82 is higher than the dam 84, so
that overflow  occurs only at the dam 84. In
operation, a delivery pipe (not shown) would be
connected to the inlet 88 of the overflow channel 78
for delivery of a viscous, flowable  material to the
overflow channel 78. The shape of the contoured bottom
surface 86 is  such that the height of the overflow
channel 78 decreases as it extends outwardly from  the
inlet 88 to the dam 80. [0075] The fusion pipe 70 can
be pivotally adjusted by any suitable means, such  as
roller, wedge, or cam 90, such that the upper surfaces
of the dams 82, 84 have a  desired tilt angle with
respect to the horizontal. The tilt angle of the dams
82, 84, the  rate at which a viscous, flowable
material is supplied to the overflow channel 78, and
the viscosity of the flowable material can be selected
such that a single sheet-like flow  having a uniform
thickness is formed. [0076] In operation, a
viscoelastic material, e.g., a glass or polymer
material, is  



blended, melted, and stirred well. As shown in Figure
7B, the homogeneous flowable  viscoelastic material
102 is then delivered to the channel inlet 88. The
flowable  viscoelastic material 102 has a low
effective head that allows it to flow into the
overflow channel 78 without surge or agitation. The
flowable viscoelastic material 102  wells over the dam
84 and flows down the converging sidewall 76 of the
forming body  72 to form a single sheet-like flow 104
with pristine surface 104a of fire-polished WO
2004/094321 PCT/US2004/008518  17 surface quality. The
surface 104b is not pristine because it makes contact
with the  converging sidewall 76. [0077] The initial
thickness of the sheet-like flow 104 is determined by
the  amount of material 102 flowing down the
converging sidewall 76, where the amount of  material
102 flowing down the converging sidewall 76 is
dependent on the head  pressure of the flowable
viscoelastic material 102 and the geometry of the
overflow  channel 78. MULTI-COMPARTMENT OVERFLOW
FUSION PIPE [0078] Figure 8A shows an overflow fusion
pipe 106 having a wedge-shaped  forming body 107
bounded by converging sidewalls 108, 110. Independent
overflow  channels 112, 114 are formed in the upper
portion of the forming body 107. The  overflow channel
112 is bounded by sidewalls (or dams) 118, 120 and a
contoured  bottom surface 122. The dam 120 is higher
than the dam 118 so that overflow occurs  only at the
dam 118. The overflow channel 114 is bounded by
sidewalls (or dams) 120,  124 and a contoured bottom
surface 126. The dam 120 is higher than the dam 124 so
that overflow occurs only at the dam 124. In
operation, delivery pipes would be  connected to the
inlets 128, 129 of the overflow channels 112, 114,
respectively. The  shapes of the contoured bottom
surfaces 122, 126 are such that the height of the
overflow channels 112, 114 decrease as they extend
outwardly from the inlets 128, 129  to the dam 131.
[0079] In operation, as shown in Figure 8B, a first
flowable viscoelastic  material 130 is delivered to
the channel inlet (128 in Figure 8A) and a second
flowable  



viscoelastic material 132 is delivered to the channel
inlet (129 in Figure 8B). The  flowable viscoelastic
materials 130, 132 have a low effective head that
allows them to  flow into the overflow channels 112,
114, respectively, without surge or agitation. The
flowable viscoelastic materials 130, 132 well over the
dams 118, 124, respectively, and  flow down the
converging sidewalls 108, 110 of the forming body 107.
At the bottom  of the forming body 107, the materials
130, 132 merge to form a laminated, sheet-like  flow
134 with pristine surfaces 134a, 134b of fire-polished
surface quality. WO 2004/094321 PCT/US2004/008518  18
[0080] The initial thickness of the sheet-like flow
134 is determined by the  amount of materials 130, 132
flowing down the converging sidewalls 108, 110, where
the amount of materials 130, 132 flowing down the
converging sidewalls 108, 110 are  dependent on the
head pressure of the viscous, flowable materials 130,
132 and the  geometry of the overflow channels 112,
114. DOWN DRAW PROCESS [0081] Various types of
overflow fusion pipes have been described above for
forming a sheet-like flow. The fusion process further
includes drawing the sheet-like  flow into a sheet
with a desired thickness. Figure 9A shows a drawing
device 140  according to an embodiment of the
invention. The drawing device 140 includes a  channel
142 for receiving a sheet-like flow (not shown). The
channel 142 is shown as  vertical but could also have
some other orientation, e.g., horizontal. A vertical
channel  is generally preferred because drawing is
favored under vertical conditions due to the  effect
of gravity. The width of the channel 142 determines
the width of the final sheet  (not shown). Typically,
the cross-draw dimension of the final sheet is greater
than  about 4 feet. However, a sheet having a small
cross-draw dimension may also be  formed. [0082] Sets
of rollers (or edge guides) 144 are positioned along
the length of the  channel 142 to convey the
sheet-like flow (not shown) through the channel 142
and to  control (attenuate) the thickness of the
sheet-like flow. A series of heated zones 146  are
defined inside the channel 142. The heated zones 146
become progressively cooler  



