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(57) ABSTRACT 

A curable slurry for forming ceramic microstructures on a 
substrate using a mold. The slurry is a mixture of a ceramic 
powder, a fugitive binder, and a diluent. The ceramic poWder 
has a loW softening temperature in a range of about 4000 C. 
to 6000 C. and a coe?icient of thermal expansion closely 
matched to that of the substrate. The fugitive binder is 
capable of radiation curing, electron beam curing, or thermal 
curing. The diluent promotes release properties With the 
mold after curing the binder or quick and complete burn out 
of the binder during debinding. 

20 Claims, No Drawings 
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CURABLE SLURRY FOR FORMING 
CERAMIC MICROSTRUCTURES ON A 

SUBSTRATE USING A MOLD 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of US. application Ser. 
No. 09/221,007, ?led Dec. 23, 1998, now US. Pat. No. 
6,352,763. 

TECHNICAL FIELD 

The present invention generally relates to compositions 
useful for molding ceramic microstructures on a substrate. 

BACKGROUND 

Advancements in display technology, including the devel 
opment of plasma display panels (PDPs) and plasma 
addressed liquid crystal (PALC) displays, have led to an 
interest in forming electrically-insulating ceramic barrier 
ribs on glass substrates. The ceramic barrier ribs separate 
cells in Which an inert gas can be excited by an electric ?eld 
applied between opposing electrodes. The gas discharge 
emits ultraviolet (uv) radiation Within the cell. In the case of 
PDPs, the interior of the cell is coated With a phosphor Which 
gives off red, green, or blue visible light When excited by uv 
radiation. The siZe of the cells determines the siZe of the 
picture elements (pixels) in the display. PDPs and PALC 
displays can be used, for example, as the displays for high 
de?nition televisions (HDTV) or other digital electronic dis 
play devices. 
One Way in Which ceramic barrier ribs can be formed on 

glass substrates is by direct molding. This has involved lami 
nating a planar rigid mold onto a substrate With a glass- or 
ceramic-forming composition disposed therebetWeen. The 
glass- or ceramic-forming composition is then solidi?ed and 
the mold is removed. Finally, the barrier ribs are fused or 
sintered by ?ring at a temperature of about 550° C. to about 
1600° C. The glass- or ceramic-forming composition has 
micrometer-sized particles of glass frit dispersed in an 
organic binder. The use of an organic binder alloWs barrier 
ribs to be solidi?ed in a green state so that ?ring fuses the 
glass particles in position on the substrate. However, in 
applications such as PDP substrates, highly precise and uni 
form barrier ribs With feW or no defects or fractures are 

required. These requirements can pose challenges, espe 
cially during removal of the mold from the green state ribs 
and during ?ring of the green state ribs. 
Mold removal can damage ribs due to dif?culty in mold 

release. Because barrier ribs tend to shrink during ?ring, the 
green state ribs must be taller than the siZe desired for the 
fused ribs. Taller structures make demolding even more dif 
?cult. Mold removal can also damage the mold. When mate 
rial cannot be completely removed from the mold, the mold 
must be discarded. In addition, at temperatures required for 
?ring, the barrier ribs can fracture, delaminate from the 
substrate, or Warp. The substrate also goes through dimen 
sional changes during ?ring due to thermal expansion and 
release of internal stresses. 

SUMMARY OF THE INVENTION 

The present invention provides a curable slurry for form 
ing ceramic microstructures on a substrate. Such microstruc 
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2 
tures can be used, for example, as spacer ribs in electronic 
displays such as ceramic barrier ribs in PDPs. Preferred 
embodiments of the slurry of the present invention can pro 
vide several useful properties such as the ability to adhere to 
the substrate in the cured green state as Well as during and 
after ?ring, the ability to demold from the microstructure 
forming mold after curing, the ability to debind quicker and 
more completely at relatively loW temperatures, the ability to 
retain good dielectric properties, the capability for 
environmentally-friendly disposal, or the ability to maintain 
precise dimensions throughout processing. In addition, fur 
ther preferred embodiments of the slurry of the present 
invention can enhance adhesion to the substrate. 

In a ?rst aspect, the present invention provides a slurry for 
patterning microstructures on a substrate using a mold. The 
slurry is a mixture of (a) a ceramic poWder having a soften 
ing temperature in a range of about 400° C. to 6000 C. and a 
coe?icient of thermal expansion in a range of about 10% less 
than to about 10% more than the coef?cient of thermal 
expansion of the substrate; (b) a fugitive binder capable of 
being hardened by radiation curing, electron beam curing, 
thermal curing, or coolingfrom a melted state; and (c) a 
diluent that can promote release from the mold after harden 
ing ofthe binder orfacilitate volatilization ofthe binder at 
elevated temperatures. Preferably, the ceramic poWder is 
present in an amount of about 40 to 96% by Weight, the 
fugitive binder is present in an amount of about 2 to 50% by 
Weight, and the diluent is present in an amount of about 2 to 
50% by Weight. 

In another aspect, the present invention provides an 
assembly for patterning ceramic microstructures onto a sub 
strate. The assembly includes a mold, the mold having a 
patterned surface characterized by a plurality of protrusions 
and indentions thereon, and the above-described slurry 
capable of ?lling the indentions of the patterned surface of 
the ?lm. 

