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POLYCRYSTALLINE ALUMINOSILICATE CERAMIC FILAMENT NONWOVEN MATS,
AND METHODS OF MAKING THE SAME

BACKGROUND
[0001] In processes for producing nonwoven webs using the sol-gel process, chemical
precursors are spun and heat-treated to create ceramic filaments.
[0002]  Fiber making processes may produce either continuous filaments, typically in the form
of multi-filament rovings, or non-woven webs. Continuous filaments can be converted into a
nonwoven mat by chopping into shorter fiber strands that can be opened mto individual fibers
before being laid down (e.g., by wet-laying or air-laying) into a uniform mat. Non-woven ceramic
fiber mats or webs also may be produced directly using a fiber blowing process, which 1s also
called the blown microfilament (BMF) process. In fiber blowing processes, an initially low
viscosity ceramic precursor dispersion or sol 1s pumped through a nozzle before 1t 1s stretched and
fibrillated using high speed air flow streams to form discrete fibers or filaments, which are
subsequently collected to form a nonwoven green (unfired) fiber mat or web. The unfired fiber

mat 1s subsequently fired at elevated temperature to form a nonwoven ceramic filament mat.

SUMMARY
[0003] In one aspect, the present disclosure 1s directed to a nonwoven article that includes a
plurality of polycrystalline, aluminosilicate ceramic filaments entangled to form a cohesive
nonwoven mat. Each of the aluminosilicate ceramic filaments 1n the mat has an average diameter
of less than about 2 microns (um), and the aluminosilicate ceramic filaments include an average of
about 15 wt% to about 80 wt% crystalline mullite.
[0004] In another aspect, the present disclosure 1s directed to a method of making a nonwoven
web. The method includes flowing an aqueous ceramic precursor sol through at Ieast one orifice
to produce at least one substantially continuous filament. The aqueous ceramic precursor sol
includes silica particles, water, and a hydrolysable aluminum-containing compound. The filaments
ar¢ attenuated with a high velocity air stream to draw the filaments to an average diameter not less
than or equal to 10 micrometers (um), and at Ieast a portion of the water 1s removed from the at

Icast one substantially continuous filament to at Ieast partially dry the at Ieast one substantially

continuous filament. The at least partially dried filaments are collected as a green nonwoven
web on a collector surface, and the green nonwoven web 1s heated at a temperature and for
a ttme sufficient to convert the green nonwoven web to a cohesive mat. The cohesive mat
includes at least one polycrystalline, aluminosilicate ceramic filament including about 15
wt% to about 80 wt% crystalline mullite, wherein each of the aluminosilicate ceramic

filaments 1n the cohesive mat has an average diameter of less than 2 microns (um).
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[0005]  These inventions and other unexpected results and advantages are within the scope of

the following illustrative detailed description and Examples.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]  The present disclosure may be more completely understood 1n consideration of the
following detailed description of various embodiments of the disclosure in connection with the
accompanying figures, in which:
[0007] FIG. 1 1s a cross sectional view of a mounting mat reinforced i accordance with one
embodiment of the present disclosure;
[0008] FIG. 2 1s a perspective view of an opened pollution control device comprising a
reinforced mounting mat, according to embodiments of the present disclosure, with portions of the
mat removed so as to more clearly see the aluminosilicate ceramic filaments;
[0009]  FIG. 3 1s a schematic diagram of a blown melt fiber (BMF) apparatus used 1n the
working examples of this application.
[0010]  FIG. 4 1s a scanning electron microscope (SEM) photograph at 5000X of the filaments
of Sample 2 of Example 1.
[0011]  FIG. 5 1s a plot of the green diameter of filament samples 3-6 of Example 3A at 15 psi
sol pressure at die air flow rates mncreasing from 15-30 cfm.
[0012]  FIG. 6 1s a photograph of a nonwoven mat made from the filaments of Sample 7 of
Example 3B 1n a flat (left) and a folded (right) condition.
[0013] F1G. 7 1s a plot showing the development of crystalline mullite as a function of heat
treatment temperature for Sample 7 of Example 3B.
[0014] In the drawings, like reference numerals indicate like elements. While the above-
1dentified drawing, which may not be drawn to scale, scts forth various embodiments of the
present disclosure, other embodiments are also contemplated, as noted 1n the Detailed Description.
In all cases, this disclosure describes the presently disclosed disclosure by way of representation of
exemplary embodiments and not by express limitations. It should be understood that numerous
other modifications and embodiments can be devised by those skilled 1n the art, which fall within

