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FIG. 2

(57) Abrégé/Abstract:

The present invention relates to surface-treated prepreg composites and corresponding methods of surface treating an inorganic
fabric to form a surface-treated fabric reinforced prepreg composite. The method comprises infiltrating an inorganic fabric with a
first slurry mixture to form an infiltrated fabric; optionally drying the infiltrated fabric; infiltrating an inorganic paper with a second
slurry mixture to form an infiltrated paper; optionally drying the infiltrated paper; and applying the infiltrated paper to at least one
surface of the infiltrated fabric to form a surface-treated prepreg composite.
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FIG. 2

(57) Abstract: The present invention relates to surface-treated prepreg composites and corresponding methods of surface treating an
inorganic fabric to form a surface-treated fabric reinforced prepreg composite. The method comprises infiltrating an inorganic fabric
with a first slurry mixture to form an infiltrated fabric; optionally drying the infiltrated fabric; infiltrating an inorganic paper with a
second slurry mixture to form an infiltrated paper, optionally drying the infiltrated paper; and applying the infiltrated paper to at least
one surface of the infiltrated fabric to form a surface-treated prepreg composite.



CA 03135221 2021-09-27

WO 2020/210569 PCT/US2020/027583
SURFACE TREATMENTS FOR CERAMIC COATED/IMPREGNATED MATERIALS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This PCT application claims the benefit of U.S. Provisional Application No.
62/832,586, filed on April 11, 2019. This document is hereby incorporated by reference in its

entirety.

FIELD OF THE INVENTION

[0002] The present invention provides novel surface-treated fabric-reinforced prepreg
composites, ceramic matrix composite (“CMC”) materials, and methods for making such
composites and materials.

BACKGROUND

[0003] Fabric-reinforced CMC materials are well suited for structural applications,
especially in the aerospace industry, because of their mechanical properties (e.g., structural
flexibility or lack thereof), thermal durability, and chemical stability. Typical techniques
used to make fabric-reinforced CMCs include shaping a fibrous material to create a preform.
The porosity of the preform is then filled with a ceramic slurry that is then cured and/or
sintered to form a CMC material.

[0004] Problems associated with such CMC materials are their need to have additional
coatings applied to their ceramic coated surface before their final use. These additional
coatings commonly require additional drying, sintering, or other processing (e.g., painting)
steps that are both time, resource, and energy intensive.

[0005] Accordingly, there is a need for both improved techniques and corresponding
ceramic slurry compositions that provide alternatives to applying additional coating layers to
CMC materials. The development of surface treatments that can impart improved toughness,
thermal resistance, and high temperature strength to inorganic fabric materials in addition to
more efficient application techniques will provide more choices in managing the materials
used for applications dependent on their physical properties at high temperatures.

SUMMARY OF THE INVENTION

[0006] One aspect of the present invention provides a method of forming a surface-treated,
fabric-reinforced prepreg composite comprising infiltrating an inorganic fabric with a first
slurry mixture to form an infiltrated fabric, wherein the slurry mixture comprises an oxide
component and a liquid media; infiltrating an inorganic paper with a second slurry mixture to
form an infiltrated paper, wherein the second slurry mixture comprises an oxide component
and a liquid media; and applying the infiltrated paper to a surface of the infiltrated fabric to
form a surface-treated, fabric-reinforced prepreg composite.

1
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[0007] Some implementations further comprise drying the infiltrated fabric prior to
applying the infiltrated paper to a surface of the infiltrated fabric.

[0008] Some implementations further comprise drying the infiltrated fabric and the
infiltrated paper concurrently.

[0009] In some implementations, the inorganic fabric comprises a plurality of fibers
comprising alumina, silica, mullite, zirconia, or any combination thereof. For example, the
fiber consist essentially of alumina, silica, mullite, zirconia, or any combination thereof.
[0010] In some implementations, the inorganic fabric has a thickness of from about 5 mm to
about 75 mm prior to being infiltrated with the first slurry mixture.

[0011] In some implementations, the inorganic fabric is woven, nonwoven, or any
combination thereof.

[0012] In some implementations, the inorganic paper comprises alumina, silica, mullite,
zirconia, or any combination thereof. For example, the inorganic paper consists essentially of
alumina, silica, mullite, zirconia, or any combination thereof.

[0013] In some implementations, the inorganic paper has a thickness of from about 0.1 mm
to about 4.99 mm prior to being infiltrated with the second slurry mixture.

[0014] In some implementations, the oxide component of the first slurry mixture and/or the
second slurry mixture comprises one of more oxides of aluminum, silicon, boron, zirconium,
yttrium, or any combination thereof.

[0015] In some implementations, the one or more oxides of the first slurry mixture and/or
the second slurry mixture is provided as particles comprising spheres, hollow spheres, fibers,
whiskers, or any combination thereof.

[0016] In some implementations, the first slurry mixture and/or the second slurry mixture
further comprises colloidal silica having a mean particle diameter of from about 1 nanometer
to about 10 microns.

[0017] In some implementations, the first slurry mixture and/or the second slurry mixture
further comprises colloidal alumina having a mean particle diameter of from about

1 nanometer to about 10 microns.

[0018] In some implementations, the liquid media of the first slurry mixture and/or the
second slurry mixture is water, an alcohol, or any combination thereof. For example, the first
slurry mixture and/or the second slurry mixture is an aqueous slurry mixture comprising from
about 0.1 wt% to about 40 wt% colloidal silica; from about 0.1 wt% to about 10 wt% liquid
media soluble polymer; from about 40 wt% to about 85 wt% aluminum oxide powder; and

from about 10 wt% to about 60 wt% water. In other examples, the first slurry mixture and/or
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the second slurry mixture is an aqueous slurry mixture comprising from about 15 to about

30 wt% colloidal silica; from about 0.1 to about 4 wt% liquid media soluble polymer; from
about 45 to about 65 wt% aluminum oxide powder; and from about 20 to about 40 wt%
water. And, in some implementations, the liquid media soluble polymer is polyvinyl alcohol.
[0019] In other implementations, the first slurry mixture and/or the second slurry mixture is
an alcohol-based slurry comprising from about 0.1 wt% to about 50 wt% of one or more
organic binders, wherein the organic binder comprises silicon resin, polyvinyl butyral,
polyvinyl acetate, polylactic acid, or any combination thereof; from about 40 wt% to about
85 wt% aluminum oxide powder; and from about 5 wt% to about 60 wt% alcohol, wherein
the alcohol comprises methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol,
sec-butanol, Cs-Cgalcohol, or any combination thereof. For example, the first slurry mixture
and/or the second slurry mixture is an alcohol-based slurry comprising from about 5 wt% to
about 25 wt% of one or more organic binders, wherein the organic binder comprises silicon
resin, polyvinyl butyral, polyvinyl acetate, polylactic acid, or any combinations thereof; from
about 45 wt% to about 65 wt% aluminum oxide powder; and from about 30 wt% to about

50 wt% alcohol, wherein the alcohol comprises methanol, ethanol, n-propanol, isopropanol,
n-butanol, t-butanol, sec-butanol, Cs-Cgalcohol, or any combination thereof.

[0020] In some implementations, the pH of the first slurry mixture and/or the second slurry
mixture is adjusted to a pH of from about 3 to about 5 using a protic acid.

[0021] In some implementations, the first slurry mixture and/or the second slurry mixture
further comprises from about 0.1 wt% to about 2 wt% protic acid. For example, the first
slurry mixture and/or the second slurry mixture further comprises from about 0.1 wt% to
about 1 wt% protic acid.

[0022] In some implementations, the first slurry mixture and/or the second slurry mixture
further comprises one or more additives comprising inorganic polymeric materials, organic
polymeric materials, one or more surfactants, one or more viscosity modifiers, glycols,
polyols, or any combination thereof.

[0023] Some implementations further comprise curing the fabric-reinforced prepreg
composite at a pressure of from about 10 psi to about 200 psi and at a temperature of from
about 75 °C to about 500 °C.

[0024] Some implementations further comprise sintering the fabric-reinforced prepreg
composite at a sintering temperature of from about 700 °C to about 1400 °C.

[0025] In some implementations, the sintering is accomplished using a heating rate of from

about 1 °C/minute to about 10 °C/minute until the sintering temperature is achieved.
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[0026] Some implementations further comprise blending the first slurry mixture and/or the
second slurry mixture using a high shear mixer, a ball mill, an attritor, a planetary, or any
combination thereof.

[0027] In some implementations, the inorganic fabric is infiltrated with the first slurry
mixture heated to an infiltrating temperature of from about 20 °C to about 150 °C and/or the
inorganic paper is infiltrated with the second slurry mixture heated to an infiltrating
temperature of from about 20 °C to about 150 °C.

[0028] Another aspect of the present invention provides a method of forming a fabric-
reinforced ceramic matrix composite article, the method comprising providing a prepreg
composite comprising one or more layers of infiltrated fabric, wherein the infiltrated fabric
comprises inorganic fabric infiltrated with a first slurry mixture comprising an oxide
component and a liquid media; contacting the prepreg composite with a surface of a preform,;
applying an infiltrated paper to at least one surface of the prepreg composite to form a
surface-treated prepreg composite, wherein the infiltrated paper comprises inorganic paper
infiltrated with a second slurry mixture comprising an oxide component and a liquid media;
and sintering the surface-treated prepreg composite at a sintering temperature of from about
700 °C to about 1400 °C to form the fabric-reinforced ceramic matrix composite article.
[0029] Another aspect of the present invention provides a method of forming a fabric-
reinforced ceramic matrix composite article, the method comprising providing a prepreg
composite comprising one or more layers of infiltrated fabric, wherein the infiltrated fabric
comprises inorganic fabric infiltrated with a first slurry mixture comprising an oxide
component and a liquid media; contacting the prepreg composite with a surface of a preform,;
applying an infiltrated paper to at least one surface of the prepreg composite to form a
surface-treated prepreg composite, wherein the infiltrated paper comprises inorganic paper
infiltrated with a second slurry mixture comprising an oxide component and a liquid media;
curing the surface-treated prepreg composite at a pressure of from about 10 psi to about

200 psi and at a temperature of from about 75 °C to about 500 °C; and sintering the surface-
treated prepreg composite at a sintering temperature of from about 700 °C to about 1400 °C to
form the fabric-reinforced ceramic matrix composite article.

[0030] Another aspect of the present invention provides a method of forming a fabric-
reinforced ceramic matrix composite article, the method comprising providing a prepreg
composite comprising one or more layers of infiltrated fabric, wherein the infiltrated fabric
comprises inorganic fabric infiltrated with a first slurry mixture comprising an oxide

component and a liquid media; curing the prepreg composite at a pressure of from about
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10 psi to about 200 psi and at a temperature of from about 75 °C to about 500 °C to form a

cured prepreg composite; applying an infiltrated paper to at least one surface of the cured
prepreg composite to form a surface-treated prepreg composite, wherein the infiltrated paper
comprises inorganic paper infiltrated with a second slurry mixture comprising an oxide
component and a liquid media; and sintering the surface-treated prepreg composite at a
sintering temperature of from about 700 °C to about 1400 °C to form the fabric-reinforced
ceramic matrix composite article.