In yet another aspect, the present invention provides a 
substrate assembly for plasma displays panels Which 
includes a glass substrate With green state microstructures 
thereon. The green state microstructures are formed by 
molding and curing the above-described slurry. After curing, 
the diluent remains in the green state microstructures as a 
liquid in an interpenetrating netWork dispersed in the binder. 

DETAILED DESCRIPTION 

As used herein, the term ceramic refers generally to 
ceramic materials or glass materials. Thus, in the slurry used 
in one aspect of the method of the present invention, the 
included ceramic poWder can be glass or ceramic particles, 
or mixtures thereof. Also, the terms fused microstructures, 
?red microstructures, and ceramic microstructures refer to 
microstructures formed using the method of the present 
invention Which have been ?red at an elevated temperature 
to fuse or sinter the ceramic particles included therein. 

The slurry of the present invention is a mixture containing 
a ceramic poWder, a curable organic binder, and a diluent. 
When the binder is in its initial uncured state, the mixture is 
simply referred to as a slurry. After curing the binder, the 
slurry is in a more rigid state Which can retain the shape in 
Which it Was formed. This cured, rigid or semi-rigid state is 
referred to as the green state, just as shaped ceramic materi 
als are called “green” before they are sintered. The green 
state material can subsequently be debinded and/or ?red. 
Debinding occurs When the green state material is heated to 
a temperature at Which the binder can diffuse to a surface of 
the material and volatilize. Debinding is usually folloWed by 
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increasing the temperature to a predetermined ?ring tem 
perature to sinter or fuse the particles of the ceramic powder. 
After ?ring, the material is simply referred to as ?red mate 
rial. Fired microstructures are also referred to herein as 
ceramic microstructures. 
The present invention provides a slurry for molding 

ceramic microstructures on a substrate. The slurry includes 
at least three components. The ?rst component is a ceramic 
poWder. The ceramic poWder Will ultimately be fused or sin 
tered by ?ring to form microstructures and adhered to the 
substrate having desired physical properties. The second 
component is a fugitive binder Which is capable of being 
shaped and subsequently hardened by curing, heating or 
cooling. The binder alloWs the slurry to be shaped into rigid 
or semi-rigid green state microstructures Which are adhered 
to the substrate so that the mold used to form the microstruc 
tures can be removed in preparation for debinding and ?ring. 
The third component is a diluent Which can promote release 
from the mold after hardening of the binder material or pro 
mote fast and substantially complete burn out of the binder 
during debinding before ?ring the ceramic material of the 
microstructures. The diluent preferably remains a liquid 
after the binder is hardened so that the diluent phase 
separates from the binder material during hardening. 
The ceramic poWder is chosen based on the end applica 

tion of the microstructures and the properties of the substrate 
to Which the microstructures Will be adhered. One consider 
ation is the coe?icient of thermal expansion (CTE) of the 
substrate material. Preferably, the CTE of the ceramic mate 
rial of the slurry of the present invention differs from the 
CTE of the substrate material by no more than 10%. When 
the substrate material has a CTE Which is much less than or 
much greater than the CTE of the ceramic material of the 
microstructures, the microstructures can Warp, crack, 
fracture, shift position, or completely break off from the 
substrate during processing. Further, the substrate can Warp 
due to a high difference in CTE betWeen the substrate and 
the ceramic microstructures. Ceramic materials suitable for 
use in the slurry of the present invention preferably have 
coef?cients of thermal expansion of about 5><10_6/o C. to 
13><10_6/o C. 
The substrate preferably can Withstand the temperatures 

necessary to process the ceramic material of the slurry. Glass 
or ceramic materials suitable for use in the slurry of the 
present invention preferably have softening temperatures 
beloW about 600° C., and usually betWeen about 4000 C. and 
600° C. The softening temperature of the ceramic poWder 
indicates a temperature that must be attained to fuse or sinter 
the material of the poWder. A preferred choice for the sub 
strate is a glass, ceramic, metal, or other rigid material Which 
has a softening temperature Which is higher than that of the 
ceramic material of the slurry. Preferably, the substrate has a 
softening temperature higher than the temperature at Which 
the microstructures are to be ?red. The substrate preferably 
should have a CTE approximately in the range discussed 
above. 

Choosing a ceramic poWder having a loW softening tem 
perature alloWs the use of a substrate also having a relatively 
loW softening temperature. In the case of glass substrates, 
soda lime ?oat glass having loW softening temperatures is 
typically less expensive than glass having higher softening 
temperatures. Thus, the use of a loW softening temperature 
ceramic poWder can alloW the use of a less expensive glass 
substrate. In addition, loW softening temperature ceramic 
materials in the slurry of the present invention can make high 
precision microstructures easier to obtain. For example, 
When fabricating barrier ribs on a PDP glass substrate, the 
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4 
precision and accuracy in the alignment and placement of 
the barrier ribs With respect to the electrodes on the substrate 
should be maintained throughout processing. The ability to 
?re green state barrier ribs at loWer temperatures minimiZes 
the thermal expansion and the amount of stress relief 
required during heating, thus avoiding undue substrate 
distortion, barrier rib Warping, and barrier rib delamination. 
LoWer softening temperature ceramic materials can be 