the scope and spirit of this disclosure.

DETAILED DESCRIPTION
[0015]  For the following Glossary of defined terms, these definitions shall be applied for the
entire application, unless a different definition 1s provided 1n the claims or elsewhere 1n the

specification.

Glossary
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[0016] Certain terms are used throughout the description and the claims that, while for the most
part arc well known, may require some explanation. It should understood that:

[0017] The term “adjoining™ with reference to a particular layer means joined with or attached to
another layer, 1n a position wherein the two layers are either next to (1.¢., adjacent to) and directly
contacting cach other, or contiguous with cach other but not 1n direct contact (1.¢., there are one or
mor¢ additional layers intervening between the layers).

[0018] By using terms of orientation such as “atop™, “on”, “over,” “covering”, “uppermost’,
“underlying” and the like for the location of various elements 1n the disclosed coated articles, we
refer to the relative position of an element with respect to a horizontally-disposed, upwardly-tacing
substrate. However, unless otherwise indicated, 1t 1s not intended that the substrate or articles
should have any particular orientation 1n space during or after manufacture.

[0019] The terms “(co)polymer” or “(co)polymers™ mcludes homopolymers and copolymers, as
well as homopolymers or copolymers that may be formed 1n a miscible blend, ¢.g., by coextrusion
or by reaction, including, ¢.g., transesterification. The term “copolymer™ includes random, block
and star (¢.g. dendritic) copolymers.

[0020] By using the term ““separated by to describe the position of a layer with respect to other
layers, we refer to the layer as being positioned between two other layers but not necessarily
contiguous to or adjacent to either layer.

[0021] The terms “about™ or “approximately” with reference to a numerical value or a shape
means +/- five percent of the numerical value or property or characteristic, but expressly includes
the exact numerical value. For example, a viscosity of “about™ 1 Pa-sec refers to a viscosity from
0.95 to 1.05 Pa-sec, but also expressly mncludes a viscosity of exactly 1 Pa-sec. Similarly, a
perimeter that 1s ““substantially square™ 1s intended to describe a geometric shape having four
lateral edges 1n which each lateral edge has a length which 1s from 95% to 105% of the length of
any other lateral edge, but which also includes a geometric shape 1n which each lateral edge has
exactly the same length.

[0022] The term “Web basis weight™ 1s calculated from the weight of a 10 cm x 10 cm web
sample.

[0023] The term “Web thickness™ 1s measured on a using a thickness testing gauge available from
Testing Machines, Inc. (Amityville, NY) under the trade designation Model 49-70, which has a
tester foot with 2 inch (12.7 mm) diameter.

[0024] The term “Bulk density™ 1s the mass per unit volume of the bulk ceramic maternial that
makes up the web, taken from the literature.

[0025] The term “‘substantially”™ with reference to a property or characteristic means that the
property or characteristic 1s exhibited to a greater extent than the opposite of that property or

characteristic 1s exhibited. For example, a substrate that 1s ““substantially™ transparent refers to a
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substrate that transmits more radiation (e.g. visible light) than 1t fails to transmit (¢.g. absorbs and
retlects). Thus, a substrate that transmits more than 50% of the visible light incident upon its
surface 1s substantially transparent, but a substrate that transmits 50% or less of the visible light
incident upon 1ts surface 1s not substantially transparent.