[0031] Another aspect of the present invention provides a surface-treated prepreg composite
comprising an infiltrated fabric having a top surface layer and a bottom surface layer,
wherein the infiltrated fabric comprises (or consists essentially of) fibers comprising alumina,
silica, mullite, or any combination thereof, and the top surface layer and the bottom surface
layer coat one or more of the fibers and each surface layer comprises from about 40 wt% to
about 85 wt% (by weight of the surface layer) aluminum oxide or from about 0.1 wt% to
about 40 wt% of silica (by weight of the surface layer); and an infiltrated paper that
substantially covers and is in contact with the top surface layer and/or the bottom surface
layer of the infiltrated fabric, wherein the infiltrated paper comprises (or consists essentially
of) fibers comprising alumina, silica, mullite, or any combination thereof, and the infiltrated
paper is infiltrated with a slurry mixture comprising an oxide component and a liquid media.
[0032] Another aspect of the present invention provides a surface-treated prepreg composite
comprising a plurality of infiltrated fabric layers stacked to be in contact with each other to
form a multi-ply fabric-reinforced prepreg composite layup, wherein the prepreg composite
layup has a top surface and a bottom surface, each of the infiltrated fabric layers comprises
fibers comprising (or consisting essentially of) alumina, silica, mullite, or any combination
thereof, and the fibers are coated with a coating that comprises from about 40 wt% to about
85 wt% (by weight of the coating) aluminum oxide or from about 0.1 wt% to about 40 wt%
of silica (by weight of the coating); and an infiltrated paper covering at least a portion of the
top surface and/or the bottom surface of the prepreg composite layup, wherein the infiltrated
paper is infiltrated with a slurry mixture comprising from about 40 wt% to about 85 wt% (by
weight of the slurry) aluminum oxide or from about 0.1 wt% to about 40 wt% of silica (by
weight of the slurry).

[0033] Another aspect of the present invention provides a method of forming a surface-
treated fabric-reinforced prepreg composite comprising infiltrating an inorganic fabric with a
first slurry mixture to form an infiltrated fabric; drying the infiltrated fabric to form a fabric-

reinforced prepreg composite, wherein the first slurry mixture comprises an oxide
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component, a liquid media, and optionally a protic acid. The method further comprises
infiltrating an inorganic paper with a second slurry mixture to form an infiltrated paper,
wherein the second slurry mixture comprises an oxide component, a liquid media; applying
the infiltrated paper to a surface of the fabric-reinforced prepreg composite; and drying the
infiltrated paper to form a paper prepreg composite.

[0034] In some implementations, the method further comprises stacking one or more layers
of the paper prepreg composite on an external surface (e.g., a top surface and/or a bottom
surface) of the fabric-reinforced prepreg composite to form an alternating paper/fabric/paper
prepreg composite layup.

[0035] In some embodiments, the method further comprises stacking two or more layers of
the fabric-reinforced prepreg composite to form a multi-ply fabric-reinforced prepreg
composite layup. In some embodiments, the method further comprises stacking one or more
layers of the paper prepreg composite on a top surface and/or a bottom surface of the multi-
ply fabric-reinforced prepreg composite layup to form a paper and multi-ply fabric-reinforced
prepreg composite layup. In some embodiments, the method further comprises alternatively
stacking at least one layer of the paper prepreg composite on a top surface and a bottom
surface the fabric-reinforced prepreg composite to form a stacked alternating
papetr/fabric/paper prepreg composite layup wherein the stacked alternating
papetr/fabric/paper prepreg composite layup includes at least 5 alternating layers.

[0036] In some embodiments, the method further comprises autoclaving, oven curing,
and/or press curing the infiltrated paper, the paper prepreg composite, the infiltrated fabric,
the fabric-reinforced prepreg composite, the alternating paper/fabric/paper prepreg composite
layup, the multi-ply fabric-reinforced prepreg composite layup, the paper and multi-ply
fabric-reinforced prepreg composite layup, the stacked alternating paper/fabric/paper prepreg
composite layup, or any combination thereof, to a preform to form a cured ceramic matrix
composite article. In some embodiments, the autoclaving, oven curing, and/or press curing
step is performed at a curing pressure of from about 10 psi to about 200 psi. In some
embodiments, the method further comprises sintering the cured matrix article to form a
fabric-reinforced ceramic matrix composite article. In some embodiments, the sintering step
is performed at a sintering temperature of from about 700 °C to about 1400 °C. In some
embodiments, the sintering temperature is ramped to temperature at a heating rate of from
about 1 °C/minute to about 10 °C/minute.

[0037] In some embodiments, the first and/or second slurry mixture is an aqueous slurry

comprising from about 0.1 wt% to about 40 wt% of colloidal silica; from about 0.1 wt% to
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about 10 wt% of liquid media soluble polymer; from about 40 wt% to about 85 wt% of

aluminum oxide powder; optionally protic acid sufficient to adjust the pH of the slurry to a
pH of from about 3 to about 5 (e.g., from about 0.1 wt% to about 2 wt%); and from about
10 wt% to about 60 wt% of water. In some embodiments, the first and/or second slurry
mixture is an aqueous slurry comprising from about 0.1 wt% to about 40 wt% of colloidal
alumina; from about 0.1 wt% to about 10 wt% of liquid media soluble polymer; from about
40 wt% to about 80 wt% of aluminum oxide powder; optionally from about 0.1 wt% to about
2 wt% of protic acid to provide a pH from about 3 to about 5; and from about 10 wt% to
about 60 wt% of water. The weight percents (wt%) provided herein are by weight of the
slurry unless otherwise stated.

[0038] In some embodiments, the first and/or second slurry mixture is an aqueous slurry
comprising: from about 15 wt% to about 30 wt% colloidal silica; from about 0.1 wt% to
about 4 wt% liquid media soluble polymer; from about 45 wt% to about 65 wt% aluminum
oxide powder; and from about 20 wt% to about 40 wt% water, and optionally from about
0.1 wt% to about 1 wt% protic acid to provide a pH from about 3 to about 5. In some
embodiments, the first and/or second slurry mixture is an aqueous slurry comprising: from
about 15 wt% to about 30 wt% colloidal alumina; from about 0.1 wt% to about 4 wt% liquid
media soluble polymer; from about 45 wt% to about 65 wt% aluminum oxide powder; and
from about 20 wt% to about 40 wt% water, and optionally from about 0.1 wt% to about

1 wt% protic acid to provide a pH from about 3 to about 5. The weight percents (wt%)
provided herein are by weight of the slurry unless otherwise stated.

[0039] In some embodiments, the first and/or second slurry mixture is an alcohol-based
slurry comprising from about 0.1 wt% to about 50 wt% of one or more organic binders
including silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic acid, or any
combinations thereof, from about 40 wt% to about 85 wt% of aluminum oxide powder; and
from about 5 wt% to about 60 wt% of alcohol, wherein the alcohol comprises methanol,
ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, Cs-Cs alcohol, or any
combination thereof. In some embodiments, the first and/or second slurry mixture is an
alcohol-based slurry comprising: from about 5 wt% to about 25 wt% of one or more organic
binders, wherein the organic binder comprises silicon resin, polyvinyl butyral, polyvinyl
acetate, polylactic acid, or any combinations thereof;, from about 45 wt% to about 65 wt%
aluminum oxide powder; and from about 30 wt% to about 50 wt% alcohol, wherein the

alcohol comprises methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-
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butanol, Cs-Cs alcohol, or any combination thereof. The weight percents (wt%) provided
herein are by weight of the slurry unless otherwise stated.

[0040] In some embodiments, the method further comprises blending the slurry mixture
using a high shear mixer, a ball mill, an attritor, a planetary, or any combination thereof.
[0041] In some embodiments, the oxide component comprises aluminum oxide, silicon
oxide, boron oxide, zirconium oxide, yttrium oxide, mullite, or any combination thereof. In
some embodiments, the oxide component is provided as spheres, hollow spheres, fibers,
whiskers, or any combination thereof. In some embodiments, the oxide component is
colloidal silica having a mean particle diameter of from about 1 nanometer to about

10 microns. In some embodiments, the oxide component comprises colloidal alumina having
a mean particle diameter of from about 1 nanometer to about 10 microns. In some
embodiments, the liquid media soluble polymer is polyvinyl alcohol. In some embodiments,
the slurry mixture further comprises one or more additives comprising inorganic polymeric
materials, organic polymeric materials, one or more surfactants, one or more viscosity
modifiers, glycols, polyols, or any combination thereof. In some embodiments, the
infiltration step is performed at an infiltrating temperature of from about 20 °C to about

150 °C. In some embodiments, the nonwoven inorganic fabric comprises at least one of a
ceramic fabric or a ceramic mat.

[0042] Another aspect of the present invention provides a method of forming a fabric-
reinforced ceramic matrix composite article, the method comprises infiltrating an inorganic
fabric with a first slurry mixture to form an infiltrated fabric, wherein the first slurry mixture
comprises an oxide component, a liquid media, and optionally a protic acid; drying the
infiltrated fabric to form a fabric-reinforced prepreg composite; infiltrating an inorganic
paper with a second slurry mixture to firm an infiltrated paper, wherein the second slurry
mixture comprises an oxide component, a liquid media, and optionally a protic acid; applying
the infiltrated paper to at least one surface of the fabric-reinforced prepreg composite to form
surface-treated fabric-reinforced prepreg composite; contacting the surface-treated fabric-
reinforced prepreg composite to a surface of a preform; curing (e.g. autoclaving, oven curing,
and/or press curing) the surface-treated fabric reinforced prepreg composite to the preform to
form a cured matrix article; and sintering the cured matrix article to form a fabric-reinforced
ceramic matrix composite article.

[0043] Embodiments of this aspect of the invention may include one or more of the
following optional features. In some embodiments, the slurry mixture is an aqueous slurry

comprising from about 0.1 wt% to about 40 wt% of colloidal silica; from about 0.1 wt% to
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about 10 wt% of liquid media soluble polymer; from about 40 wt% to about 85 wt% of

aluminum oxide powder; optionally from about 0.1 wt% to about 2 wt% of protic acid to
provide a pH from about 3 to about 5; and from about 10 wt% to about 60 wt% of water. In
some embodiments, the slurry mixture is an aqueous slurry comprising from about 0.1 wt%
to about 40 wt% of colloidal alumina; from about 0.1 wt% to about 10 wt% of liquid media
soluble polymer; from about 40 wt% to about 85 wt% aluminum oxide powder; optionally
from about 0.1 wt% to about 2 wt% protic acid to provide a pH from about 3 to about 5; and
from about 10 wt% to about 60 wt% water. The weight percents (wt%) provided herein are
by weight of the slurry unless otherwise stated.

[0044] In some embodiments, the slurry mixture is an aqueous slurry comprising: from
about 15 wt% to about 30 wt% colloidal silica; from about 0.1 wt% to about 4 wt% liquid
media soluble polymer; from about 45 wt% to about 65 wt% aluminum oxide powder;
optionally from about 0.1 wt% to about 1 wt% protic acid to provide a pH from about 3 to
about 5; and from about 20 wt% to about 40 wt% water. In some embodiments, the slurry
mixture is an aqueous slurry comprising: from about 15 wt% to about 30 wt% colloidal
alumina; from about 0.1 wt% to about 4 wt% liquid media soluble polymer; from about

45 wt% to about 65 wt% aluminum oxide powder; optionally from about 0.1 wt% to about

1 wt% protic acid to provide a pH from about 3 to about 5; and from about 20 wt% to about
40 wt% water. The weight percents (wt%) provided herein are by weight of the slurry unless
otherwise stated.

[0045] In some embodiments, the slurry mixture is an alcohol-based slurry comprising from
about 0.1 wt% to about 50 wt% of one or more organic binders including silicon resin,
polyvinyl butyral, polyvinyl acetate, polylactic acid, or any combinations thereof; from about
40 wt% to about 85 wt% of aluminum oxide powder; and from about 5 wt% to about 60 wt%
of alcohol, wherein the alcohol comprises methanol, ethanol, n-propanol, isopropanol,
n-butanol, t-butanol, sec-butanol, any Cs-Csg alcohol, or any combination thereof. In some
embodiments, the slurry mixture is an alcohol-based slurry comprising: from about 5 wt% to
about 25 wt% of one or more organic binders, wherein the organic binder comprises silicon
resin, polyvinyl butyral, polyvinyl acetate, polylactic acid, or any combinations thereof; from
about 45 wt% to about 65 wt% aluminum oxide powder; and from about 30 wt% to about

50 wt% alcohol, wherein the alcohol comprises methanol, ethanol, n-propanol, isopropanol,
n-butanol, t-butanol, sec-butanol, any Cs-Csg alcohol, or any combination thereof.