obtained by incorporating certain amounts of alkali metals, 
lead, or bismuth into the material. HoWever, for PDP barrier 
ribs, the presence of alkali metals in the microstructured 
barriers can cause material from the electrodes to migrate 
across the substrate during elevated temperature processing. 
The diffusion of electrode material can cause interference, or 
“crosstalk”, as Well as shorts betWeen adjacent electrodes, 
degrading device performance. Thus, for PDP applications, 
the ceramic poWder of the slurry is preferably substantially 
free of alkali metal. In addition, the incorporation of lead or 
bismuth in the ceramic material of the slurry can make 
environmentally-friendly disposal of the material problem 
atic. When the incorporation of lead or bismuth is not 
desirable, loW softening temperature ceramic material can be 
obtained using phosphate or BZO3 -containing compositions. 
One such composition includes ZnO and B203. Another 
such composition includes BaO and B203. Another such 
composition includes ZnO, BaO, and B2O3. Another such 
composition includes La2O3 and B2O3. Another such com 
position includes Al2O3, ZnO, and P205. 

Other fully soluble, insoluble, or partially soluble compo 
nents can be incorporated into the ceramic material of the 
slurry to attain or modify various properties. For example, 
Al2O3 or La2O3 can be added to increase chemical durability 
of the composition and decrease corrosion. MgO can be 
added to increase the glass transition temperature or to 
increase the CTE of the composition. TiO2 can be added to 
give the ceramic material a higher degree of optical opacity, 
Whiteness, and re?ectivity. Other components or metal 
oxides can be added to modify and tailor other properties of 
the ceramic material such as the CTE, softening 
temperature, optical properties, physical properties such as 
brittleness, and so on. 

Other means of preparing a composition Which can be 
?red at relatively loW temperatures include coating core par 
ticles in the composition With a layer of loW temperature 
fusing material. Examples of suitable core particles include 
ZrO2, Al2O3, ZrO2iSiO2, and TiO2. Examples of suitable 
loW fusing temperature coating materials include B203, 
P205, and glasses based on one or more of B2O3, P2O5, and 
SiO2. These coatings can be applied by various methods. A 
preferred method is a sol-gel process in Which the core par 
ticles are dispersed in a Wet chemical precursor of the coat 
ing material. The mixture is then dried and comminuted (if 
necessary) to separate the coated particles. These particles 
can be dispersed in the glass or ceramic poWder of the slurry 
or can be used by themselves for the glass poWder of the 
slurry. 
The ceramic poWder in the slurry Which can be used in the 

method of the present invention is preferably provided in the 
form of particles Which are dispersed throughout the slurry. 
The preferred siZe of the particles depends on the siZe of the 
microstructures to be formed and aligned on the patterned 
substrate. Preferably, the average siZe, or diameter, of the 
particles in the ceramic poWder of the slurry is no larger than 
about 10% to 15% the siZe of the smallest characteristic 
dimension of interest of the microstructures to be formed 
and aligned. For example, PDP barrier ribs can have Widths 
of about 20 um, and their Widths are the smallest feature 
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dimension of interest. For PDP barrier ribs of this siZe, the 
average particle siZe in the ceramic powder is preferably no 
larger than about 2 or 3 um. By using particles of this siZe or 
smaller, it is more likely that the microstructures Will be 
replicated With the desired ?delity and that the surfaces of 
the ceramic microstructures Will be relatively smooth. As the 
average particle siZe approaches the siZe of the 
microstructures, the slurry containing the particles may no 
longer conform to the microstructured pro?le. In addition, 
the maximum surface roughness can vary based in part on 
the ceramic particle siZe. Thus, it is easier to form smoother 
structures using smaller particles. 
The fugitive binder of the slurry is an organic binder cho 

sen based on factors such as its ability to bind to the ceramic 
poWder of the slurry, ability of being cured or otherWise 
hardened to retain a molded microstructure, ability of adher 
ing to the patterned substrate, and ability to volatiliZe (or 
burn out) at temperatures at least someWhat loWer than those 
used for ?ring the green state microstructures. The binder 
helps bind together the particles of the ceramic poWder When 
the binder is cured or hardened so that the stretchable mold 
can be removed to leave rigid green state microstructures 
adhered to and aligned With the patterned substrate. The 
binder is referred to as a “fugitive binder” because the binder 
material can be burned out of the micro structures at elevated 
temperatures prior to fusing or sintering the ceramic par 
ticles in the microstructures. Preferably, ?ring completely 
burns out the fugitive binder so that the microstructures left 
on the patterned surface of the substrate are fused glass or 
ceramic microstructures Which are substantially free of car 
bon residue. ln applications Where the microstructures used 
are dielectric barriers, such as in PDPs, the binder is prefer 
ably a material capable of debinding at a temperature at least 
someWhat beloW the temperature desired for ?ring Without 
leaving behind a signi?cant amount of carbon Which can 
degrade the dielectric properties of the microstructured bar 
riers. For example, binder materials containing a signi?cant 
proportion of aromatic hydrocarbons, such as phenolic resin 
materials, can leave graphitic carbon particles during 
debinding Which can require signi?cantly higher tempera 
tures to completely remove. 