[0026] As used 1n this specification and the appended embodiments, the singular forms “a”, “an”,
and “‘the”” include plural referents unless the content clearly dictates otherwise. Thus, for example,
reference to fine filaments containing “a compound™ includes a mixture of two or more
compounds. As used 1n this specification and the appended embodiments, the term “or™ 1s
oenerally employed 1n 1ts sense including “and/or™ unless the content clearly dictates otherwise.
[0027] As used 1n this specification, the recitation of numerical ranges by endpoints includes all
numbers subsumed within that range (e.g. 1 to 3 includes 1, 1.5, 2, 2.75, 3, 3.8, 4, and 5).

[0028] Unless otherwise indicated, all numbers expressing quantities or ingredients, measurement
of properties and so forth used 1n the specification and embodiments are to be understood as being
modified 1n all instances by the term “about.” Accordingly, unless indicated to the contrary, the
numerical parameters set forth 1in the foregoing specification and attached listing of embodiments
can vary depending upon the desired propertics sought to be obtained by those skilled in the art
utilizing the teachings of the present disclosure. At the very least, and not as an attempt to limait
the application of the doctrine of equivalents to the scope of the claimed embodiments, cach
numerical parameter should at least be construed 1in light of the number of reported significant
digits and by applying ordinary rounding techniques.

[0029] Exemplary embodiments of the present disclosure may take on various modifications and
alterations without departing from the spirit and scope of the present disclosure. Accordingly, 1t 1s
to be understood that the embodiments of the present disclosure are not to be limited to the
following described exemplary embodiments, but 1s to be controlled by the limitations set forth 1n
the claims and any equivalents thereof.

[0030]  Various exemplary embodiments of the disclosure will now be described with particular
reference to the Drawings. Exemplary embodiments of the present disclosure may take on various
modifications and alterations without departing from the spirit and scope of the disclosure.
Accordingly, 1t 1s to be understood that the embodiments of the present disclosure are not to be
limited to the following described exemplary embodiments, but are to be controlled by the
limitations set forth 1n the claims and any equivalents thercof.

[0031]  The sol-gel BMF process produces filaments with a limited range of diameters.
Attempting to make filaments with diameters that are too small leads to unstable processes which

break filaments, creates short fibers, generally spherical bodies referred to as shot, and creates

wide filament diameter variations. Attempting to make filaments that are too large 1n diameter
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also destabilizes filament formation, which can lower the strength, flexibility, and handleability of
the non-woven mats made from the filaments.

[0032]  Alumina-silica filaments are typically manufactured with a low crystalline mullite
(3A1,03-2810,) content. When the filaments are heat treated at temperatures above 1200 °C where
mullite crystallizes, non-woven strength and flexibility can be greatly diminished. This lack of
strength and flexibility can prevent the filaments from beimng used at high temperatures, and also
prevents the favorable properties of mullite, including thermal stability, creep resistance, chemical
stability from being achieved.

[0033]  Polycrystalline aluminosilicate ceramic filaments with an increased crystalline mullite
content, and nonwoven webs and mats incorporating the filaments, have excellent high
temperature resistance up to 1300 °C, excellent acid resistance, low pressure drop when used 1n
filtration applications, and good flexibility. Smaller diameter filaments can have even greater
softness and flexibility, lower thermal conductivity in mat form, and potentially improved
mechanical properties when used as a structural element 1n a fiber-reinforced composite. When
incorporated into a nonwoven mat, polycrystalline aluminosilicate ceramic filaments with a small
diameter and higher mullite content can have a wide variety of potential applications including, for
example, filtration, support media, backing media, thermal insulation such as, for example,
clectrical vehicle battery msulation, and high temperature acoustic msulation.