[0046] In some embodiments, the method further comprises blending the slurry mixture

using a high shear mixer, a ball mill, an attritor, a planetary, or any combination thereof.
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[0047] In some embodiments, the oxide component comprises aluminum oxide, silicon
oxide, boron oxide, zirconium oxide, yttrium oxide, mullite, or any combination thereof. In
some embodiments, the oxide component comprises spheres, hollow spheres, fibers, or
whiskers of any of the oxide components above, or any combination thereof. In some
embodiments, the colloidal silica has a mean particle diameter of from about 1 nanometer to
about 10 microns. In some embodiments, the colloidal alumina has a mean particle diameter
of from about 1 nanometer to about 10 microns. In some embodiments, the liquid media
soluble polymer is polyvinyl alcohol. In some embodiments, the slurry mixture further
comprises one or more additives comprising inorganic polymeric materials, organic
polymeric materials, one or more surfactants, one or more viscosity modifiers, or any
combination thereof.

[0048] In some embodiments, the infiltration step is performed at an infiltrating temperature
of from about 20 °C to about 150 °C.

[0049] In some embodiments, the autoclaving, oven curing, and/or press curing step is
performed at a curing pressure of from about 10 psi to about 200 psi.

[0050] In some embodiments, the sintering step is performed at a sintering temperature of
from about 700 °C to about 1400 °C. In some embodiments, the sintering temperature is
reached by ramping at a heating rate of from about 1 °C/minute to about 10 °C/minute.
[0051] In some embodiments, the nonwoven inorganic fabric comprises at least one of a
ceramic fabric or a ceramic mat. In some embodiments, the inorganic fabric has a thickness
of from about 5 mm to about 75 mm. In some embodiments, the inorganic fabric has a
weight range of from about 10 grams per square meter (gsm) to about 200 gsm prior to
infiltration. In some embodiments, the preform comprises a tool, a panel, a support member,
a tank, a screen, a shield, a cable, a wire, a fiber, an inorganic article, and organic article, a
layered article, a blended article, or any combination thereof.

[0052] Another aspect of the present invention provides a paper and multi-ply fabric-
reinforced prepreg composite layup comprising a plurality of fabric-reinforced prepreg
composite layers stacked to be in contact with each other to form a multi-ply fabric-
reinforced prepreg composite layup wherein the plurality of fabric-reinforced prepreg
composite layers include a nonwoven inorganic fabric, a woven inorganic fiber, or a
combination thereof and a surface layer comprising from about 0.1 wt% to about 40 wt% of
colloidal oxide component, from about 0.1 wt% to about 10 wt% of liquid media soluble
polymer; and from about 50 wt% to about 99 wt% of aluminum oxide powder; and one or

more paper prepreg composite layers coupled to a top surface and a bottom surface of the
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multi-ply fabric-reinforced prepreg composite layup to form a paper and multi-ply fabric-
reinforced prepreg composite layup wherein the one or more paper prepreg composite layers
include an inorganic paper and a second surface layer comprising from about 0.1 wt% to
about 40 wt% of colloidal oxide component, from about 0.1 wt% to about 10 wt% liquid
media soluble polymer; and from about 40 wt% to about 85 wt% aluminum oxide powder.
[0053] Another aspect of the present invention provides a paper and fabric-reinforced
ceramic matrix composite article comprising a preform autoclaved or press cured and sintered
to one or more of an infiltrated paper, a paper prepreg composite, an infiltrated fabric, a
fabric-reinforced prepreg composite, an alternating paper/fabric/paper prepreg composite
layup, a multi-ply fabric-reinforced prepreg composite layup, a paper and multi-ply fabric-
reinforced prepreg composite layup, a stacked alternating paper/fabric/paper prepreg
composite layup, or any combination thereof. Each prepreg composite includes at least one
surface layer coupled to an infiltrated fabric and/or an infiltrated paper wherein the surface
layer comprises from about 0.1 wt% to about 40 wt% of a colloidal oxide component, from
about 0.1 wt% to about 10 wt% of liquid media soluble polymer; and from about 40 wt% to
about 85 wt% aluminum oxide powder.

[0054] Yet another aspect of the present invention provides a method of surface-treating an
inorganic fabric and/or inorganic paper to form a surface-treated prepreg composite layup,
the method comprising infiltrating an inorganic fabric with a first slurry mixture to form an
infiltrated fabric, wherein the slurry mixture comprises from about 0.1 wt% to about 40 wt%
of colloidal oxide component, from about 5 wt% to about 40 wt% of liquid media, from about
40 wt% to about 85 wt% of aluminum oxide powder, and optionally a protic acid; drying the
infiltrated fabric to form a fabric-reinforced prepreg composite; infiltrating an inorganic
paper with a second slurry mixture to form an infiltrated paper, wherein the second slurry
mixture comprises from about 0.1 wt% to about 40 wt% colloidal oxide component, from
about 5 wt% to about 40 wt% liquid media, from about 40 wt% to about 85 wt% aluminum
oxide powder, and optionally a protic acid; drying the infiltrated paper to form a paper
prepreg composite; and layering the fabric-reinforced prepreg composite with the paper
prepreg composite wherein at least one layer of the fabric-reinforced prepreg composite is
alternately stacked with at least one layer of the paper prepreg composite to form an
alternating paper/fabric/paper prepreg composite layup. The alternating paper/fabric/paper
prepreg composite layup includes at least one paper prepreg layer on each end of the layup
and the alternating paper/fabric/paper prepreg composite layup includes at least 3 alternating

layers.

11



CA 03135221 2021-09-27

WO 2020/210569 PCT/US2020/027583

[0055] Another aspect of the present invention provides a method of treating an inorganic
fabric and/or inorganic paper to form a prepreg composite. The method comprises infiltrating
an inorganic fabric with a first slurry mixture to form an infiltrated fabric, wherein the slurry
mixture comprises from about 0.1 wt% to about 40 wt% of a colloidal oxide component,
from about 5 wt% to about 40 wt% of liquid media, from about 40 wt% to about 85 wt% of
aluminum oxide powder, and optionally a protic acid; infiltrating an inorganic paper with a
second slurry mixture to form an infiltrated paper, wherein the second slurry mixture
comprises from about 0.1 wt% to about 40 wt% of a colloidal oxide component, from about
5 wt% to about 40 wt% of liquid media, from about 40 wt% to about 85 wt% of aluminum
oxide powder, and optionally a protic acid; layering the infiltrated fabric with the infiltrated
paper wherein at least one layer of the infiltrated fabric is alternately stacked with at least one
layer of the infiltrated paper to form an alternating infiltrated fabric and paper stack; and
drying the alternating infiltrated fabric and paper stack to form an alternating
papet/fabric/paper prepreg composite. The alternating paper/fabric/paper prepreg composite
includes at least one paper prepreg layer on each end of the layup and the alternating
papetr/fabric/paper prepreg composite layup includes at least 3 alternating layers.

[0056] Another aspect provides a prepreg composite comprising: an inorganic fabric; and
an infiltrant system comprising an oxide component, wherein the infiltrant system is
substantially homogeneously dispersed throughout the inorganic fabric.

[0057] In some embodiments, the oxide component comprises aluminum oxide, silicon
oxide, boron oxide, zirconium oxide, yttrium oxide, mullite, or any combination thereof.
[0058] In some embodiments, the oxide component comprises spheres, hollow spheres,
fibers, whiskers, or any combination thereof.

[0059] In some embodiments, the infiltrant system further comprises colloidal silica or
colloidal alumina.

[0060] In some embodiments, the infiltrant system comprises from about 0.1 to about

40 wt% colloidal oxide component, from about 0.1 wt% to about 10 wt% liquid media
soluble polymer; and from about 50 wt% to about 99 wt% aluminum oxide powder. In some
embodiments, the infiltrant system comprises from about 15 wt% to about 40 wt% colloidal
oxide component, from about 0.1 wt% to about 7 wt% liquid media soluble polymer, and
from about 50 wt% to about 80 wt% aluminum oxide powder.

[0061] In some embodiments, the infiltrant system comprises from about 0.1 wt% to about
50 wt% of colloidal silica or colloidal alumina; from about 0.1 wt% to about 10 wt% of liquid

media soluble polymer; and from about 40 wt% to about 99 wt% of aluminum oxide powder.
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In some embodiments, the infiltrant system comprises from about 15 to about 40 wt%
colloidal silica or colloidal alumina, from about 0.1 to about 7 wt% liquid media soluble
polymer, and from about 50 to about 80 wt% aluminum oxide powder.

[0062] In some embodiments, the infiltrant system comprises from about 0.1 wt% to about
60 wt% of one or more organic binders selected from silicon resin, polyvinyl butyral,
polyvinyl acetate, polylactic acid, or any combinations thereof, and from about 40 wt% to
about 99 wt% of aluminum oxide powder. In some embodiments, the infiltrant system
comprises from about 15 to about 40 wt% of one or more organic binders selected from
silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic acid, or any combinations
thereof, and from about 60 wt% to about 85 wt% of aluminum oxide powder.

[0063] In some embodiments, the prepreg composite further comprises an inorganic paper
in contact with a surface of the prepreg composite thereby defining a surface-treated prepreg
composite, wherein the infiltrant system is substantially homogeneously dispersed throughout
the inorganic paper.

[0064] Another aspect provides a prepreg composite layup comprising two or more prepreg
composites stacked to be in contact with each other.

[0065] In some embodiments, the prepreg composite layup comprises one or more layers of
the inorganic fabric stacked to be in contact with each other, wherein the infiltrant system is
substantially homogeneously dispersed throughout the inorganic fabric; and one or more
layers of an inorganic paper defining a first surface film, wherein the infiltrant system is
substantially homogeneously dispersed throughout the first surface film; wherein the first
surface film is stacked on a first side of the one or more layers of inorganic fabric.

[0066] In some embodiments, the prepreg composite layup further comprises one or more
layers of inorganic paper defining a second surface film, wherein the infiltrant system is
substantially homogeneously dispersed throughout the second surface film, and wherein the
second surface film is stacked on a second side of the one or more layers of inorganic fabric.
[0067] In some embodiments, the first side is a front side and the second side is a back side.
[0068] Another aspect provides a ceramic matrix composite article comprising prepreg
composite or a prepreg composite layup autoclaved or press cured and sintered to a preform.
[0069] Other features and advantages of the invention will be apparent from the following
detailed description, figures, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0070] The following figures are provided by way of example and are not intended to limit

the scope of the claimed invention.
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[0071] FIG. 11is a flow diagram illustrating a method of forming a fabric-reinforced
ceramic matrix composite article according to an implementation of the present invention.
[0072] FIG. 2 is a cross-sectional schematic view of an alternating paper and fabric-
reinforced prepreg composite layup according to one aspect of the present invention.
[0073] FIG. 3 is a cross-sectional schematic view of a stacked alternating paper and fabric-
reinforced prepreg composite layup according to one aspect of the present invention.
[0074] FIG. 4 1is a cross-sectional schematic view of a multi-ply fabric-reinforced prepreg
composite layup according to one aspect of the present invention.

[0075] FIG. 5 is a cross-sectional schematic view of a paper and multi-ply fabric-reinforced
prepreg composite layup according to one aspect of the present invention.

[0076] FIG. 61is a cross-sectional schematic view of a multi-ply paper prepreg composite
layup according to one aspect of the present invention.