The binder is preferably an organic material Which is 
radiation or heat curable. Preferred classes of materials 
include acrylates and epoxies. Alternatively, the binder can 
be a thermoplastic material Which is heated to a liquid state 
to conform to the mold and then cooled to a hardened state to 
form micro structures adhered to the substrate. When precise 
placement and alignment of the microstructures on the sub 
strate is desired, it is preferable that the binder is radiation 
curable so that the binder can be hardened under isothermal 
conditions. Under isothermal conditions (no change in 
temperature), the stretchable mold, and therefore the slurry 
in the mold, can be held in a ?xed position relative to the 
pattern of the substrate during hardening of the binder mate 
rial. This reduces the risk of shifting or expansion of the 
mold or the substrate, especially due to differential thermal 
expansion characteristics of the mold and the substrate, so 
that precise placement and alignment of the mold can be 
maintained as the slurry is hardened. 
When using a fugitive binder Which is radiation curable, it 

is preferable to use a cure initiator that is activated by radia 
tion to Which the substrate is substantially transparent so that 
the slurry can be cured by exposure through the substrate. 
For example, When the substrate is glass, the fugitive binder 
is preferably visible light curable. By curing the binder 
through the substrate, the slurry material adheres to the sub 
strate ?rst, and any shrinkage of the binder material during 
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6 
curing Will tend to occur aWay from the mold and toWard the 
surface of the substrate. This helps the microstructures 
demold and helps maintain the location and accuracy of the 
microstructure placement on the pattern of the substrate. 

In addition, the selection of a cure initiator can depend on 
What materials are used for the ceramic poWder in the slurry 
used in the present invention. For example, in applications 
Where it is desirable to form ceramic microstructures Which 
are opaque and highly diffusely re?ective, it can be advanta 
geous to include a certain amount of titania (TiO2) in the 
ceramic poWder of the slurry. While titania can be useful for 
increasing the re?ectivity of the microstructures, it can also 
make curing With visible light di?icult because visible light 
re?ection by the titania in the slurry can prevent suf?cient 
absorption of the light by the cure initiator to effectively cure 
the binder. HoWever, by selecting a cure initiator Which is 
activated by radiation Which can simultaneously propagate 
through the substrate and the titania particles, effective cur 
ing of the binder can take place. One example of such a cure 
initiator is bis(2,4,6-trimethylbenZoyl) 
phenylphosphineoxide, a photoinitiator commercially avail 
able from Ciba Specialty Chemicals, HaWthrone, N.Y., 
under the trade designation lrgacure 819. Another example 
is a ternary photoinitiator system prepared such as those 
described in Us. Pat. No. 5,545,670 such as a mixture of 
ethyl dimethylaminobenZoate, camphoroquinone, and 
diphenyl iodonium hexa?uorophosphate. Both of these 
examples are active in the blue region of the visible spectrum 
near the edge of the ultraviolet in a relatively narroW region 
Where the radiation can penetrate both a glass substrate and 
titania particles in the slurry. Other cure systems may be 
selected for use in the process of the present invention based 
on the binder, the materials of the ceramic poWder in the 
slurry, and the material of the mold or the substrate through 
Which curing is to take place. 
The diluent of the slurry used in the method of the present 

invention is a material selected based on factors such as its 
ability to enhance mold release properties of the slurry sub 
sequent to curing the fugitive binder and to enhance debind 
ing properties of green state structures made using the slurry. 
The diluent is preferably a material that is soluble in the 
binder prior to curing and Which remains liquid after curing 
the fugitive binder. This provides tWo advantages. First, by 
remaining a liquid When the binder is hardened, the diluent 
reduces the risk of the cured binder material adhering to the 
mold. Second, by remaining a liquid When the binder is 
hardened, the diluent phase separates from the binder 
material, thereby forming an interpenetrating netWork of 
small pockets, or droplets, of diluent dispersed throughout 
the cured binder matrix. The advantages of phase separation 
of the diluent Will become clear in the discussion that fol 
loWs. 

For many applications, such as PDP barrier ribs, it is 
desirable for debinding of the green state microstructures to 
be substantially complete before ?ring. Additionally, 
debinding is often the longest and highest temperature step 
in thermal processing. Thus, it is desirable for the slurry to 
be capable of debinding relatively quickly and completely 
and at a relatively loW temperature. The preference for loW 
temperatures is discussed in detail beloW. 

While not Wishing to be bound by any theory, debinding 
can be thought of as being kinetically and thermodynami 
cally limited by tWo temperature-dependent processes, 
namely diffusion and volatiliZation. VolatiliZation is the pro 
cess by Which decomposed binder molecules evaporate from 
a surface of the green state structures and thus leave a porous 
netWork for resin egress to proceed in a less obstructed man 
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ner. In a single phase resin binder, intemally-trapped gas 
eous degradation products can blister and/or rupture the 
structure. This is more prevalent in binder systems that leave 
a high level of carbonaceous degradation products at the 
surface Which can form an impervious skin layer to stop the 
egress of binder degradation gases. In cases Where single 
phase binders are successful, the cross sectional area is rela 
tively small and the binder degradation heating rate is inher 
ently long to prevent a skin layer from forming. 
The rate at Which volatiliZation occurs depends on 

temperature, an activation energy for volatiliZation, and a 
frequency, or sampling rate. Because volatiliZation occurs 
primarily at or near surfaces, the sampling rate is propor 
tional to the total surface area of the structures. Diffusion is 
the process by Which binder molecules migrate to surfaces 
from the bulk of the structures. Due to volatiliZation of 
binder material from the surfaces, there is a concentration 
gradient Which tends to drive binder material toWard the 
surfaces Where there is a loWer concentration. The rate of 
diffusion depends on temperature, an activation energy for 
diffusion, and a frequency. 