in the direction shown by the arrow 148. The zones 146
may be heated by electrical  heating elements,
induction heaters, or other heating means (not shown).
[0083] Figure 9B shows a sheet-like flow 150 advancing
from a fusion pipe 152  into the channel 142. The
sheet-like flow 150 may be guided into the channel 142
by  means of edge guides (not shown). Referring to
Figure 9C, inside the channel 142,  paired rollers 144
gently grip (or press against) the vertical edges of
the sheet-like flow  150 and convey the sheet-like
flow 150 down the channel 142. The spacing between
each of the paired rollers 144 is such that the
thickness of the sheet-like flow 150 is  gradually
reduced as the sheet-like flow 150 is conveyed down
the channel 142. If WO 2004/094321 PCT/US2004/008518
19 necessary, temperature can be used to "tweak" the
thickness of the sheet-like flow 150,  i.e., a hot or
cold spot can be applied to selected regions of the
flow to thin or thicken  the flow 150. [0084] As the
sheet-like flow 150 is conveyed through the cooler
regions of the  heated zones 146, it is formed into a
very flat and uniform sheet. Figure 9D shows the
sheet 154 coming out of the channel 142. The sheet 154
can be scored and cut as  necessary, Typically, the
vertical edges of the sheet 154, which have been in
contact  with the rollers 144, would have to be
trimmed off because they are not pristine. METHOD OF
FORMING A TWO-LAYERED LAMINATED SHEET USING A
SINGLE-SIDED AND A DOUBLE-SIDED OVERFLOW FUSION PIPE
[0085] Figure 10 shows an apparatus 156 for making a
two-layered laminated  sheet. The apparatus 156
includes the double-sided overflow fusion pipe 42
(previously shown in Figure 6A) and the single-sided
overflow fusion pipe 70  (previously shown in Figure
7A). The double-sided overflow fusion pipe 42 is
placed  above the single-sided overflow fusion pipe
70. In general, the fusion pipes 42, 70 are  arranged
in a manner that allows the sheet-like flow produced
by the fusion pipe 42 to  be merged with the
sheet-like flow produced by the fusion pipe 70. [0086]
In operation, the overflow channel 78 in the fusion
pipe 42 is filled with  a first flowable viscoelastic
material 158, e.g., a glass or polymer material. The  



flowable viscoelastic material 158 wells over the dams
52, 54 and flows down the  converging sidewalls 46, 48
as separate flow streams 158a, 158b. The flow streams
158a, 158b rejoin at the bottom of the fusion pipe 42
to form a single sheet-like flow  160. [0087]
Similarly, the overflow channel 78 in the fission pipe
70 is filled with a  second flowable viscoelastic
material 162, e.g., a glass or polymer material. The
viscous, flowable material 162 wells over the dam 84
and flows down the converging  sidewall 76 to form a
single sheet-like flow 162. The single sheet-like flow
162 merges  with the surface 160a of the single
sheet-like flow 160 to form a laminated flow 164.  The
surfaces 164a, 164b of the laminated flow 164 are
pristine and of fire-polished WO 2004/094321
PCT/US2004/008518  20 surface quality. The laminated
flow 164 is then drawn into a sheet using the drawing
device (140 in Figure 9A). [0088] It should be noted
that either of the surfaces 164a, 164b can serve as a
basis for forming functional elements because they are
both pristine. In general, the  final thickness and
optical characteristics of each layer of the laminated
sheet will  determine whether the layer can act as a
surface layer or a core layer. METHOD OF FORMING A
THREE-LAYERED LAMINATED SHEET USING  TWO SINGLE-SIDED
AND A DOUBLE-SIDED OVERFLOW FUSION PIPES  [0089] The
apparatus 156 shown in Figure 10 can be easily
modified to form a  three-layered sheet. As shown in
Figure 11, another single-sided overflow fusion pipe
70b can be used to form a single sheet-like flow 170,
which can then be merged with  the surface 164a of the
sheet-like flow 164 to form a three-layered laminated
flow 168.  The laminated flow 168 can be drawn into a
sheet using the drawing device (140 in  Figure 9A).
One or more layers can be added to the laminated flow
168 using  additional single-sided overflow fusion
pipes, positioned below the overflow fusion  pipes 70,
70b. METHOD OF FORMING A TWO-LAYERED LAMINATED SHEET
USING TWO  SINGLE-SIDED OVERFLOW FUSION PIPES 