[0077] FIG. 7 is a cross-sectional scanning electron microscope (SEM) image of a paper
and multi-ply fabric-reinforced prepreg composite according to one aspect of the present
invention.

[0078] FIG. 8 is a cross-sectional SEM image of a paper and multi-ply fabric-reinforced
prepreg composite according to one aspect of the present invention.

[0079] FIG. 9is a cross-sectional SEM image of a paper and multi-ply fabric-reinforced
prepreg composite according to one aspect of the present invention.

[0080] FIG. 10A is a tool side photo image of a paper and multi-ply fabric-reinforced
prepreg composite according to one aspect of the present invention.

[0081] FIG. 10B is a bag side photo image of a paper and multi-ply fabric-reinforced
prepreg composite according to one aspect of the present invention.

[0082] FIG. 11 is a bar graph of linewise roughness for samples of Example 1 and
corresponding control samples.

[0083] FIG. 12 is a bar graph of areal roughness for samples of Example 1 and
corresponding control samples.

[0084] FIG. 13 is a bar graph of dielectric constant values for samples of Example 1 and
corresponding control samples.

DETAILED DESCRIPTION

[0085] The present invention provides surface-treated fabric-reinforced prepreg composites
and methods of surface treating an inorganic fabric with an inorganic paper to form a
reinforced prepreg composite, the method comprising infiltrating an inorganic fabric with a

first slurry mixture to form an infiltrated fabric; infiltrating an inorganic paper with a second
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slurry mixture to form an infiltrated paper; and applying the infiltrated paper to at least one
surface of the infiltrated fabric. Some embodiments include drying the infiltrated fabric to
form a fabric-reinforced prepreg composite prior to applying the infiltrated paper. And, some
embodiments include drying the infiltrated paper prior to applying the infiltrated paper to the
fabric-reinforced prepreg composite.

[0086] 1.  DEFINITIONS.

[0087] As used herein, the following definitions shall apply unless otherwise indicated.
[0088] As used herein, the term "fabric" refers to a textile material composed of
mechanically interlocked fibers or filaments, wherein the textile material has a thickness of
5 mm or greater prior to infiltration. The textile material may be randomly integrated
(nonwoven fabric) or closely oriented by warp and filler strands at right angles to each other
(woven fabric). While the term 'fabric' usually refers to wool, cotton, or other synthetic
fibers, the fabric used herein can be made from inorganic materials including, but not limited
to, glass (including electrical or E-glass), alumina (aluminum oxide), mullite, silica (silicon
dioxide), micro glass, carbon (including graphite), activated carbon, aramid, meerschaum
(hydrated magnesium silicate), potassium titanate, wollastonite (calcium silicate),
poly-p-phenylene-benzoxazole (PBO), alumina-silica, rock wool, boron, quartz, basalt,
ceramic, and combinations thereof.

[0089] As used herein, the term "paper" refers to an inorganic material formed from
randomly oriented inorganic fibers, such as ceramic fibers, that have undergone chemical
processing to form a sheet or mat having a thickness less than 5 mm prior to infiltration. A
wide variety of sources have been used for such inorganic paper including, but not limited to,
glass (including electrical or E-glass), micro glass, alumina, silica, carbon (including
graphite), activated carbon, aramid, meerschaum (hydrated magnesium silicate), potassium
titanate, wollastonite (calcium silicate), poly-p-phenylene-benzoxazole (PBO), alumina-
silica, rock wool, boron, quartz, basalt, ceramic, and combinations thereof. Paper may be
produced using a variety of different methods but typically includes the following steps: 1)
producing the inorganic fibers with the desired material properties for the paper; 2) addition
of fillers or other additives to the inorganic fibers; 3) formation of the paper sheet on a
machine used to roll and dry the inorganic paper; 4) calendaring to obtain the desired
thickness of the paper; and 5) coating the paper for a final finish.

[0090] While a paper and a fabric can be formed from the same fibers, paper is

distinguished from a nonwoven fabric in that paper has a thickness of less than 5 mm while a
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fabric has a thickness of 5 mm or greater, wherein the thickness of each of these materials is
evaluated prior to infiltration under ambient conditions.

[0091] As used herein, the term "slurry" means a fluid mixture (e.g., a mechanical mixture)
comprising solid particles that are suspended in liquid media.

[0092] As used herein, the term "infiltrate" means to permeate, adsorb, or wet. In some
instances, the act of infiltrating can be accomplished by contacting (e.g., drop casting,
painting, immersing, spraying, or the like) an inorganic paper or an inorganic fabric (e.g., a
woven or nonwoven inorganic fabric) with a liquid or slurry such that a portion of the liquid
or slurry permeates, adsorbs, wets, or is otherwise drawn into at least a portion of the
inorganic paper or inorganic fabric.

[0093] As used herein, the term "prepreg composite" refers to a partially dry or dry
infiltrated fabric (i.e., an infiltrated inorganic fabric), wherein the infiltrated fabric is formed
by infiltrating an inorganic fabric with a slurry mixture comprising an oxide component (e.g.,
an oxide of aluminum, boron, zirconium, or silicon, or mullite) and a liquid. Prepreg
composites can undergo thermal (e.g., sintereing) and other processing conditions to form a
ceramic matrix composite material comprising a hardened (or substantially rigid) workpiece.
[0094] As used herein, the term "mullite" is a compound comprising SiO; and Al>Os, which
are present in stoichiometric amounts of 3Al>03 25102 or 2A1>05 Si0. Mullite also includes
zirconium coated mullite.

[0095] As used herein, the term "layup" refers to a layered or stacked material that is
formed from one more (e.g., 1, 2, 3,4, 5,6, 7, 8,9, 10, 1-3, 2-4, 1-5, or 2-5) layers of prepreg
composite, wherein the layered or stacked material has not undergone final thermal
processing (e.g., sintering) to form a hardened (e.g., substantially rigid) workpiece. For
example, each layer of the prepreg composite of the layup has been dried (or partially dried)
but not thermally processed to form a hardened workpiece. Other examples of layups include
materials formed from one or more layers of prepreg composite and one or more layers of
infiltrated paper, wherein the infiltrated paper comprises an external surface of the layup. In
other examples, infiltrated paper is interleaved between layers of prepreg composite to form a
layup having an alternative sequence of layers.

[0096] As used herein, the term "protic acid" refers to an acid that forms hydrogen cations
in aqueous solution. Examples, of protic acids include hydrogen halides, (e.g., HCI, HBr,
HF, and HI), acetic acid, sulfuric acid, phosphoric acid, and the like.

[0097] As used herein, the phrase "stable or chemically feasible" refers to compounds and

materials that are not substantially altered when subjected to conditions to allow for their
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production, detection, and preferably their recovery, purification, and use for one or more of
the purposes disclosed herein. In some embodiments, a stable compound or chemically
feasible compound is one that is not substantially altered when subjected to a temperature of
40 °C or less, in the absence of moisture or other chemically reactive conditions, for at least a
week.

[0098] As used herein, the term "and/or" when used in a list of two or more items, means
that any one of the listed items can be employed by itself, or any combination of two or more
of the listed items can be employed. For example, if a composition is described as containing
components A, B, and/or C, the composition can contain A alone; B alone; C alone; A and B
in combination; A and C in combination; B and C in combination; or A, B, and C in
combination.

[0099] It is noted that the use of the descriptors "first," "second," "third," or the like is used
to differentiate separate elements (e.g., solvents, reaction steps, processes, reagents, or the
like) and may or may not refer to the relative order or relative chronology of the elements
described.

[0100] II. PREPREG MATERIALS

[0101] One aspect of the present invention provides a layup comprising an infiltrated
inorganic paper layer coupled to at least one external surface of a prepreg composite or stack
of prepreg composites. The prepreg composite(s) is formed from an inorganic fabric (woven
or nonwoven) infiltrated with a first slurry mixture comprising from about 0.1 wt% to about
40 wt% of an oxide component (e.g., a colloidal oxide component), from about 0.1 wt% to
about 10 wt% of liquid media soluble polymer; and from about 50 wt% to about 99 wt% of
aluminum oxide powder; and the inorganic paper is infiltrated with a second slurry mixture
comprising from about 0.1 wt% to about 40 wt% of an oxide component (e.g., a colloidal
oxide component), from about 0.1 wt% to about 10 wt% of liquid media soluble polymer;
and from about 50 wt% to about 99 wt% of aluminum oxide powder.

[0102] A. Inorganic Fabric Substrates.

[0103] Fabric substrates useful in the methods, surface-treated prepreg composites, and
surface-treated CMC materials of the present invention include inorganic fabrics (e.g.,
nonwoven inorganic fabrics, woven inorganic fabrics, or any combination thereof). These
various inorganic fabrics include inorganic fibers that provide structural reinforcement in
fabricated composite substrates (e.g., prepreg composites and CMC materials) where these
inorganic fibers may take the form of chopped fibers, continuous fibers, filaments, tows,

bundles, sheets, plies, or any combination thereof. Continuous fibers may further adopt any
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of unidirectional (aligned in one direction), multi-directional (aligned in different directions),
non-woven, woven, knitted, stitched, wound, needled, and braided configurations, as well as
swirl mat, felt mat, and chopped mat structures. Woven fiber structures may comprise a
plurality of woven tows, each tow composed of a plurality of filaments, e.g., tens, hundreds,
or thousands of filaments.

[0104] In some aspects, the inorganic fabric comprises one or more inorganic fibers
comprising glass (including electrical or E-glass), micro glass, carbon (including graphite),
activated carbon, aramid, meerschaum (hydrated magnesium silicate), potassium titanate,
wollastonite (calcium silicate), poly-p-phenylene-benzoxazole (PBO), alumina, silica,
alumina-silica, rock wool, boron, quartz, basalt, ceramic, mullite, and any combination
thereof.

[0105] In some aspects, the fabric may include an unwoven ceramic fabric in the form of a
mat, blanket, board, or felt and can comprise fibers of aluminum oxide, silicon oxide, mullite,
and/or other inorganic fibers. In such embodiments, the inorganic fibers of the fabric may
range from about 40 wt% to about 100 wt% aluminum oxide fibers, from about 0 wt% to
about 60 wt% silicon oxide fibers, from about 1 wt% to about 100 wt% of mullite, and/or
from about 0% to about 50% of other inorganic fibers. These weight percents are given by
weight of the fabric.

[0106] Inorganic fabrics used in the present invention have a thickness of 5 mm or greater
(e.g., from 5 mm to about 100 mm, from 5 mm to about 75 mm, from 5 mm to about 50 mm,
from about 10 mm to about 50 mm, from about 10 mm to about 30 mm, from about 10 mm to
about 25 mm, or from about 6 mm to about 25 mm. The thickness of the inorganic fabric is
determined prior to infiltration and under ambient conditions.

[0107] In some aspects, the inorganic fabric may include an inorganic binder. In other
aspects, the inorganic fabric is substantially free of any inorganic or organic binder.

[0108] In some aspects, the inorganic fabric may be needled to impart the fabric with
increased flexibility.

[0109] In some aspects, the inorganic fabric comprises, is formed from, or consists
essentially of alumina (e.g., polycrystalline alumina) fibers, silica fibers, mullite fibers, or
other ceramic fibers. For instance, the inorganic fabric comprises, is formed from, or consists
essentially of alumina (e.g., polycrystalline alumina) fibers, silica fibers, mullite fibers, or any
combination thereof.

[0110] Commercially available examples of inorganic fabrics include without limitation

DENKA® ALCEN® Blanket, DENKA® ALCEN® Felt, , MAFTEC® MLS Blanket,
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CEREMATERIALS® Ceramic Blanket, UNIFRAX® FIBERFRAX® Ceramic Mat, and

UNIFRAX® FIBERFRAX® Ceramic Blanket.