Because volatiliZation is limited by the surface area, if the 
surface area is small relative to the bulk of the 
microstructures, heating too quickly can cause volatile spe 
cies to be trapped. When the internal pressure gets large 
enough, the structures can bloat, break or fracture. To curtail 
this effect, debinding can be accomplished by a relatively 
gradual increase in temperature until debinding is complete. 
A lack of open channels for debinding, or debinding too 
quickly, can also lead to a higher tendency for residual car 
bon formation. This in turn requires higher debinding tem 
peratures to ensure complete debinding. When debinding is 
complete, the temperature can be ramped up more quickly to 
the ?ring temperature and held at that temperature until ?r 
ing is complete. At this point, the articles can then be cooled. 
The diluent enhances debinding by providing shorter 

pathWays for diffusion and increased surface area. The dilu 
ent preferably remains a liquid and phase separates from the 
fugitive binder When the binder is cured or otherWise hard 
ened. This creates an interpenetrating netWork of pockets of 
diluent dispersed in a matrix of hardened binder material. 
The faster that curing or hardening of the binder material 
occurs, the smaller the pockets of diluent Will be. Preferably, 
after hardening the binder, a relatively large amount of rela 
tively small pockets of diluent Will be dispersed in a netWork 
throughout the green state structures. During debinding, the 
loW molecular Weight diluent can evaporate quickly at rela 
tively loW temperatures prior to decomposition of the other 
high molecular Weight organic components. Evaporation of 
the diluent leaves behind a someWhat porous structure, 
thereby greatly increasing the surface area from Which 
remaining binder material can volatiliZe and greatly decreas 
ing the mean path length over Which binder material must 
diffuse to reach these surfaces. Therefore, by including the 
diluent, the rate of volatiliZation during binder decomposi 
tion is increased by increasing the available surface area, 
thereby increasing the rate of volatiliZation for the same tem 
peratures. This makes pressure build up due to limited diffu 
sion rates less likely to occur. Furthermore, the relatively 
porous structure alloWs pressures that are built up to be 
released easier and at loWer thresholds. The result is that 
debinding can be performed at a faster rate of temperature 
increase While lessening the risk of microstructure breakage. 
In addition, because of the increased surface area and 
decreased diffusion length, debinding is complete at a loWer 
temperature. 

The diluent is not simply a solvent compound for the 
resin. The diluent is preferably soluble enough to be incor 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
porated into the resin mixture in the uncured state. Upon 
curing of the binder of the slurry, the diluent should phase 
separate from the monomers and/or oligomers participating 
in the cross-linking process. Preferably, the diluent phase 
separates to form discrete pockets of liquid material in a 
continuous matrix of cured resin, With the cured resin bind 
ing the particles of the glass frit or ceramic poWder of the 
slurry. In this Way, the physical integrity of the cured green 
state microstructures is not greatly compromised even When 
appreciably high levels of diluent are used (i.e., greater than 
about a 1:3 diluent to resin ratio). 

Preferably the diluent has a loWer a?inity for bonding 
With the ceramic poWder material of the slurry than the a?in 
ity for bonding of the binder material With the ceramic poW 
der. When hardened, the binder should bond With the par 
ticles of the ceramic poWder. This increases the structural 
integrity of the green state structures, especially after evapo 
ration of the diluent. Other desired properties for the diluent 
Will depend on the choice of ceramic poWder, the choice of 
binder material, the choice of cure initiator (if any), the 
choice of the substrate, and other additives (if any). Pre 
ferred classes of diluents include glycols and polyhydroxyls, 
examples of Which include butanediols, ethylene glycols, 
and other polyols. 
The diluent is not simply a solvent compound for the 

resin. The diluent is preferably soluble enough to be incor 
porated into the resin mixture in the uncured state. Upon 
curing of the binder of the slurry, the diluent should phase 
separate from the monomers and/or oligomers participating 
in the cross-linking process. Preferably, the diluent phase 
separates to form discrete pockets of liquid material in a 
continuous matrix of cured resin, With the cured resin bind 
ing the particles of the glass frit or ceramic poWder of the 
slurry. In this Way, the physical integrity of the cured green 
state microstructures is not greatly compromised even When 
appreciably high levels of diluent are used (i.e., greater than 
about a 1:3 diluent to resin ratio). The folloWing examples 
serve to illustrate the bene?ts of a diluent component in the 
slurry of the present invention. 
To perform the functions of promoting mold release prop 

erties after hardening of the binder and of promoting facile 
volatiliZation during debinding, the diluent of the slurry of 
the present invention should be selected based on certain 
properties. Preferably, the diluent is a material Which is liq 
uid at room temperature and is soluble in the uncured binder. 
The diluent should phase separate With the binder material 
upon hardening of the binder. The diluent preferably has a 
loWer evaporation temperature than the fugitive binder mate 
rial to enhance debinding as discussed above. Preferably the 
diluent has a loWer af?nity for bonding With the ceramic 
poWder material of the slurry than the a?inity for bonding of 
the binder material With the ceramic poWder. When 
hardened, the binder should bond With the particles of the 
ceramic poWder. This increases the structural integrity of the 
green state structures, especially after evaporation of the 
diluent. Other desired properties for the diluent Will be rec 
ogniZed by the ordinarily skilled artisan depending on the 
choice of ceramic poWder, the choice of binder material, the 
choice of cure initiator (if any), the choice of the substrate, 
and other additives (if any). Preferred classes of diluents 
include glycols and polyhydroxyls, examples of Which 
include butanediols and ethylene glycols, as Well as other 
polyols. 