[0090] Figure 12 shows an apparatus 166 for making a
two-layered laminated  sheet. The apparatus 166
includes two of the single-sided overflow fusion pipes
70  (previously shown in Figure 5), herein identified
as fusion pipes 70R and 70L. The  fusion pipes 70R and
70L are positioned at the same height. However, if
desired, one  fusion pipe can be elevated above the
other. In general, the fusion pipes 70R and 70L  are
positioned such that the sheet-like flows they produce
merge to form a single  laminated flow. [0091] In
operation, a first viscoelastic material 174, e.g., a
glass or polymer  material, is supplied to the
overflow channel 78L. At the same time, a second
viscoelastic material 176, e.g., a glass or polymer
material, is supplied to the overflow WO 2004/094321
PCT/US2004/008518  21 channel 78R. The viscoelastic
materials 174, 176 well over the dams 84L, 84R,
respectively, and flow down the converging sidewalls
76L, 76R, respectively, to form  the single sheet-like
flows 178, 180, respectively. The single-sheet like
flows 178, 180  merge to form a laminated flow 182
with pristine surfaces 182a, 1$2b of fire-polished
surface quality. The laminated flow 182 is then drawn
into a sheet using the drawing  device (140 in Figure
9A). Layers can be added to the laminated flow 182 by
positioning one or more single-sided overflow fusion
pipes below the fusion pipes 70L,  70R. [00921 Again,
either of the surfaces 182a, 182b can serve as a basis
for forming  functional elements because they are both
pristine. In general, the final thickness and  optical
characteristics of each layer of the laminated sheet
will determine whether the  layer can act as a surface
layer or a core layer METHOD OF FORMING A TWO-LAYERED
LAMINATED SHEET USING TWO  DOUBLE-SIDED OVERFLOW
FUSION PIPES [00931 Figure 13 shows an apparatus 184
for making a two-layered laminated  sheet. The
apparatus 184 includes two of the double-sided
overflow fusion pipes 42  (previously shown in Figure
6A), herein identified as fusion pipes 42R and 42L.
The  fusion pipes 42R 42L are spaced apart
horizontally. The fusion pipe 42L is elevated  



above the fusion pipe 42R. Below the fusion pipes 42R,
42L is a float bath 186. The  fusion pipes 42R, 42L
are positioned such that the sheet-like flows they
produce can be  transitioned from the vertical to the
horizontal and floated on the float bath 186. Edge
guiding devices 192, 194, such as rollers, could be
provided to guide the sheet-like  flows from the
vertical orientation to the horizontal orientation.
The float bath 186  could be a bed of air, molten tin,
molten polymer, or other floating material that is
compatible with the materials that will be used in
forming the laminated sheet. [00941 In operation, the
fusion pipes 42L, 42R are filled with viscous,
flowable  materials 187, 189, respectively. The
viscous, flowable materials 187, 189 overflow  the
dams 52L, 54L and 52R, 54R, respectively, to form the
sheet-like flows 188, 190.  The sheet-like flow 188 is
guided to the float 186 by edge guides 192 and floated
on the  float bath 186. The sheet-like flow 190 is
guided to the sheet-like flow 188 by edge WO
2004/094321 PCT/US2004/008518  22 guide(s) 194 and
merged with the sheet-like flow 188 to form a
laminated flow 195.  The laminated flow 195 can be
transitioned from the float bath 186 into the drawing
device (140 in Figure 9A) for drawing into a laminated
sheet. Additional double-sided  overflow fusion pipes
and/or single-sided overflow fusion pipes can be added
to the  apparatus 184 to make a laminated sheet with
more than two layers. METHOD OF FORMING A TWO-LAYERED
LAMINATED SHEET USING A  SINGLE-OVERFLOW FUSION PIPE
AND A SLOT DRAW FUSION PIPE  [0095] Figure 14 shows an
apparatus 196 for making a two-layered laminated
sheet. The apparatus 196 includes a single-sided
overflow fusion pipe 70 and a slot  draw device 198.
The slot draw device 198 includes a forming body 200
having a  channel 202 for receiving a viscous,
flowable material 204. The forming body 200 also
includes a longitudinal slot 206 which is connected to
the channel 202. The viscous,  flowable material 204
in the channel 202 flows down the slot 206 to form a
sheet-like  flow 208. The overflow channel 78 in the
fusion pipe 70 is also filled with a viscous,
flowable material 210, which wells over the dam 84 and
flows down the converging  sidewall 76 to form a
sheet-like flow 212. The sheet-like flows 208, 212
merge to form  