[0111] In some aspects, the inorganic fabric comprises DENKA® ALCEN® Blanket,
DENKA® ALCEN® Felt,, MAFTEC® MLS Blanket, CEREMATERIALS® Ceramic
Blanket, UNIFRAX® FIBERFRAX® Ceramic Mat, UNIFRAX® FIBERFRAX® Ceramic
Blanket, or any combination thereof.

[0112] In some aspects, the inorganic fabric is thermally stable and can maintain its
mechanical properties at standard operating temperatures from about 700 °C to about

1,600 °C, from about 800 °C to about 1,400 °C, or from about 700 °C to about 1,200 °C. In
some aspects, the woven and/or nonwoven inorganic fabric has a tensile strength of at least
50 pst, at least 75 psi, at least 100 psi, at least 125 psi, at least 150 psi, or at least 200 psi at its
standard operating temperature.

[0113] In some aspects, the inorganic fabric has loss on ignition less than about 25%, less
than about 15%, less than about 10%, or less than about 5%. For example, the inorganic
fabric has loss on ignition of from about 0.001% to about 10% (e.g., from about 0.01% to
about 5%). In some aspects, the inorganic fabric has a thermal shrinkage at processing
temperature less than about 20%, less than about 15%, less than about 10%, less than about
8%, less than about 6%, less than about 5% or less than about 4%. For example, the
inorganic fabric has a thermal shrinkage at processing temperature from about 0.001% to
about 10% (e.g., from about 0.01% to about 5%).

[0114] B. Inorganic Paper Substrates.

[0115] The inorganic paper substrates useful for surface-treating prepreg composites, CMC
materials and methods disclosed herein include non-woven, randomly oriented inorganic
fibers that provide structural reinforcement in surface-treated prepreg composites and layups
thereof where these inorganic fibers may take the form of chopped fibers, continuous fibers,
filaments, tows, bundles, sheets, plies, or any combination thereof.

[0116] In some aspects, the fibers of the inorganic paper may include, but are not limited to,
glass (including electrical or E-glass), micro glass, carbon (including graphite), activated
carbon, alumina, silica, meerschaum (hydrated magnesium silicate), potassium titanate,
wollastonite (calcium silicate), poly-p-phenylene-benzoxazole (PBO), alumina-silica, mullite,
rock wool, boron, quartz, basalt, ceramic, or any combination thereof.

[0117] In some aspects, the inorganic paper comprises, is formed from, or consists
essentially of alumina (e.g., polycrystalline alumina) fibers, silica fibers, mullite fibers, or

other ceramic fibers. For instance, the inorganic paper comprises, is formed from, or consists
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essentially of alumina (e.g., polycrystalline alumina) fibers, silica fibers, mullite fibers, or any
combination thereof.

[0118] In some aspects, the inorganic paper can comprise fibers comprising aluminum
oxide, silicon dioxide and/or other inorganic fibers. In such embodiments, the inorganic
fibers of the paper may range from about 40% to about 100% of aluminum oxide fibers, from
about 0% to about 60% of silicon oxide fibers, and/or from about 0% to about 50% of other
inorganic fibers.

[0119] Inorganic papers useful in the present invention have a thickness of less than 5 mm.
For example, the inorganic paper has a thickness of from 0.05 mm to about 4 mm, from about
0.10 mm to about 3.5 mm, from about 0.5 mm to about 3.0 mm, from about 0.1 mm to about
1 mm, or from about 0.75 mm to about 2.75 mm). The thickness of the inorganic paper is
determined prior to infiltration and under ambient conditions.

[0120] In some aspects, the inorganic paper may include an inorganic binder, an inorganic
filler, or combinations thereof. In some aspects, the inorganic filler may include, for
example, but is not limited to precipitated calcium carbonate (PCC), ground calcium
carbonate (GCC), calcium carbonate, Kaolin clay, talc, titanium dioxide (T103), alumina
trihydrate, alumina, precipitated silica, silicates (PSS), and combinations thereof.

[0121] In some aspects, the inorganic paper may include, for example, but is not limited to
a DENKA® ALCEN® Paper, SAFFIL® Paper, 3M® CEQUIN® Paper,
CEREMATERIALS® Ceramic Paper, UNIFRAX® FIBERFRAX® Paper, or combinations
thereof.

[0122] In some aspects, the inorganic paper is thermally stable and can maintain its
mechanical properties at standard operating temperatures from about 700 °C to about

1,600 °C, from about 800 °C to about 1,400 °C, or from about 700 °C to about 1,200 °C. In
some aspects, the inorganic paper has a tensile strength of at least 50 psi, at least 75 psi, at
least 100 psi, at least 125 psi, at least 150 psi, or at least 200 psi at its standard operating
temperature. In some aspects, the inorganic paper has a loss on ignition less than about 25%,
less than about 15%, less than about 10%, or less than about 5%. For example, the inorganic
paper has a loss on ignition of from about 0.01% to about 5%. In some aspects, the inorganic
paper has a thermal shrinkage at processing temperature less than about 20%, less than about
15%, less than about 10%, less than about 8%, less than about 6%, less than about 5% or less
than about 4%. For example, the inorganic paper has a thermal shrinkage at processing
temperature of from about 0.01% to about 5%.

[0123] C. Slurry Mixtures.
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[0124] Slurries useful in the methods and materials of the present invention can infiltrate
and/or permeate inorganic paper, inorganic fabric, or any combination thereof. In some
aspects, the slurry may include a first slurry used to infiltrate the inorganic fabric and a
second slurry used to infiltrate the inorganic paper. The number of slurry mixtures used and
their respective labels is not meant to be limiting and merely designates that one or more
slurry mixtures may be used to infiltrate, coat, permeate, penetrate, cover, fill, and/or enter
the inorganic paper, the inorganic fabric, or any combination thereof. In some aspects, a
single slurry mixture or composition may be used to infiltrate both the inorganic fabric and
inorganic paper. In other aspects, different slurry mixtures may be used for each of the
inorganic fabric and inorganic paper. In still other aspects, a combination of different slurry
mixtures may be used to infiltrate each of the inorganic fabric and inorganic paper depending
on the desired application of the final CMC material.

[0125] In some aspects, the slurry mixture comprises an oxide component. The oxide
component can comprise an oxide of aluminum, silicon, boron, sodium, calcium, and the like,
or any combination thereof. In some examples, the oxide component of the slurry mixture
comprises a combination of aluminum oxide, silicon oxide, boron oxide, mullite, and the like,
provided as powders or particles (e.g., solid spheres, hollow spheres, fibers, whiskers, or any
combination thereof) suspended in a liquid (under ambient conditions). The oxide
component particles used in the slurry mixture may be spherical in shape and may have an
average particle size ranging from about 0.1 nanometers to about 10 microns, from about

1 nanometers to about 10 microns, or from about 10 nanometers to about 10 microns as
measured by light scattering or microscopy. In some aspects, the oxide component comprises
or consists essentially of aluminum oxide, silicon oxide, boron oxide, zirconium oxide,
yttrium oxide, mullite, or any combination thereof. In still other aspects, the oxide
component comprises particles (e.g., solid spheres, hollow spheres, fibers, whiskers, or any
combination thereof) that are provided in the slurry mixture. In some aspects, the weight %
concentration of the oxide components in the slurry is from about 40 wt% to about 85 wt%,
from about 45 wt% to about 75 wt%, from about 45 wt% to about 65 wt%, or from about

50 wt% to about 85 wt% by weight of the slurry mixture.

[0126] In some aspects, the liquid of the slurry comprises water, methanol, ethanol,
n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, glycerol, ethylene glycol,
propylene glycol, a Cs-Cs straight or branched alkyl alcohol, a polyol, or any combination
thereof. In some aspects, the weight % concentration of the liquid in the slurry is from about

5 wt% to about 60 wt%, from about 15 wt% to about 60 wt%, from about 25 wt% to about
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50 wt%, from about 5 wt% to about 20 wt%, from about 35 wt% to about 45 wt%, from

about 20 wt% to about 40 wt%, from about 30 wt% to about 50 wt%, or from about 40 wt%
to about 60 wt%.

[0127] In some aspects, the slurry comprises a stabilizing agent, for example, organic
and/or inorganic polymeric materials and/or polymer emulsions. In some aspects, the liquid
media soluble polymer is polyvinyl alcohol. In some aspects, the slurry mixture further
comprises one or more additives comprising inorganic polymeric materials, organic
polymeric materials, one or more surfactants, one or more viscosity modifiers, or any
combinations thereof.

[0128] In some aspects, the slurry comprises a protic acid. For example, a protic acid is
added to the slurry mixture in a sufficient amount to give the slurry a pH of from about 3 to
about 5. In some examples, the protic acid is hydrochloric acid, nitric acid, phosphoric acid,
sulfuric acid, hydrogen fluoride, hydrogen bromide, acetic acid, nitric acid, formic acid, or
any combination thereof. In some aspects, the slurry mixture may be substantially
homogeneously formed by applying high shear mixing or a milling process including, for
example, a ball mill, an attritor, or a planetary.

[0129] In some aspects, the slurry mixture is an aqueous slurry comprising from about

0.1 wt% to about 40 wt% colloidal silica; from about 0.1 wt% to about 10 wt% liquid media
soluble polymer; from about 40 to about 85 wt% aluminum oxide powder; optionally from
about 0.1 wt% to about 2 wt% protic acid; and from about 10 wt% to about 60 wt% water.
[0130] In some embodiments, the slurry mixture is an aqueous slurry comprising from
about 15 wt% to about 30 wt% colloidal silica; from about 0.1 wt% to about 4 wt% liquid
media soluble polymer; from about 45 wt% to about 65 wt% aluminum oxide powder;
optionally from about 0.1 wt% to about 1 wt% protic acid; and from about 20 wt% to about
40 wt% water.

[0131] In other aspects, the slurry mixture is an aqueous slurry comprising from about

0.1 wt% to about 40 wt% colloidal alumina; from about 0.1 wt% to about 10 wt% liquid
media soluble polymer; from about 40 wt% to about 80 wt% aluminum oxide powder;
optionally from about 0.1 wt% to about 2 wt% protic acid; and from about 10 wt% to about
60 wt% water.

[0132] In some embodiments, the slurry mixture is an aqueous slurry comprising from
about 15 wt% to about 30 wt% colloidal alumina; from about 0.1 wt% to about 4 wt% liquid

media soluble polymer; from about 45 wt% to about 65 wt% aluminum oxide powder;
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optionally from about 0.1 wt% to about 1 wt% protic acid; and from about 20 wt% to about

40 wt% water.

[0133] In still other aspects, the slurry mixture is an alcohol-based slurry comprising from
about 0.1 wt% to about 50 wt% of one or more organic binders including silicon resin,
polyvinyl butyral, polyvinyl acetate, polylactic acid, or any combinations thereof, from about
40 wt% to about 85 wt% aluminum oxide powder; from about 5 wt% to about 60 wt%
alcohol; optionally from about 0.1 wt% to about 10 wt% liquid media soluble polymer; and
optionally from about 0.1 wt% to about 2 wt% protic acid; wherein the alcohol comprises
methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, Cs-Cs alcohol,
or any combinations thereof.

[0134] In some embodiments, the slurry mixture is an alcohol-based slurry comprising from
about 5 wt% to about 25 wt% of one or more organic binders, wherein the organic binder
comprises silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic acid, or any
combination thereof, from about 45 wt% to about 65 wt% aluminum oxide powder; and from
about 30 wt% to about 50 wt% alcohol, wherein the alcohol comprises methanol, ethanol,
n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, any Cs-Cg alcohol, or any
combination thereof.