In addition to ceramic poWder, fugitive binder, and 
diluent, the slurry can optionally include other materials. For 
example, the slurry can include an adhesion promoter to 
promote adhesion to the substrate. For glass substrates, or 
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other substrates having silicon oxide or metal oxide surfaces, 
a silane coupling agent is a preferred choice as an adhesion 
promoter. A preferred silane coupling agent is a silane cou 
pling agent having three alkoxy groups. Such a silane can 
optionally be pre-hydrolyZed for promoting better adhesion 
to glass substrates. A particularly preferred silane coupling 
agent is a silano primer such as sold by Manufacturing Co. 
(3M), St. Paul, Minn. under the trade designation Scothbond 
Ceramic Primer. Other optional additives can include mate 
rials such as dispersants Which aid in mixing the ceramic 
poWder With the other components of the slurry of the 
present invention. Optional additives can also include 
surfactants, catalysts, anti-aging components, release 
enhancers, and so on. 

The slurry of the present invention can be used to form 
ceramic microstructures on a substrate using a mold. The 
mold for forming the microstructures has a surface With a 
plurality of microstructured features thereon. The slurry of 
the present invention is then placed betWeen the microstruc 
tured surface of the mold and a surface of the substrate so 
that the slurry substantially ?lls the pro?le of the microstruc 
tured surface of the mold. The binder of the slurry is then 
hardened by radiation curing, thermal curing, or cooling 
from a melted state to produce green state material adhered 
to the substrate. When the mold is removed, the green state 
structures adhered to the substrate are microstructures Which 
substantially replicate the microstructured features of the 
mold. A preferred mold and process for molding [is] are 
disclosed in [co-pending and co?led] US. [application Ser. 
No. 09/219,803] Pat. No. 6,247,986, the disclosure of Which 
is incorporated by reference herein. 

The present invention Will noW be illustrated by the fol 
loWing non-limiting examples. 

EXAMPLES 

Examples 1*5 

Various concentrations of diluent in a slurry Were investi 
gated for bene?ts of mold release and debinding rate. The 
molds used Were polycarbonate or photo-curable acrylate 
material Which Was cast and cured onto a high stiffness 
backing material such as polyethylene terephthalate (PET). 
The cast and cured polycarbonate or acrylate material 
formed the patterned surface of the mold. Cure shrinkage of 
the slurry and chemical interaction betWeen the slurry and 
the polymer mold can cause di?iculty With demolding. 
Bonding betWeen the slurry and mold can result in longer 
processing times, fracturing of the cured microstructures, or 
mold failure. Enhancing the demolding characteristics is 
desirable to improve molding yield and to prolong the life of 
the mold as Well as to yield higher ?delity replicated struc 
tures of the cured slurry. For PDP barrier rib manufacturing, 
the ability of fast ?ring is desirable to reduce cycle time and 
cost. The binder must debind, or burn out, quickly and com 
pletely to achieve fast ?ring. Proper design and incorpora 
tion of a diluent component into the slurry of the present 
invention can enhance both demolding and debinding. 
A photocurable resin active in the visible light region Was 

used as the binder in preparing the slurry samples in 
Examples 15. Glass frit Was used as the glass poWder of the 
slurry. The glass frit Was a lead borosilicate glass poWder as 
commercially available from Asahi Glass Co., Japan, under 
the trade designation RFW030, and had an average particle 
siZe of 1.2 pm. The base resin Was composed of 50% by 
Weight bisphenol-a diglycidyl ether dimethacrylate 
(BISGMA) and 50% by Weight triethylene glycol 
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10 
dimethacrylate (TEGDMA). An initiator system Which 
alloWs curing using visible light in the blue region of the 
spectrum Was used and Was composed of ethyl 
dimethylaminobenZoate, camphoroquinone, and diphenyl 
iodonium hexa?uorophosphate. The initiator level Was kept 
at 2% by Weight of the organic components for all the 
samples. Glass frit loading in all the slurries Were about 45% 
to 47% by volume. A phosphate ester dispersant Was used to 
help incorporation of the glass frit into the organic compo 
nents. Curing Was performed using a blue light source 
(3804170 nm) irradiated through the glass substrate used. 
Dosage Was 1 to 1.5 J/cm2. The diluent selected for 
Examples 1*5 Was 1,3 butanediol. 1,3 butanediol is not 
soluble in the BISGMA alone, but is soluble in the 
BlSGMA/TEGDMA mixture. The diluent content in per 
centage by Weight of the organic components Was as shoWn 
in Table 1. 