a laminated flow 214 with a pristine surface 214b. The
other surface 214a is not  pristine because it
contacts the slot draw device 198 as the sheet-like
flow 208 flows  down the slot 206. The laminated flow
214 can be drawn into a laminated sheet as  previously
described. METHOD FOR FORMING A TWO-LAYERED LAMINATED
SHEET USING A  DOUBLE-SIDED OVERFLOW FUSION PIPE WITH
A SLOT DRAW DEVICE  [0096] Figure 15 shows another
type of double-sided overflow fusion pipe 216  that
allows a laminated sheet to be formed via a
combination of a fusion process and a  slot draw
process. The fusion pipe 216 has a fonning body 218
bounded by converging  sidewalls 220, 222. An overflow
channel 224 is formed in the upper portion of the
forming body 218. A channel 226 is formed in the base
of the forming body 218. The  channel 226 opens to the
bottom of the forming body 218 through a longitudinal
slot  228. Viscous, flowable material 230 in the
overflow channel 224 wells over the dams  232, 234 and
flows down the converging walls 220, 222 of the
forming body 218 as WO 2004/094321 PCT/US2004/008518
23 flow streams 230a, 230b, respectively. Viscous,
flowable material 236 in the channel  226 flows down
the longitudinal slot 228 as a sheet-like flow 238.
The separate  streams 230a, 230b merge with the
surfaces 238a, 238b of the sheet-like flow 238 to
form a laminated flow 240. [0097] Figure 16B shows
another type of double-sided overflow fusion pipe  215
that allows a laminated sheet to be formed via a
combination of a fusion process  and a slot draw
process. The fusion pipe 215 has a forming body 217. A
channel 219  is formed in the forming body 217. As
shown in Figure 16B, the channel 219 runs  through the
forming body 217 and has an opening 221 at the top of
the forming body  217 and an opening 223 at the bottom
of the forming body 217. Returning to Figure  16A, the
channel 219 is bounded by sidewalls (or dams) 225,
227, 229. An inlet 231 is  provided for feeding a
viscous, flowable material 233 into the channel 219.
[0098] In operation, the viscous, flowable material
233 is simultaneously  flowed over the dams 225, 227
and drained (or drawn) through the opening 223. The  



viscous, flowable material drained through the opening
223 forms a sheet-like flow  235. The viscous,
flowable material flowed over the dams 225, 227 forms
two separate  flow streams 237, 239, which are merged
with the surfaces of the sheet-like flow 235 to  form
a three-layered laminated flow 241. The laminated flow
241 can be drawn into a  sheet using the drawing
device (140 in Figure 9A). Note that in this case, all
the layers  of the laminated flow 241 are made of the
same material, but the center core layer  (formed by
the sheet-like flow 235) can be much thicker than the
outer layers (formed  by the flow streams 237, 239) to
provide the laminated sheet with enhanced mechanical
stiffness. METHOD OF FORMING A TWO-LAYERED LAMINATED
SHEET USING A  CONTINUOUS SOL-GEL PROCESS AND A
SINGLE-SIDED OVERFLOW  FUSION PIPE [0099] In Figure
17, a continuous sol-gel process, indicated as 242, is
used to  produce an aerogel 244, which forms the core
of a laminated sheet. The aerogel 244  has a
continuous porosity and can be prepared as a
transparent, porous solid. A single- sided overflow
fusion pipe 70 is then used to form a sheet-like flow
246 which is WO 2004/094321 PCT/US2004/008518  24
merged with a surface 244a of the aerogel 244 to form
a two-layered laminated flow  248, which can be drawn
into a sheet using the drawing device (140 in Figure
9A). To  form a sandwich (or three-layered) laminated
sheet, another single-sided overflow  fusion pipe (not
shown) can be used to form a sheet-like flow (not
shown), which can  be merged with the surface 244b of
the aerogel 244. [00100] The sol-gel process is
well-known. The process generally involves  preparing
a "sol" using inorganic metal salts or metal organic
compounds such as metal  alkoxides. The starting
materials are typically subjected to a series of
hydrolysis and  condensation reactions to form a
colloidal suspension, i.e., the "sol." The sol
undergoes a transition to a soft porous mass, called a
"wet gel." The liquid in the wet  gel can be removed
by either air drying or supercritical extraction to
form the aerogel.  The aerogel is typically rigid. The
aerogel can be made flexible by adding fibers to the  