[0034] In general, the present disclosure 1s directed to flexible polycrystalline, aluminosilicate
ccramic filaments with an average diameter of less than about 2 microns (um) and an average
crystalline mullite (3A1,03-2510,) composition of at about 15 wt% to about 80 wt%, which are
collected to form a cohesive nonwoven web. These filaments can be more economically produced
using the blown melt fiber (BMF) process, compared to filaments produced using conventional
electrospinning processes. The combination of a small diameter of less than about 2 um and a
high mullite content provides a ceramic filament with excellent heat resistance, as well as softness,
flexibility, durability, and resistance to breakage, and in some embodiments can also have
improved thermomechanical properties (e.g., resistance to thermal creep at elevated temperatures).
[0035] A multiplicity of the small diameter, high mullite content filaments may be collected
and 1ncorporated 1nto a green nonwoven web, which can subsequently be fired to make a cohesive
ccramic mat. In some examples, which are not intended to be limiting, the ceramic mats can be used
in filtration, thermal msulation, acoustic insulation, fire protection, as a mounting mat, as a gasket
or a catalyst support, can be mcorporated into a fiber reinforced composite as a structural element,
or can be incorporated into a pollution control device such as a catalytic converter for a vehicle.
[0036]  In a further aspect, the present disclosure describes a method of making a nonwoven
web of the small diameter, high mullite content filaments. The method includes the steps of

flowing an aqueous ceramic precursor sol through at least one orifice to produce at least one
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substantially continuous filament. The aqueous ceramic precursor sol includes silica particles
dispersed 1n water, and a hydrolysable alumimnum-containing compound. The filaments are at least
partially dried and collected on a collector surtace to form a green nonwoven web on the collector

surface. The green nonwoven web may then be fired to form a cohesive ceramic mat.

Polycrystalline Aluminosilicate Ceramic Nonwoven Articles

[0037]  In one aspect, the present disclosure 1s directed to a nonwoven article, which includes a
plurality of polycrystalline, aluminosilicate ceramic filaments that can be collected and entangled
to form a cohesive nonwoven mat. The aluminosilicate ceramic filaments incorporated into the
nonwoven article have an average diameter of less than about 2 microns (um) as measured using
clectron microscopy, and an average crystalline mullite (3A1,05-28105) content of at least 15 wt
%, or at least 20 wt%, or at least 30 wt%, or at least 40 wt%, or at least 50 wt%, or at least 60 wt%,
or at least 70 wt%, or at least 72 wt%., or at least 75 wt%, or at least 80 wt%.

[0038] In some example embodiments, which are not intended to be limiting, the ceramic
filaments include about 70 wt% to about 90 wt% alumina, or about 73 wt% to about 80 wt%
alumina.

[0039] Reterring now to FIG. 1, a reinforced nonwoven web or mat 10 according to
embodiments of the present disclosure has a first major surtace 12, a second major surtace 14 and
a thickness (7.e., the distance between surfaces 12 and 14). The nonwoven web or mat 10 has at
lcast a first layer 16 and optionally a second layer 18, and may include one or more additional
layers (not shown 1n FIG. 1). At least one of the mat layer 16 and optional mat layer 18, may
include at least a portion of the substantially continuous, polycrystalline, aluminosilicate ceramic
filaments 20 having an average diameter of less than about 2 um and an average mullite content of
about 15 wt% to about 80 wt%.

[0040] In some exemplary embodiments, the polycrystalline, aluminosilicate ceramic filaments
20 may be incorporated into the nonwoven mat 10 1n conjunction with other filaments or fibers.
Thus, 1n certain exemplary embodiments, the reinforced mat 10 may include other filaments or
fibers selected from alumina fibers, silica fibers, silicon carbide fibers, silicon nitride fibers,
carbon fibers, glass fibers, metal fibers, alumina-phosphorous pentoxide fibers, alumina-boria-silica
fibers, zirconia fibers, zirconia-alumina fibers, zirconia-silica fibers, and mixtures or combinations
thercof. In some embodiments, the nonwoven mat 10 can optionally include non-fiber fillers such
as acrogel or glass/ceramic bubbles, and the like.