TABLE 1 

Example Diluent (% by Weight) 

1 10 
2 2O 
3 3O 
4 35 
5 4O 

Debinding Properties 
To study effects on binder burn out, thick ?lms of the 

slurry according to Examples 15 Were prepared on glass 
substrates for ?ring. The glass substrates Were 2.5 mm thick 
soda-lime-glass as commercially available from Libbey 
OWens-Ford Co., Toledo, Ohio. A knife coater Was used to 
cast a uniform slurry layer onto the glass substrates. The 
knife coater gap Was set at 200 pm. The coatings Were cured 
With a blue light for 1 minute. The samples Were then ?red in 
a box fumace having an air How of 30 scfh (standard cubic 
feet per hour). The ?ring schedule Was 50 C./minute to 5400 
C. for a 20 min soak. The samples Were then cooled at 2*3o 
C./min. After ?ring, the fused layers Were about 70 to 80 pm 
thick. The 10% sample, the formulation of Example 1, Was 
severely cracked to a point at Which the fragments did not 
adhere to the glass substrate after ?ring. The formulation of 
Example 2, the 20% diluent sample, also cracked, but 
remained adhered to the substrate. The formulations of 
Examples 3, 4, and 5 remained intact Without cracking and 
Were adhered to the substrate. These results indicate that 
higher diluent concentrations in a slurry alloW more facile 
binder burn out, presumably due to evaporation of the dilu 
ent leaving more pathWays for debinding so that stresses 
Which might otherWise cause fracturing can be relieved. 
Mold Release Properties 
Mold release after curing Was studied quantitatively With 

a peel tester commercially available from lnstramentors, 
lnc., Strongville, Ohio, under the trade designation Model 
SP-102C-3M90. Sheets of a polymer mold having rectangu 
lar channels Were used for forming rib structures from the 
glass slurries of Examples 1*5 onto soda-lime glass sub 
strates. The channels in the mold Were nominally 75 um 
Wide, 185 um deep, and 220 um in pitch spacing. Sample 
fabrication involved laminating the glass slurry samples 
betWeen the glass substrate and the mold, folloWed by curing 
the samples. The slurry essentially ?lled the channels of the 
mold during lamination to thereby replicate the mold fea 
tures onto the glass substrate after curing. The molds Were 
about 2.5 cm Wide by about 22 cm long. The channels Were 
parallel to the long dimension of the molds. After 
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lamination, the samples Were cured using a blue light source 
for a dosage of 1 to 1.5 J/cm2. After curing, the molds Were 
released by peeling along the direction of the channels and 
the peel force Was measured. Peel test Was performed at 90° 
to the substrate and at a speed of about 20 cm per minute. 
The average peel force measurements are shoWn in Table 2. 

TABLE 2 

Example Diluent (% by Weight) Peel Force (kg/cm) 

1 10 (mold failure) 
2 20 0.71 
3 30 0.47 
4 35 0.16 
5 40 0.10 

The formulation of Example 1 did not give conclusive 
results because the adhesion to the mold Was so strong that 
the mold tore in the peel process. The bene?t of the diluent 
in enhancing mold release is evident from Table 2. HoWever, 
note that at very high diluent levels, the physical integrity of 
the cured green state structures can be degraded signi?cantly 
due to the relatively high liquid content. The formulation of 
Example 5 shoWed some defects after curing due to break 
age of the green state structures. The formulations of 
Examples 2, 3, and 4, representing diluent contents above 
10% and beloW 40%, shoWed good green state physical 
integrity as Well as adequate mold release properties. 

Example 6 
A spatula Was used to mix an epoxy binder With 82.3% by 

Weight (43.3% by volume) of yttria-stabilized Zirconia poW 
der (commercially available from Zirconia Sales America, 
grade HSY-3B). The average particle siZe in the Zirconia 
poWder siZe Was 0.4 microns. The epoxy binder Was mixed 
With a diluent and a surfactant in amounts of 54.2% by 
Weight epoxy, 36.4% by Weight diluent and 9.4% by Weight 
surfactant. The epoxy Was a blend of bisphenol A epoxide 
(as commercially available from Celanese Corp., Louisville, 
Ky., under the trade designation Celanese DER 332), and an 
amine curing agent (as commercially available from 
Celanese Corp. under the trade designation Epi-cure 826). 
The curing agent level Was 26% by Weight of the epoxy. The 
diluent system Was a blend of 65% by Weight of 1,3 butane 
diol and 35% by Weight of polyethylene glycol (as commer 
cially available from Sigma Chemical, St. Louis, Mo., under 
the trade designation CarboWax 200). The polyethylene gly 
col served to solubiliZe the butanediol in the epoxy. The 
surfactant Was a material commercially available from lCl 
Americas Inc., NeW Castle, Del., under the trade designation 
hypermer KD 1. The surfactant served to help incorporate 
the Zirconia poWder in the resin. The slurry Was molded onto 
a plastic substrate and then transferred to an alumina sub 
strate for debiding by heating to 600° C. at a rate of 5° C. per 
minute. The material Was then ?red by ramping the tempera 
ture to 1400° C. at a rate of 10° C. per minute and held there 
for 1 hour. 

The slurry of Example 6 can be made by mixing the fol 
loWing materials in the folloWing amounts: 

51.0 g yttria-stabilized Zirconia poWder 
4.40 g bisphenol A epoxide 
1.56 g curing agent 
2.60 g polyethylene glycol 
1.40 g 1,3 butanediol 
1.02 g surfactant. 