sol, allowing the fiber-reinforced sol to gel, and
extracting liquid from the gel. METHOD OF MAKING A
SANDWICH LAMINATED SHEET [0100] The methods described
above can be used to form the sandwich  laminated
structure illustrated in Figure 5. In another
embodiment, the core of the  sandwich laminated
structure is prepared separately. Then, fusion
processes are used to  add layers to the core. One
motivation for forming the core separately is to allow
for  additional steps to enhance the properties, such
as mechanical and thermal properties,  of the core.
For example, the core of the sandwich structure may be
a glass material  that is subjected to annealing steps
prior to forming of the sandwich structure. [0101]
Figure 18 shows a core substrate 250 interposed
between two single- sided overflow fusion pipes 70R,
70L. Viscous, flowable materials 252, 254 are
supplied to the fusion pipes 70R, 70L and allowed to
overflow in a controlled manner  to form sheet-like
flows 256, 258, respectively. The sheet-like flows
256, 258 merge  with the surfaces 250a, 250b of the
core substrate 250 to form the sandwich structure,
which is drawn to the desired thickness. METHOD FOR
APPLYING COATING TO A FUSION-FORMED SURFACE WO
2004/094321 PCT/US2004/008518  25 [0102] 117 Figure
19, the double-sided overflow fusion pipe 42
(previously  shown in Figure 6A) is used to form a
sheet-like flow 262 with pristine surfaces 262a,
262b. While the sheet-like flow 262 is still in
viscous, flowable form, a slot/trough  type delivery
system 264 is used to deliver a coating material 266
to the surface 262a of  the sheet-like flow 262.
[0103] Other delivery systems besides the slot/trough
type delivery system 264  can also be used to deliver
the coating material 266. For example, Figure 20 shows
the  coating material 266 being delivered via an
overflow channel 268. The coating  material 266 is
delivered into the channel 268 and allowed to overflow
in a controlled  maimer over the dam 270. The dam 270
is positioned relative to the surface 262a such  that
the coating material 266 merges with the surface 262a
as it overflows from the  dam 270. Another overflow
channel 268b (or other delivery system) can be
provided  



to coat the other surface 262b of the sheet-like flow
262. [0104] Another method for coating the
fusion-formed surface 262a involves  spraying the
coating material on the fusion-formed surface 262a.
Figure 21 shows the  coating material 266 being
sprayed on the surface 262a of the sheet-like flow
262. The  coating material 266 can be sprayed while
drawing down the sheet-like flow 262. If the  coating
material 266 is a polymer, it can be subsequently
cured, as indicated at 272, via  radiation, microwave,
or heat. [0105] For all the coating methods described
above, the sheet-like flow 262 is  very reactive when
in flowable or molten form, allowing the coating
material 266 to  form a strong bond with the
surface(s) of the sheet-like flow 266 without the use
of an  adhesive. METHOD OF MAKING A LAMINATED SHEET
WITH A GLASS-CERAMIC  LAYER  [0106] The methods
described above can be used to form a laminated sheet
having a glass-ceramic layer with the modification
that the nucleating agents for the  glass-ceramic
layer are introduced to the delivery system at
appropriate locations. The  nucleating agents can be
introduced to the glass delivery system by positioning
blocks WO 2004/094321 PCT/US2004/008518  26 of
consumable material (containing the nucleating agents)
at the appropriate locations  in the delivery system.
In one embodiment, the glass-ceramic layer is a buried
within  the laminated sheet. A method of forming such
a buried laminate will now be  described. [0107] As
previously discussed, recent advances in modeling of
the fusion  process make it possible to map the
precise location in the delivery system that
ultimately ends up at any location in the finished
sheet. Figure 22A shows an example  of such a map. The
map 300 indicates where to position blocks of
consumable material  302 in a melt 304 to form a
desired layered structure. The line 306 demarcates the
portion of the melt 304 that will ultimately end up on
the surface of the formed sheet.  The line 310
demarcates the portion of the melt 304 that will be
buried in the formed  