[0041]  In further exemplary embodiments, the polycrystalline aluminosilicate ceramic
filaments 20 may be used in conjunction with other optional performance enhancing materals
(¢.g., Imtumescent materials or inserts, a non-intumescent insert, support meshes, binders, and the

like). As shown 1n the example embodiment of a vehicular catalytic converter housing shown 1n
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FI1G. 2, an optional reinforcing mesh 22 1s shown disposed between layer 16 and optional layer 18
so as to be generally co-planer with the first major surface 12 and the second major surtace 14.
[0042] Suitable optional performance enhancing materials are described, for example, 1n U.S.
Pat. Nos. 3,001,571 and 3,916,057 (Hatch et al.); 4,305,992, 4,385,135, 5,254,416 (Langer ¢t al.);
5,242,871 (Hashimoto et al.); 5,380,580 (Rogers et al.); 7,261,864 B2 (Watanabe); 5,385,873 and
5,207,989 (MacNeil); and Pub. PCT App. WO 97/48889 (Sanocki et al.), the entire disclosures of
cach of which are incorporated herein by reference 1n their entireties.

[0043]  In certain exemplary embodiments, the nonwoven web or mat 10 further includes an
optional binder to bond together the plurality of polycrystalline, aluminosilicate ceramic filaments.
A wide variety of suitable binders may be used, including an morganic binder, an organic binder,
and combinations thercof. For example, a suitable organic binder 1s selected from a (meth)acrylic
(co)polymer, poly(vinyl) alcohol, poly (vinyl) pyrrolidone, poly(ethylene oxide, poly(vinyl)
acctate, polyoletfin, polyester, and combinations thercof. In other embodiments, an inorganic
binder may be selected from silica, alumina, zirconia, kaolin clay, bentonite clay, silicate,
micaceous particles, and combinations thercof. In some embodiments, the optional binder 1s
substantially free of silicone matenals.

[0044] The polycrystalline aluminosilicate ceramic filaments having a diameter of less than
about 2 um and a mullite content of about 15 wt% to about 80 wt% described herein provide a
nonwoven mat with excellent flexibility. In one embodiment discussed 1n detail in the working
examples below, which 1s not intended to be limiting, a circular nonwoven mat made from the
filaments and having a diameter of about 1.5 mches to 2 inches (3.8 cm to 5 cm) was folded on
itself along a diameter to form a semicircle with two overlying layers. The semicircle was then
folded again on 1tself along a radius of the semicircle to form a half-semicircle (sometimes referred
to as a quadrant) including four overlying layers. Following the multiple folding steps, the
individual filaments forming the mat remained unbroken, and the half-semicircle remained folded,
even after an extended time period.

[0045] The ability of mats to withstand repeated flexure can also be determined using a
flexural endurance tester as set forth in ASTM D2176. As shown 1n detail in the working
examples below, mats made with small diameter filaments having greater than about 60 wt%
crystalline mullite had flex endurance of 18-140 double cycles under 100g load, and endured more

than 2000 cycles at zero tensile load without breaking.

Polycrystalline, Aluminosilicate Ceramic Filaments

[0046] In some exemplary embodiments of the foregoing nonwoven articles, each of the
plurality of polycrystalline, aluminosilicate ceramic filaments exhibits a green diameter of about 1