[0135] In still other aspects, the slurry mixture comprises from about 0.1 wt% to about

40 wt% colloidal oxide component (e.g., colloidal silica or colloidal alumina); from about

5 wt% to about 40 wt% of a liquid media; from about 40 wt% to about 85 wt% aluminum
oxide powder; optionally from about 0.1 wt% to about 10 wt% liquid media soluble polymer;
and optionally a protic acid to provide a pH from about 3 to about 5 (e.g., from about

0.1 wt% to about 2 wt% or from about 0.1wt% to about 1 wt% protic acid).

[0136] In some embodiments, the slurry mixture completely infiltrates the paper or fabric to
substantially homogenously or homogenously disperse throughout the paper or fabric. Upon
drying, the liquid media in the slurry is removed from the paper or fabric, leaving an infiltrant
system of dried slurry (substantially free of liquid media (e.g., substantially free of water or
alcohol)) substantially homogenously or homogenously dispersed throughout the paper or

fabric.
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[0137] IIL METHODS OF FORMING PREPREG COMPOSITES

[0138] The methods described herein describe various methods of forming prepreg
composites surface-treated with infiltrated paper, surface-treated layups of prepreg
composite(s), in addition to paper and fabric-reinforced ceramic matrix composite articles.
The respective methods can comprise infiltrating the inorganic fabric (such as any inorganic
fabric described herein) with a first slurry mixture (such as any slurry mixture described
herein) to form an infiltrated fabric. The method additionally comprises infiltrating the
inorganic paper (such as any inorganic paper described herein) with a second slurry mixture
(such as any slurry mixture described herein) to form an infiltrated paper. The method may
additionally comprise drying the infiltrated fabric and/or infiltrated paper to form a surface-
treated prepreg composite, depending on the methodology chosen to fabricate the final
prepreg composite or ceramic matrix composite article.

[0139] Referring to FIG. 1, a flow diagram illustrates an exemplary method 100 used to
form a surface-treated fabric-reinforced ceramic matrix composite articles is provided. The
method 100 may begin with a step 104 of infiltrating the inorganic fabric (woven or
nonwoven) with the first slurry mixture to form the infiltrated fabric. The first slurry
mixtures may comprise an oxide component, a liquid media, optionally a liquid media
soluble polymer, and optionally a protic acid such as any of the slurry mixtures described
herein. The first slurry mixture may be mixed or formed using a high shear mixer, a ball
mill, an attritor, a planetary, or any combination thereof. In some aspects, the step 104
includes drying the infiltrated fabric to form the prepreg composite.

[0140] Nextis a step 108 of infiltrating the inorganic paper with the second slurry mixture
to form the infiltrated paper. The second slurry mixtures comprises an oxide component, a
liquid media, optionally a liquid media soluble polymer, and optionally a protic acid, such as
any slurry mixture described herein. The second slurry mixture may be mixed or formed
using a high shear mixer, a ball mill, an attritor, a planetary, or any combination thereof. In
some aspects, the second slurry mixture may have the same composition as the first slurry
mixture. In other aspects, a combination of different slurry mixtures may be used on either
the inorganic fabric and/or the inorganic paper. Subsequent applications of the same or
different slurry mixtures may be applied when the infiltrated fabric or infiltrated paper are
still wet or else may alternatively be applied to the dried infiltrated paper or fabric-reinforced
prepreg composite. In some aspects, the step 108 may include drying the infiltrated paper to

form a dry or substantially dry infiltrated paper.
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[0141] In some aspects of FIG. 1, next is a step 112 of stacking or applying one or more
layers of the infiltrated paper on a top surface and/or a bottom surface of the fabric-reinforced
prepreg composite to form a paper/fabric composite (not shown) or alternating
paper/fabric/paper composite or an alternating paper/fabric/paper composite layup. In some
aspects, the paper/fabric composite or the alternating paper/fabric/paper composite is
fabricated when the stack is formed by layering infiltrated paper on the surface of the
infiltrated fabric, each layer still wet from the application of the respective first and second
slurry mixtures, and subsequently drying the paper/fabric composite or the paper/fabric/paper
stack to form the dried paper/fabric composite or alternating paper/fabric/paper composite.
Alternatively, in other aspects, the paper/fabric composite or the alternating
papetr/fabric/paper prepreg composite layup is fabricated when the stack is formed by
layering the fabric-reinforced prepreg composite and infiltrated paper layers, both types of
layers already dried from the drying steps referenced in steps 104 and 108. In some aspects,
the fabric-reinforced prepreg composite and infiltrated paper layers may be tacky and can be
layered to form the paper/fabric composite or alternating paper/fabric/paper prepreg
composite layup. Referring now to FIG. 2, a cross-sectional schematic view of the
alternating paper/fabric/paper prepreg composite layup 10 is provided. FIG. 2 illustrates the
alternate stacking of the infiltrated paper 14 on the top surface and the bottom surface of the
fabric-reinforced prepreg composite 18 to form the alternating paper/fabric/paper composite
layup 10.

[0142] In other aspects of FIG. 1, is a step 116 of layering the fabric prepreg composite
with the paper prepreg composite wherein at least one layer of the fabric-reinforced prepreg
composite is alternately stacked with at least one layer of the paper prepreg composite to
form a stacked alternating paper/fabric/paper prepreg composite layup. In some aspects, step
116 may alternatively include a stacked alternating paper/fabric/paper prepreg composite that
can be fabricated when the stack is formed by layering infiltrated paper on each side of the
infiltrated fabric in a stacked manner where each layer can still be wet from the application of
the respective first and second slurry mixtures. The subsequent drying of the infiltrated
paper/fabric/paper stack can form the alternating paper/fabric/paper prepreg composite.
Referring now to FIG. 3, a cross-sectional schematic view of the stacked alternating
papet/fabric/paper prepreg composite layup 20 is illustrated having one layer of the paper
prepreg composite 14 stacked on the top and bottom surfaces of the fabric-reinforced prepreg
composite layup 18 to form the stacked alternating paper/fabric/paper prepreg composite

layup 20.
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[0143] In still other aspects of FIG. 1, next is a step 120 of stacking two or more layers of

the fabric-reinforced prepreg composite to form a multi-ply fabric-reinforced prepreg
composite layup. In other aspects, the step 120 may alternatively include stacking and
subsequently drying two or more layers of the infiltrated fabric to form a multi-ply fabric-
reinforced prepreg composite. Referring now to FIG. 4, a cross-sectional schematic view of
the multi-ply fabric-reinforced prepreg composite layup 30 is provided. As illustrated, the
stack includes two or more layers of the fabric-reinforced prepreg composite 18 to form the
multi-ply fabric-reinforced prepreg composite layup 30. In some aspects, the multi-ply
fabric-reinforced prepreg composite layup 30 can include four layers of the fabric-reinforced
prepreg composite 18. In other aspects, the multi-ply fabric-reinforced prepreg composite
layup 30 may include 2, 3, 4, 5, 6, 7, 8, or greater than 8 layers of the fabric-reinforced
prepreg composite 18.

[0144] In additional aspects of FIG. 1, next is a step 124 of stacking one or more layers of
the paper prepreg composite on a top surface and a bottom surface of the multi-ply fabric-
reinforced prepreg composite layup to form a paper and multi-ply fabric-reinforced prepreg
composite layup. In other aspects, the step 124 may include stacking one or more layers of
infiltrated paper on the top and bottom surface of the multi-ply infiltrated fabric or the multi-
ply fabric-reinforced prepreg composite layup to form a paper and multi-ply fabric-reinforced
prepreg composite. Referring now to FIG. 5, a cross-sectional schematic view of the paper
and multi-ply fabric-reinforced prepreg composite layup 40 is provided. As illustrated, one
or more layers of the paper prepreg composite 14 are stacked on the top and bottom surfaces
of the multi-ply fabric-reinforced prepreg composite layup 30 to form the paper and multi-ply
fabric-reinforced prepreg composite layup 40.

[0145] In still other aspects of FIG. 1, next is a step 128 of stacking two or more layers of
the paper prepreg composite to form a multi-ply paper prepreg composite layup. In other
aspects, step 128 may alternatively include stacking and the subsequent drying of two or
more layers of the infiltrated paper to form a multi-ply paper prepreg composite. Referring
now to FIG. 6, a cross-sectional schematic view of the multi-ply paper prepreg composite
layup 50 is provided. As illustrated, two or more layers of the paper prepreg composite 18
are stacked to form the multi-ply paper prepreg composite layup 50. In some aspects, the
multi-ply paper prepreg composite layup 50 may include four layers of the paper prepreg
composite 14. In other aspects, the multi-ply paper prepreg composite layup 50 may include

2,3,4,5,6,7, 8, or greater than 8 layers of the paper prepreg composite 18.
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[0146] Still referring to FIG. 1, next is a step 132 of contacting or coupling at least one of

the prepreg composite layups 10, 20, 30, 40, 50 to a surface of a preform. In some aspects,
the preform may include but is not limited to, for example, a tool, a panel, a support member,
a tank, a screen, a shield, a cable, a wire, a fiber, an inorganic article, an organic article, a
layered article, a blended article, or any combination thereof. In some aspects, the layups
illustrated in FIGS. 2-6 may be applied to the preform as the respective prepreg composites or
prepreg composite layups. In other aspects, the layering provided in FIGS. 2-6 may be
applied wet using the respective infiltrated paper and fabric layers directly to the surface of
the preform that can be subsequently dried. In some embodiments, at least one of the
infiltrated paper, the paper prepreg composite, the infiltrated fabric, the fabric-reinforced
prepreg composite, the alternating paper/fabric/paper prepreg composite layup, the multi-ply
fabric-reinforced prepreg composite layup, the paper and multi-ply fabric-reinforced prepreg
composite layup, the stacked alternating paper/fabric/paper prepreg composite layup, or any
combination thereof, may be contacted or coupled to the surface of the preform to form the
matrix article.

[0147] Nextis a step 136 of autoclaving, oven curing, and/or press curing the prepreg to the
preform to form a cured matrix article. In some aspects, any combination of heat and/or
pressure may be used to cure the prepreg to form the cured matrix article, and this step may
generally be referred to as the “curing step”. This curing step, e.g., the autoclaving, oven
curing, and/or press curing step, includes applying heat and/or pressure to the fabric-
reinforced prepreg composite, the paper prepreg composite, the paper and fabric-reinforced
stacked prepreg composite layup, the multi-ply fabric-reinforced prepreg composite layup,
the multi-ply paper and/or fabric-reinforced prepreg composite layup to the matrix article, to
form a cured matrix article. In some aspects, the autoclaving, oven curing, and/or press
curing step is performed at a curing pressure of from about 10 psi to about 200 psi, from
about 70 psi to about 200 psi, or from about 10 psi to about 20 psi.

[0148] Next is a step 140 of sintering the cured matrix article to form the fabric-reinforced
ceramic matrix composite article. In some aspects, the sintering step is performed at a
sintering temperature of from about 700 °C to about 1400 °C, from about 750 °C to about
1400 °C, from about 850 °C to about 1300 °C, or from about 900 °C to about 1300 °C. In
other aspects, the sintering temperature is ramped to temperature at a heating rate of from
about 1 °C/minute to about 50 °C/minute, from about 1 °C/minute to about 25 °C/minute, or

from about 1 °C/minute to about 10 °C/minute.
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[0149] It is understood that the descriptions outlining and teaching the prepreg composites
used to form the fabric-reinforced ceramic matrix composite article previously discussed,
which can be used in any combination, apply equally well to the method 100 for forming a
fabric-reinforced ceramic matrix composite article or prepreg composites.