sheet. Figure 22B shows a surface glass composition
312 corresponding to the surface  layer of the formed
sheet and a buried glass composition 314 corresponding
to the core  layer of the formed sheet. [0108] In
operation, a melt having the compositional variation
shown in, for  example, the map 300 of Figures 22A and
22B would be delivered to a double-sided  overflow
fusion pipe to form a sheet-like flow, as previously
described. The final glass  sheet would have a buried
layer that includes elements from the consumable
material.  The final glass sheet can then be subjected
to a ceraming process to form the buried
glass-ceramic layer. [0109] It should be noted that
the method described above can generally be  used to
form a laminated sheet having a buried layer with a
composition that is  different from the surface layer,
where the consumable material is used to introduce the
desired compositional variations. [0110] An
alternative process for forming a laminated sheet with
a glass- ceramic layer involves forming the
glass-ceramic layer separately and then using a
fusion process to add a surface layer to the
glass-ceramic layer in a manner similar to  the one
described above for the sandwich laminated sheet. WO
2004/094321 PCT/US2004/008518  27 [01111 Those skilled
in the art will understand that various combinations
of the  methods described above can be used to form
laminated sheets. [01121 While the invention has been
described with respect to a limited number  of
embodiments, those skilled in the art, having benefit
of this disclosure, will  appreciate that other
embodiments can be devised which do not depart from
the scope  of the invention as disclosed herein.
Accordingly, the scope of the invention should be
limited only by the attached claims. WO 2004/094321
PCT/US2004/008518  28 Claims  What is claimed is: 



1. A laminated sheet, comprising: a surface layer
having an optical surface of fire-polished quality;
and a core layer having a higher modulus than the
surface layer to increase an overall  stiffness of the
laminated sheet. 2. The laminated sheet of claim 1,
wherein the optical surface is a fusion-formed
surface. 3. The laminated sheet of claim 1 having a
cross-draw dimension of greater than  about 4 feet. 4.
The laminated sheet of claim 1, wherein the core layer
is separable from the  surface layer. 5. The laminated
sheet of claim 1, wherein a thickness of the surface
layer is less  than about 1 min. 6. The laminated
sheet of claim 1, wherein the surface layer and the
core layer are  each made of a viscoelastic material.
7. The laminated sheet of claim 6, wherein the
viscoelastic material is selected  from the group
consisting of glasses and polymers. 8. The laminated
sheet of claim 1, wherein the surface layer comprises
a glass. 9. The laminated sheet of claim 8, wherein
the core layer comprises a glass- ceramic. 10. The
laminated sheet of claim 9, wherein the core layer is
buried within the  surface layer. 11. The laminated
sheet of claim 1, wherein the core layer is made of a
material  having a low thermal shrinkage. WO
2004/094321 PCT/US2004/008518  29 12. The laminated
sheet of claim 1, wherein the optical surface is
coated with a  coating material. 13. The laminated
sheet of claim 12, wherein the coating material acts
as a barrier  to the environment. 14. The laminated
sheet of claim 12, wherein the coating material
enhances selected  



optical properties of the surface layer. 15. The
laminated sheet of claim 12, wherein the coating
material comprises a  conductive material. 16. The
laminated sheet of claim 12, wherein the coating
material comprises a  semiconductive material. 17. The
laminated sheet of claim 1, wherein the core layer is
optically enhanced.  18. A laminated sheet,
comprising: a compressive surface layer having an
optical surface that is of fire-polished quality;  and
a core layer; wherein the thermal expansion
coefficients of the surface and core layers are
adjusted  to control stress and enhance fracture
toughness of the laminated sheet. 19. The laminated
sheet of claim 18, wherein the optical surface is a
fusion-formed  surface. 20. The laminated sheet of
claim 18 having a cross-draw dimension of greater than
about 4 feet. 21. The laminated sheet of claim 18,
wherein a thickness of the surface layer is less  than
about 1 mm. 22. The laminated sheet of claim 18,
wherein the surface layer and the core layer  are each
made of a viscoelastic material. WO 2004/094321
PCT/US2004/008518  30 23. The laminated sheet of claim
22, wherein the viscoelastic material is selected
from the group consisting of glasses and polymers. 24.
The laminated sheet of claim 18, wherein the surface
layer comprises a glass.  25. The laminated sheet of
claim 24, wherein the core layer comprises a glass-
ceramic. 26. A laminated sheet, comprising: a surface
layer having an optical surface that is of
fire-polished quality; a core layer having a higher
modulus than the surface layer to increase an overall