Example 7 
An acrylate binder Was mixed With 85.5% by Weight of 

yttria stabiliZed Zirconia poWder. The Zirconia poWder Was a 
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12 
bimodal blend of grade HSY-3B (as used in Example 6) With 
12.3% by Weight of grade HSY-3U as commercially avail 
able from the same company. Grades HSY-3B and HSY-3U 
have respective average particle siZes of 0.4 and 0.1 microns. 
The binder Was 50.5% of an acrylate resin (described 
beloW), 44.4% by Weight diluent and 5.0% by Weight surfac 
tant. Speci?cally, the resin Was a blend of 50% by Weight 
bisphenol A diglycidyl ether dimethacrylate (BISGMA) and 
50% by Weight triethylene glycol dimethacrylate (TEGMA). 
The cure initiator Was a mixture of ethyl 
dimethylaminobenZoate, camphoroquinone and diphenyl 
iodonium hexa?uorophosphate. The initiator level Was 2% 
by Weight of the acrylate base resin. The diluent Was 50% by 
Weight diallyl phthalate and 50% by Weight butyl strearate. 
The diallyl phthalate plasticiZer in the diluent served to 
reduce resin viscosity for improving moldability and to solu 
biliZe the butyl stearate in the acrylate resin. The butyl strear 
ate in the diluent alloWed for phase separation of the diluent 
upon curing of the binder to aid mold release and alloW 
speedy egress of the binder material during debinding. The 
surfactant (available from lCl Americas, Inc., under the 
trade designation hypermer KDl) Was used to incorporate 
the Zirconia poWder into the binder. The slurry Was molded 
onto a glass substrate and cured by exposure to blue light 
through the substrate and through the mold 2.5 minutes 
before being demolded from the polymer mold that Was 
used. The debinding and ?ring schedule Was the same as 
used in Example 6. 
The slurry of Example 7 can be made by mixing the fol 

loWing materials in the folloWing amounts: 
510.10 g yttria stabiliZed Zirconia poWder grade HSY-3B 
71.50 g yttria stabiliZed Zirconia poWder grade HSY-3U 
50.00 g 50/50 BlSGMA/TEGMA blend 

22.20 g diallyl phthalate 
22.20 g butyl stearate 
5.00 g surfactant. 
What is claimed is: 
1. A curable paste for patterning microstructures on a sub 

strate using a mold, the paste comprising a mixture of: 
a ceramic poWder; 

a crosslinkable binder comprising an acrylic resin; and 
a diluent comprising butane diol, the diluent to resin 

ratio[n] being about 1:3 or greater. 
2. The curable paste of claim 1, further comprising a 

silane coupling agent. 
3. The curable paste of claim 1, further comprising TiO2 

particles mixed therein. 
4. The curable paste of claim 1, Wherein the binder 

includes a cure initiator capable of being activated by expo 
sure to blue light. 

5. The curable paste of claim 1, Wherein the ceramic poW 
der is substantially free of alkali metals. 

6. The curable paste of claim 1, Wherein the ceramic poW 
der is substantially free of lead. 

7. The curable paste of claim 1, Wherein the binder is 
crosslinkable by exposure to visible light. 

8. A method of forming ceramic microstructures compris 
ing: 
providing a mold with a microstructured surface; 

placing a slurry between the microstructured surface of 
the mold and a surface of a substrate so that the slurry 
substantially fills the microstructured surface of the 
mold; 

hardening the slurry by radiation curing, electron beam 
curing, thermal curing, or coolingfrom a melted state 
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to produce green state material adhered to the 
substrate, wherein the slurry comprises a ceramic 
powder, a binder, and a diluent that phase separates 
from the binder when the binder is hardened; and 

removing the mold. 
9. The method ofclaim 8 wherein the diluent is present at 

greater than about 1:3 diluent to binder ratio. 
10. The method ofclaim 8 wherein the binder is selected 

from the group of materials consisting of acrylates and 
epoxies. 

1]. The method ofclaim 10 wherein the binder is an acry 
late. 

12. The method ofclaim 8 wherein the slurry is hardened 
by curing and the diluent is soluble in the binder prior to 
curing and remains liquid after curing. 

13. The method ofclaim 8 wherein the slurry is hardened 
by radiation curing. 

14. The method ofclaim 13 wherein the ceramic powder 
comprises titania. 

15. The method ofclaim 14 wherein the slurry comprises 
a cure initiator which is activated by radiation and can 
simultaneously propagate through the substrate and the tita 
nia particles. 

20 
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16. The method ofclaim 13 wherein the slurry comprises 

a cure initiator that is active in the blue region. 

1 7. The method ofclaim 13 wherein the ceramicpowder is 
present in an amount ranging from about 40 to 96% by 
weight, the binder is present in an about ofabout 2 to 50% 
by weight, and the diluent ispresent in an amount ofabout 2 
to 50% by weight. 

18. A curable paste for patterning microstructures on a 
substrate using a mold, the paste comprising a mixture of' 

a ceramic powder; 

afugitive binder capable ofbeing hardened by radiation 
curing, electron beam curing, thermal curing, or cool 
ingfrom a melted state; and 

a diluent that phase separates from the binder when the 
binder is hardened. 

19. The curable paste ofclaim 18 wherein the diluent is 
present at greater than about 1:3 diluent to binder ratio. 

20. The curable paste ofclaim 18 wherein the diluent is 
soluble in the binderprior to curing and remains liquid after 
curing. 
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