[0150] The methods for making reinforced prepreg composites and the corresponding
structures described herein can provide advantages over the techniques and structures
currently produced. For example, rather than the commonly implemented surfacing
techniques used to coat just the surfaces or outer portions of inorganic materials, the
techniques disclosed herein completely infiltrate the inorganic nonwoven fabric layer,
inorganic woven fabric layer, and/or inorganic paper layer to provide a homogeneous ceramic
prepreg composite. The uniform distribution of the slurry mixture throughout the fabric and
paper layers provide more even material properties in the final manufactured ceramic
apparatus. The complete and uniform distribution of the slurry mixture is facilitated by both
the composition of the slurry including selecting the proper liquid media in addition to the
infiltration conditions including temperature and pressure.

[0151] The reinforced prepreg composites disclosed herein additionally provide smoother
surfaces that can lead to improved airflow over the respective component. These ceramic
surfaces can improve surface thermal cycling by minimizing microcracking thus preventing
damage to the surface of composite parts. The techniques used to form these reinforced
prepreg composites can improve the efficiency in fabrication by decreasing production time
by reducing the time required to produce parts by minimizing the time needed for
sand/fill/sand cycles.

[0152] The fabric-reinforced prepreg composites fabricated and disclosed herein can be
used on complex tools and/or aviation components where both thermal stability and
mechanical integrity are critical to the final functionality of the respective apparatus. The
fabric-reinforced prepreg composites disclosed herein demonstrate numerous material
properties that make them excellent candidates for applications that require tough materials
that can be used at high temperatures. For example, the fabric-reinforced prepreg composites
and respective layups used to make the CMCs herein have: operating temperatures up to
1600 °C; tensile strengths of at least 50 psi; thicknesses less than 25 mm; loss on ignition of
less than 10 %; and thermal shrinkages at a processing temperature less than 6 %.

[0153] IV. EXAMPLES

[0154] The following examples are illustrative, but are not meant to be limiting, of the

methods and compositions of the present disclosure. Other suitable modifications and
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adaptations of the variety of conditions and parameters normally encountered in the field, and
which are obvious to those skilled in the art, are within the spirit and scope of the disclosure.
[0155] Example 1

[0156] Three inorganic fabrics, DF11-8HS1500D, DF11-SHS3000D, and DF11-TW4500D
GBM™ NEXTEL™) were infiltrated with an aqueous aluminum silicate slurry and dried to
form a prepreg sheet. For the DF11-8HS1500D fabric, the prepreg was cut into twelve 6" x
6" pieces and a [0°] 12-ply layup was generated. Two 6" x 6" ALCEN paper swatches
(0.3mm thickness) were hand prepregged with the Alumina Silicate slurry and placed on the
top and bottom surfaces of the 12-ply layup to form a surface treatment (or surface film).

The layup was bagged, autoclave cured at 350°F and 100 psi and sintered at 2000°F. A 0.5"
x 0.2" specimen was diamond cut from the laminate and ground down to size. This specimen
was coated with 8nm of Iridium with an EMS150T sputter coater. Table 1 below provides
the material properties obtained for the Example 1 paper and multi-ply fabric-reinforced
prepreg composite layup. FIGS. 7-9 are cross-sectional SEM images of the laminate-
surfacing film interface using a FEI Magellan 400 SEM. FIGS. 10A and 10B are tool side
and bag side photo images, respectively, of the Example 1 12-ply prepreg layup. The same
procedure was used for the DF11-SHS3000D and DF11-TW4500D fabrics.

[0157] Table 1.

Property Example 1
Area, in” (cm?) 36 (232)
Plies 12
Surface Material ALCEN Paper 0.3 mm
Weight, Ib. (g) 0.35 (159)
Thickness, in (mm) 0.11(2.8)
Fiber volume, % 42
Density 25

[0158] The Example 1 paper and multi-ply fabric-reinforced prepreg composite layups
using the three different NEXTEL™ fabrics were tested for the effect on surface and areal
roughness when used as a surface treatrment or surface film for AX-7810 CMC. The
Example 1 paper and multi-ply fabric-reinforced prepreg composite layups tested included
the paper surface film (or surface treatment) layer. Corresponding samples without the paper
surface film layer (or surface treatment) were tested for comparison ("control"). Surface

analysis was performed with the KRUSS surface roughness analyzer (SRA). KRUSS SRA
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Parameters: itom 3.1.0 software; light intensity 17.6-19%; magnification 10x; measured area
8.5x8mm; measured height 350 microns; no roughness cut-off, waviness cut-off 0.8 mm.
Surface roughness was determined using the confocal microscope technique. Linewise and
areal roughness were measured.

[0159] The CMC linewise roughness values are shown in Table 2. The Ra roughness
values are plotted in the graph provided in FIG. 11. The use of Example 1 composite layups
with the paper surface film resulted in a significant improvement in linewise roughness:
~58% reduction in linewise roughness for 8HS1500D and SHS3000D laminates with
surfacing film; ~ 41% reduction in linewise roughness for TW4500D laminates with
surfacing film; surfacing film roughness values were consistent across all fabric weaves
(~2.7um).

[0160] Table 2.

Axiom CMC | AX-7810-DF11- AX-7810-DF11- AX-7810-DF13-
Prepreg 8HS1500D SHS3000D TW4500D

Control | Example 1 | Control | Example 1 | Control | Example 1
Ra (um) 6.27 2.68 6.60 2.76 4.59 2.71
Rq (nm) 922 3.05 9.70 3.47 7.40 3.18
Rz (um) 352 11.3 419 14.5 272 11.7
Rmax (um) | 672 14.0 67.6 20.8 70.2 14.4

[0161] The CMC areal roughness values are shown in Table 3. The Sa roughness values
are plotted in the bar graph provided in FIG. 12. The use of Example 1 composite layups
with the paper surface film resulted in a significant improvement in areal roughness: ~52%
reduction in areal roughness for SHS1500D laminates; ~44% reduction in areal roughness for
SHS3000D laminates; ~28% decrease in areal roughness for TW4500D laminates. Areal
roughness decreases in standard laminates with increasing denier. Surfacing film roughness
values were somewhat consistent across all fabric weaves (~3.3pm).

[0162] Table 3.

CMC AX-7810-DF11- AX-7810-DF11- AX-7810-DF13-
Prepreg 8HS1500D SHS3000D TW4500D

Control | Example 1 | Control | Example 1 | Control | Example 1
Sa (um) 6.94 3.34 6.09 3.40 4.30 3.10
Sq (um) 10.2 5.12 931 5.02 6.48 3.89
Sv (um) -65.7 -96.7 -82.2 -173 -76.0 -103.6
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CMC AX-7810-DF11- AX-7810-DF11- AX-7810-DF13-
Prepreg 8HS1500D SHS3000D TW4500D

Control | Example 1 | Control | Example 1 | Control | Example 1
Sp (um) 84.4 19.1 49.8 61.9 525 167
Sz (um) 150 116 132 235 128 271
Sz10 (um) 109 109 122 145 104 174

[0163] The Example 1 paper and multi-ply fabric-reinforced prepreg composite layups
using the three different NEXTEL™ fabrics were tested for the effect on dielectric properties
when used as a surface film for AX-7810 CMC. The Example 1 paper and multi-ply fabric-
reinforced prepreg composite layups tested included the paper surface film layer.
Corresponding samples without the paper surface film layer were tested for comparison
("control"). Dielectric testing was performed on split post dielectric resonator (SPDR), using
IEC 61189-2-721, and tested at a frequency of 9.5 GHz, typical Dk resolution <0.1, and tan
delta 0.00001. For reference, alumina, mullite, and silica have dilectric constants (&) of 10,
7, and 4, respectively.

[0164] The dielectric properties are shown in Table 4. The dielectric constant (eps') values
are plotted in the bar graph provided in FIG. 13. The use of Example 1 composite layups
with the paper surface film resulted in a significant improvement in dielectric properties:
~17% reduction in dielectric constant; significant reduction in dielectric constant (thought to
be a factor of coupon thickness, standard prepreg ply-count, and dielectric response of
anisotropic matrix rich surfacing film perpendicular to the beam).

[0165] Table 4.

Fabric DF-11 | DF-11 DF-11 DF-11 EXP EXP
Control | Example 1 | Control | Example 1 | Control | Example 1

Denier, 1,500 1,500 3,000 3,000 4,500 4,500

£/9000m

Weave 8HS 8HS SHS SHS 2x2 2x2 Twill

Twill

Thickness (mm) | 0.799 0.897 0.878 0.802 0.768 0.95

Plies of Prepreg | 4 3 4 3 3 2

Dielectric 6.31 5.29 6.12 537 6.43 5.04

Constant (eps’)
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OTHER EMBODIMENTS

[0166] It is to be understood that while the invention has been described in conjunction with
the detailed description thereof, the foregoing description is intended to illustrate and not
limit the scope of the invention, which is defined by the scope of the appended claims. Other

aspects, advantages, and modifications are within the scope of the following claims.
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WHAT IS CLAIMED IS

1. A method of forming a surface-treated, fabric-reinforced prepreg composite
comprising:

infiltrating an inorganic fabric with a first slurry mixture to form an infiltrated
fabric, wherein the first slurry mixture comprises an oxide component and a liquid media;

infiltrating an inorganic paper with a second slurry mixture to form an
infiltrated paper, wherein the second slurry mixture comprises an oxide component and a
liquid media; and

applying the infiltrated paper to a surface of the infiltrated fabric to form a

surface-treated, fabric-reinforced prepreg composite.

2. The method of claim 1, further comprising drying the infiltrated fabric prior to
applying the infiltrated paper to a surface of the infiltrated fabric.

3. The method of claim 1, further comprising drying the infiltrated fabric and the

infiltrated paper concurrently.

4. The method of any one of claims 1-3, wherein the inorganic fabric comprises a

plurality of fibers comprising alumina, silica, mullite, zirconia, or any combination thereof.

5. The method of any one of claims 1-4, wherein the inorganic fabric has a thickness of

from about 5 mm to about 75 mm prior to being infiltrated with the first slurry mixture.

6. The method of any one of claims 1-5, wherein the inorganic fabric is woven,

nonwoven, or any combination thereof.

7. The method of any one of claims 1-6, wherein the inorganic paper comprises alumina,

silica, mullite, zirconia, or any combination thereof.
8. The method of any one of claims 1-7, wherein the inorganic paper has a thickness of

from about 0.1 mm to about 4.99 mm prior to being infiltrated with the second slurry

mixture.
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0. The method of any one of claims 1-8, wherein the oxide component of the first slurry
mixture and/or the second slurry mixture comprises one of more oxides of aluminum, silicon,

boron, zirconium, yttrium, or any combination thereof.

10.  The method of claim 9, wherein the one or more oxides of the first slurry mixture
and/or the second slurry mixture is provided as particles comprising spheres, hollow spheres,

fibers, whiskers, or any combination thereof.

11. The method of claim 9 or claim 10, wherein the first slurry mixture and/or the second
slurry mixture further comprises colloidal silica having a mean particle diameter of from

about 1 nanometer to about 10 microns.

12. The method of claim 9 or claim 10, wherein the first slurry mixture and/or the second
slurry mixture further comprises colloidal alumina having a mean particle diameter of from

about 1 nanometer to about 10 microns.

13. The method of any one of claims 1-12, wherein the liquid media of the first slurry

mixture and/or the second slurry mixture is water, an alcohol, or any combination thereof.

14.  The method of any one of claims 1-9, wherein the first slurry mixture and/or the
second slurry mixture is an aqueous slurry mixture comprising:
from about 0.1 wt% to about 40 wt% colloidal silica;
from about 0.1 wt% to about 10 wt% liquid media soluble polymer;
from about 40 wt% to about 85 wt% aluminum oxide powder; and

from about 10 wt% to about 60 wt% water.

15. The method of claim 14, wherein the first slurry mixture and/or the second slurry
mixture is an aqueous slurry mixture comprising;

from about 15 to about 30 wt% colloidal silica;

from about 0.1 to about 4 wt% liquid media soluble polymer;

from about 45 to about 65 wt% aluminum oxide powder; and

from about 20 to about 40 wt% water.
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16. The method of claim 9 or claim 10, wherein the liquid media soluble polymer is

polyvinyl alcohol.