stiffness of the laminated sheet; and a sacrificial
layer interposed between the surface layer and the
core layer. 27. The laminated sheet of claim 26,
wherein the optical surface is a fusion-formed
surface. 28. The laminated sheet of claim 26, wherein
the surface, core, and sacrificial layers  are each
made of a viscoelastic material. 29. The laminated
sheet of claim 28, wherein the viscoelastic material
is selected  from a group consisting of glasses and
polymers. 30. The laminated sheet of claim 26, wherein
the surface layer comprises a glass,  and the core
layer comprises a glass-ceramic. 31. The laminated
sheet of claim 26, wherein a thickness of the surface
layer is less  than about 1 mm. 32. The laminated
sheet of claim 26, wherein the optical surface is
coated with a  coating material. 33. The laminated
sheet of claim 32, wherein the coating material acts
as a barrier  to the environment. 34. The laminated
sheet of claim 32, wherein the coating material
enhances selected  optical properties of the surface
layer. WO 2004/094321 PCT/US2004/008518  31 35. The
laminated sheet of claim 32, wherein the coating
material comprises a  conductive material. 36. The
laminated sheet of claim 32, wherein the coating
material comprises a  semiconductive material. 37. The
laminated sheet of claim 26, wherein the core layer is
optically enhanced.  38. The laminated sheet of claim
26, wherein the sacrificial layer is more soluble in
a selected solvent than at least the surface layer.
39. A laminated sheet, comprising:  a core layer; a
surface layer disposed on a first side of the core
layer, the surface layer having an  



optical surface that is of fire-polished quality; and
a bottom layer disposed on a second side of the core
layer; wherein the core layer has a higher section
modulus than the surface layer and the  bottom layer
to increase an overall stiffness of the laminated
sheet. 40. The laminated sheet of claim 39, wherein
the optical surface is a fusion-formed  surface. 41.
The laminated sheet of claim 39, wherein a thickness
of the surface layer and  the bottom layer is about 1
mm or less. 42. The laminated sheet of claim 39,
wherein the surface and bottom layers are each  made
of a viscoelastic material. 43. The laminated sheet of
claim 42, wherein the viscoelastic material is
selected  from the group consisting of glasses and
polymers. 44. The laminated sheet of claim 39, wherein
the core layer is made of a  viscoelastic material
having a low thermal shrinkage. 45. The laminated
sheet of claim 39, wherein the core layer is made of
an annealed  glass. WO 2004/094321 PCT/US2004/008518
32 46. The laminated sheet of claim 39, wherein the
core layer is made of an  expandable material. 47. The
laminated sheet of claim 39, wherein the core layer
comprises a glass- ceramic. 48. The laminated sheet of
claim 39, wherein the bottom layer has a fusion-formed
optical surface of fire-polished quality. 49. A method
of making a laminated sheet, comprising: supplying a
first viscous, flowable material into an overflow
channel; overflowing the first viscous, flowable
material in a controlled manner to form a first
sheet-like flow having at least one untouched surface
of fire-polished quality;  depositing at least a
second material on a surface of the first sheet-like
flow to form a  laminated flow; and 



drawing the laminated flow into a laminated sheet. 50.
The method of claim 49, wherein depositing the second
material comprises  supplying the second material in
viscous, flowable form into an overflow channel and
allowing the second material to overflow in a
controlled manner to form a second  sheet-like flow
which is merged with the first sheet-like flow to form
the laminated  flow. 51. The method of claim 49,
wherein depositing the second material comprises
spraying the second material on the first sheet-like
flow. 52. The method of claim 51, wherein the second
material comprises a curable  material. 53. The method
of claim 52, further comprising curing the curable
material while  drawing the laminated flow into a
laminated sheet. 54. The method of claim 49, wherein
the first viscous, flowable material comprises  one
selected from the group consisting of polymers and
glasses. WO 2004/094321 PCT/US2004/008518  33 55. The
method of claim 54, wherein the second viscous,
flowable material  comprises one selected from the
group consisting of polymers and glasses. 56. A method
of making a laminated sheet, comprising:  supplying a
viscous, flowable material into an overflow channel;
positioning a consumable material in a flow path of
the viscous, flowable material so as  to introduce a
compositional variation to a specific portion of the
viscous, flowable  material; overflowing the viscous,
flowable material in a controlled manner to form a
sheet-like  flow having at least one untouched surface
of fire-polished quality; and drawing the sheet-like
flow into a laminated sheet. 57. The method of claim
56, wherein the consumable material comprises a
nucleating agent for a glass-ceramic. 58. A method of
making a laminated sheet, comprising:  forming a first
sheet-like flow by a continuous sol-gel process;  