17.  The method of any one of claims 1-9, wherein the first slurry mixture and/or the
second slurry mixture is an alcohol-based slurry comprising:

from about 0.1 wt% to about 50 wt% of one or more organic binders, wherein
the organic binder comprises silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic
acid, or any combination thereof;

from about 40 wt% to about 85 wt% aluminum oxide powder; and

from about 5 wt% to about 60 wt% alcohol, wherein the alcohol comprises
methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, Cs-Cs alcohol,

or any combination thereof.

18. The method of claim 17, wherein the first slurry mixture and/or the second slurry
mixture is an alcohol-based slurry comprising:

from about 5 wt% to about 25 wt% of one or more organic binders, wherein
the organic binder comprises silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic
acid, or any combinations thereof;

from about 45 wt% to about 65 wt% aluminum oxide powder; and

from about 30 wt% to about 50 wt% alcohol, wherein the alcohol comprises
methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, Cs-Cs alcohol,

or any combination thereof.
19. The method of any one of claims 1-18, wherein the pH of the first slurry mixture
and/or the second slurry mixture is adjusted to a pH of from about 3 to about 5 using a protic

acid.

20.  The method of any one of claims 1-19, wherein the first slurry mixture and/or the

second slurry mixture further comprises from about 0.1 wt% to about 2 wt% protic acid.

21. The method of claim 20, wherein the first slurry mixture and/or the second slurry

mixture further comprises from about 0.1 wt% to about 1 wt% protic acid.
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22.  The method of any one of claims 1-21, wherein the first slurry mixture and/or the
second slurry mixture further comprises one or more additives comprising inorganic
polymeric materials, organic polymeric materials, one or more surfactants, one or more

viscosity modifiers, glycols, polyols, or any combination thereof.

23. The method of any one of claims 1-22, further comprising curing the fabric-reinforced
prepreg composite at a pressure of from about 10 psi to about 200 psi and at a temperature of

from about 75 °C to about 500 °C.

24, The method of claim 23, further comprising sintering the fabric-reinforced prepreg

composite at a sintering temperature of from about 700 °C to about 1400 °C.

25. The method of claim 24, wherein the sintering is accomplished using a heating rate of

from about 1 °C/minute to about 10 °C/minute until the sintering temperature is achieved.

26. The method of any one claims 1-24, further comprising blending the first slurry
mixture and/or the second slurry mixture using a high shear mixer, a ball mill, an attritor, a

planetary, or any combination thereof.

27. The method of any one of claims 1-26, wherein the inorganic fabric is infiltrated with
the first slurry mixture heated to an infiltrating temperature of from about 20 °C to about
150 °C and/or the inorganic paper is infiltrated with the second slurry mixture heated to an

infiltrating temperature of from about 20 °C to about 150 °C.

28. A method of forming a fabric-reinforced ceramic matrix composite article, the method
comprising:

providing a prepreg composite comprising one or more layers of infiltrated fabric,
wherein the infiltrated fabric comprises inorganic fabric infiltrated with a first slurry mixture
comprising an oxide component and a liquid media;

contacting the prepreg composite with a surface of a preform;

applying an infiltrated paper to at least one surface of the prepreg composite to form a
surface-treated prepreg composite, wherein the infiltrated paper comprises inorganic paper
infiltrated with a second slurry mixture comprising an oxide component and a liquid media;

and

36



CA 03135221 2021-09-27

WO 2020/210569 PCT/US2020/027583

sintering the surface-treated prepreg composite at a sintering temperature of from

about 700 °C to about 1400 °C to form the fabric-reinforced ceramic matrix composite article.

29. A method of forming a fabric-reinforced ceramic matrix composite article, the method
comprising:

providing a prepreg composite comprising one or more layers of infiltrated fabric,
wherein the infiltrated fabric comprises inorganic fabric infiltrated with a first slurry mixture
comprising an oxide component and a liquid media,

contacting the prepreg composite with a surface of a preform;

applying an infiltrated paper to at least one surface of the prepreg composite to form a
surface-treated prepreg composite, wherein the infiltrated paper comprises inorganic paper
infiltrated with a second slurry mixture comprising an oxide component and a liquid media;

curing the surface-treated prepreg composite at a pressure of from about 10 psi to
about 200 psi and at a temperature of from about 75 °C to about 500 °C; and

sintering the surface-treated prepreg composite at a sintering temperature of from

about 700 °C to about 1400 °C to form the fabric-reinforced ceramic matrix composite article.

30. A method of forming a fabric-reinforced ceramic matrix composite article, the method
comprising:

providing a prepreg composite comprising one or more layers of infiltrated fabric,
wherein the infiltrated fabric comprises inorganic fabric infiltrated with a first slurry mixture
comprising an oxide component and a liquid media;

curing the prepreg composite at a pressure of from about 10 psi to about 200 psi and
at a temperature of from about 75 °C to about 500 °C to form a cured prepreg composite; and

applying an infiltrated paper to at least one surface of the cured prepreg composite to
form a surface-treated prepreg composite, wherein the infiltrated paper comprises inorganic
paper infiltrated with a second slurry mixture comprising an oxide component and a liquid
media; and

sintering the surface-treated prepreg composite at a sintering temperature of from

about 700 °C to about 1400 °C to form the fabric-reinforced ceramic matrix composite article.

31 The method of any one of claims 28-30, wherein the inorganic fabric comprises a

plurality of fibers comprising alumina, silica, mullite, zirconia, or any combination thereof.
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32.  The method of any one of claims 28-31, wherein the inorganic fabric has a thickness

of from about 5 mm to about 75 mm prior to being infiltrated with the first slurry mixture.

33. The method of any one of claims 28-32, wherein the inorganic fabric is woven,

nonwoven, or any combination thereof.

34. The method of any one of claims 28-33, wherein the inorganic paper comprises

alumina, silica, mullite, zirconia, or any combination thereof.

35. The method of any one of claims 28-343, wherein the inorganic paper has a thickness
of from about 0.1 mm to about 4.99 mm prior to being infiltrated with the second slurry

mixture.

36.  The method of any one of claims 28-35, wherein the oxide component of the first
slurry mixture and/or the second slurry mixture comprises one of more oxides of aluminum,

silicon, boron, zirconium, yttrium, or any combination thereof.

37.  The method of claim 36, wherein the one or more oxides of the first slurry mixture
and/or the second slurry mixture is provided as particles comprising spheres, hollow spheres,

fibers, whiskers, or any combination thereof.

38. The method of claim 36 or claim 37, wherein the first slurry mixture and/or the
second slurry mixture further comprises colloidal silica having a mean particle diameter of

from about 1 nanometer to about 10 microns.

39. The method of claim 36 or claim 37, wherein the first slurry mixture and/or the
second slurry mixture further comprises colloidal alumina having a mean particle diameter of

from about 1 nanometer to about 10 microns.

40.  The method of any one of claims 28-39, wherein the liquid media of the first slurry

mixture and/or the second slurry mixture is water, an alcohol, or any combination thereof.

41.  The method of any one of claims 28-36, wherein the first slurry mixture and/or the

second slurry mixture is an aqueous slurry mixture comprising:
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from about 0.1 wt% to about 40 wt% colloidal silica;

from about 0.1 wt% to about 10 wt% liquid media soluble polymer;
from about 40 wt% to about 85 wt% aluminum oxide powder; and

from about 10 wt% to about 60 wt% water.

42. The method of claim 41, wherein the first slurry mixture and/or the second slurry
mixture is an aqueous slurry mixture comprising;

from about 15 to about 30 wt% colloidal silica;

from about 0.1 to about 4 wt% liquid media soluble polymer;

from about 45 to about 65 wt% aluminum oxide powder; and

from about 20 to about 40 wt% water.

43, The method of claim 41 or claim 42, wherein the liquid media soluble polymer is

polyvinyl alcohol.

44.  The method of any one of claims 28-36, wherein the first slurry mixture and/or the
second slurry mixture is an alcohol-based slurry comprising:

from about 0.1 wt% to about 50 wt% of one or more organic binders, wherein
the organic binder comprises silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic
acid, or any combination thereof;

from about 40 wt% to about 85 wt% aluminum oxide powder; and

from about 5 wt% to about 60 wt% alcohol, wherein the alcohol comprises
methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, Cs-Cs alcohol,

or any combination thereof.

45. The method of claim 44, wherein the first slurry mixture and/or the second slurry
mixture is an alcohol-based slurry comprising:

from about 5 wt% to about 25 wt% of one or more organic binders, wherein
the organic binder comprises silicon resin, polyvinyl butyral, polyvinyl acetate, polylactic
acid, or any combinations thereof;

from about 45 wt% to about 65 wt% aluminum oxide powder; and

from about 30 wt% to about 50 wt% alcohol, wherein the alcohol comprises
methanol, ethanol, n-propanol, isopropanol, n-butanol, t-butanol, sec-butanol, Cs-Cs alcohol,

or any combination thereof.
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46. The method of any one of claims 28-45, wherein the pH of the first slurry mixture
and/or the second slurry mixture is adjusted to a pH of from about 3 to about 5 using a protic

acid.

47.  The method of any one of claims 28-45, wherein the first slurry mixture and/or the

second slurry mixture further comprises from about 0.1 wt% to about 2 wt% protic acid.

48. The method of claim 47, wherein the first slurry mixture and/or the second slurry

mixture further comprises from about 0.1 wt% to about 1 wt% protic acid.

49.  The method of any one of claims 28-48, wherein the first slurry mixture and/or the
second slurry mixture further comprises one or more additives comprising inorganic
polymeric materials, organic polymeric materials, one or more surfactants, one or more

viscosity modifiers, glycols, polyols, or any combination thereof.

50. The method of any one of claims 28-49, wherein the sintering is accomplished using a
heating rate of from about 1 °C/minute to about 10 °C/minute until the sintering temperature

is achieved.

51. A surface-treated prepreg composite comprising:

an infiltrated fabric having a top surface layer and a bottom surface layer,
wherein the infiltrated fabric comprises fibers comprising alumina, silica, mullite, or any
combination thereof, and the top surface layer and the bottom surface layer form a coating on
the infiltrated fabric, wherein each surface layer comprises from about 40 wt% to about 85
wt% (by weight of the surface layer) aluminum oxide or from about 0.1 wt% to about 40 wt%
of silica (by weight of the surface layer);

an infiltrated paper that substantially covers and is in contact with the top
surface layer and/or the bottom surface layer of the infiltrated fabric, wherein the infiltrated
paper comprises fibers comprising alumina, silica, mullite, or any combination thereof, and
the infiltrated paper is infiltrated with a slurry mixture comprising an oxide component and a

liquid media.

52. A surface-treated prepreg composite comprising:
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a plurality of infiltrated fabric layers stacked to be in contact with each other
to form a multi-ply fabric-reinforced prepreg composite layup, wherein the prepreg
composite layup has a top surface and a bottom surface, each of the infiltrated fabric layers
comprises fibers comprising alumina, silica, mullite, or any combination thereof, and the
fibers are at least partially coated with a coating that comprises from about 40 wt% to about
85 wt% (by weight of the coating) aluminum oxide or from about 0.1 wt% to about 40 wt%
of silica (by weight of the coating); and

an infiltrated paper covering at least a portion of the top surface and/or the
bottom surface of the prepreg composite layup, wherein the infiltrated paper is infiltrated
with a slurry mixture comprising from about 40 wt% to about 85 wt% (by weight of the
slurry) aluminum oxide or from about 0.1 wt% to about 40 wt% of silica (by weight of the
slurry).
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