supplying a viscous, flowable material into an
overflow channel; overflowing the viscous, flowable
material in a controlled manner to form a second
sheet-like flow; fusing the second sheet-like flow
with a surface of the first sheet-like flow to form a
laminated flow; and drawing the laminated flow into a
laminated sheet. 59. A method of making a laminated
sheet, comprising: supplying a first and a second
viscous, flowable material into independent
compartments in an overflow channel; simultaneously
overflowing the first and second viscous, flowable
materials to form  separate flow streams; uniting the
separate flow streams into a single sheet-like
laminated flow; and  drawing the sheet-like laminated
flow into a laminated sheet. WO 2004/094321
PCT/US2004/008518  34 60. A method of making a
laminated sheet, comprising: drawing a first viscous,
flowable material through a slot to form a first
sheet-like flow;  supplying a second viscous, flowable
material into an overflow channel and  overflowing the
second viscous, flowable material from the overflow
channel in a  controlled manner to form a second
sheet-like flow having an untouched surface of
fire-polished quality; merging the second sheet-like
flow with a surface of the first sheet-like flow to
form a  laminated flow; and drawing the laminated flow
into a laminated sheet. 61. A method of making a
laminated sheet, comprising:  supplying a viscous,
flowable material into an open channel; simultaneously
overflowing the viscous, flowable material from a
first side of the open  channel and drawing the
viscous, flowable material from a second side of the
open  channel; wherein the viscous, flowable material
drawn from the second side of the open channel  



forms a sheet-like flow; wherein the viscous, flowable
material overflowed from the first side of the open
channel forms two separate flow streams having
untouched surfaces of fire-polished  quality; merging
each of the flow streams with a surface of the
sheet-like flow to form a  laminated flow; and drawing
the laminated flow into a laminated sheet. 62. A
method of making a laminated sheet, comprising:
obtaining a sheet of material; supplying a first
viscous, flowable material to a first overflow
channel; overflowing the first viscous, flowable
material in a controlled manner to form a sheet- like
flow with an untouched surface of fire-polished
quality; and while the sheet-like flow is in viscous,
flowable form, merging the sheet-like flow with  a
surface of the sheet of material to form a laminated
sheet. 63. The method of claim 62, further comprising
drawing the laminated sheet to a  desired thickness.
WO 2004/094321 PCT/US2004/008518  35 64. The method of
claim 63, further comprising supplying a second
viscous,  flowable material to a second overflow
channel, overflowing the second viscous,  flowable
material in a controlled manner to form a sheet-like
flow with an untouched  surface of fire-polished
quality, and, while the sheet-like flow is in viscous,
flowable  form, merging the sheet-like flow with a
second surface of the sheet of material. 65. The
method of claim 63, wherein the sheet of material
comprises an annealed  glass. 66. The method of claim
63, wherein the sheet of material comprises an
expandable  material. 67. The method of claim 63,
wherein the sheet of material comprises a glass-
ceramic. 68. A method of making a laminated sheet,
comprising: 



supplying a first viscous, flowable material to a
first overflow channel and a second  viscous, flowable
material to a second overflow channel; overflowing the
first viscous, flowable material from the first
overflow channel in a  controlled manner to form a
first sheet-like flow with at least one untouched
surface of  fire-polished quality; overflowing the
second viscous, flowable material from the second
overflow channel in  a controlled manner to form a
second sheet-like flow with at least one untouched
surface of fire-polished quality; drawing the first
sheet-like flow into a first sheet and the second
sheet-like flow into a  second sheet; feeding the
first sheet into a float bath and continuously moving
the first sheet across  the float bath; and feeding
the second sheet into the float bath and merging the
second sheet with the first  sheet so as to form a
continuously moving laminated sheet across the float
bath. 69. An apparatus for forming a laminated sheet,
comprising: an overflow means for forming opposed
sheet-like flows, the overflow means having at  least
two independent compartments for receiving a viscous,
flowable material; WO 2004/094321 PCT/US2004/008518
36 a forming means positioned below the overflow means
for converging and uniting the  opposed sheet-like
flows into a single drawn sheet flow; means for
pivotally adjusting the overflow means such that a
surface of the overflow  channel has a desired tilt
angle with respect to the horizontal; and means for
delivering a viscous, flowable material into the
compartments.  70. An apparatus for forming a
laminated sheet, comprising: an overflow channel for
forming opposed sheet-like flows from a viscous,
flowable  material; a slotted channel positioned below
the overflow channel for forming a drawn sheet-like
flow; a forming body positioned below the overflow
channel for converging and uniting the  



opposed sheet-like flows with outer surfaces of the
drawn sheet-like flow to form a  laminated flow; means
for pivotally adjusting the overflow channel such that
a surface of the overflow  channel has a desired tilt
angle with respect to the horizontal; and means for
delivering a viscous, flowable material into the
overflow channel. 71. The apparatus of claim 70,
wherein the slotted channel is fluidly connected to
the overflow channel so as to receive viscous,
flowable material from the overflow  channel. 72. The
apparatus of claim 70, further comprising means for
delivering a viscous,  flowable material to the
slotted channel. 73. The apparatus of claim 70,
wherein the slotted channel is formed in the forming
body. 