um to about 10 um, or about 2 um to about 5 um, and the filaments as-fired have an average
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diameter of about 1 um to about 5 um or about 1 um to about 2 um, as determined using the
Filament Diameter Measurement Procedure with electron microscopy, as described further below.
[0047]  In further exemplary embodiments, the polycrystalline aluminosilicate ceramic
filaments have a length of at least 3 mm, 4 mm, 5 mm, 6 mm, 7, mm, 8 mm, 9 mm, or even 10 mm
or longer. In some such exemplary embodiments, each of the polycrystalline aluminosilicate
ccramic filaments 1s substantially continuous, which 1n this application means that the filaments,
while having opposing ends or termination points, nevertheless behave as continuous filaments
with respect to their processing characteristics and handleability. Substantially continuous
filaments typically have a length greater than 25 mm, 50 mm, 75 mm, 100 mm, 250 mm, 500 mm,
750 mm, or even longer, and have an infinite length, or a length less than 10,000 mm, 7,500 mm.,
5,000 mm, 2,500 mm, 1,000 mm, or even 900 mm. Thus, in certain exemplary embodiments, the
plurality of polycrystalline, aluminosilicate ceramic filaments may have lengths of from 25 mm to
an mnfiite length, or about 50 mm to about 10,000 mm, or about 100 mm to about 7500 mm, or
about 250 mm to about 5000 mm, or even 500 mm to about 2500 mm.

[0048]  In further exemplary embodiments, the bulk density of the cohesive mat may range
from 0.05 to 0.3 g/cm’, 0.06 to 0.25 g/cm’, or even 0.07 to 0.2 g/cm”’.

[0049]  In some exemplary embodiments, the thickness of the nonwoven web and/or cohesive
mat 1s at least 0.5 mm, | mm., 2 mm, 2.5 mm, S mm, 7.5 mm, 10 mm, 20 mm, 30 mm, 40 mm, or
even 50 mm, or more. In some such exemplary embodiments, the thickness of the nonwoven web
and/or cohesive mat 1s at most 100 mm, 90 mm, 80 mm, 70 mm, or even 60 mm or less.

[0050] In additional exemplary embodiments, the basis weight of the nonwoven web and/or
cohesive mat is at least 50 g/m”* (gsm), 60 gsm. 70 gsm, 80 gsm, 90 gsm, 100 gsm, or even higher.
In some such exemplary embodiments, the basis weight 1s no more than 4,000 gsm, 3,000 gsm,
2,000 gsm, 1,000 gsm, 750 gsm, 500 gsm, 250 gsm, or even lower.

In some exemplary embodiments, the polycrystalline aluminosilicate ceramic filaments have an
alumina to silica ratio in the range of 60:40 to 90:10 by weight, 70:30 to 80:20 by weight, 73:27 to
78:22 by weight, or even 75:25 to 77:23 by weight.

Articles Including Polycrystalline, Aluminosilicate Ceramic Nonwoven Mats

[0051] In another aspect, the present disclosure describes an article including the foregoing
nonwoven aluminosilicate cohesive ceramic web having a multiplicity of polycrystalline,
aluminosilicate ceramic filaments with an average diameter of less than about 2 um and an average
mullite content of about 15 wt% to about 80 wt%. In some such embodiments, the article may be
selected from a filtration article, a thermal msulation article, an acoustic insulation article, a fire
protection article, a mounting mat article, a gasket article, a catalyst support article, a component

of a ceramic article, a battery thermal barrier and combinations thercof.
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[0052] Retferring again to FIG. 2, a pollution control device 60 (¢.g., a catalytic converter and/or
an exhaust filter), according to the present disclosure, can include a housing 50, a pollution control
clement 40 (e.g., a catalytic element and/or filter) mounted inside of the housing 50, and a
mounting mat 10 like those described herein sandwiched between so as to mount the element 40
within the housing 50. The housing 50 1s typically made of a metal such as, for example stainless
steel, and includes an 1nlet 52 and an outlet 54 to allow exhaust gases from an internal combustion
engine to pass through the device 60. The element 40 1s typically a thin walled monolithic
structure that 1s relatively fragile. The mat 10 provides protection for the element 40 from both
thermal and mechanical (e.g., vibrational) related damage.

[0053] It can be desirable for an optional mesh 22 to be positioned close to the surface 12 of the
mat 10 (1.¢., for the layer 16 to be relatively thinner than the layer 18). For example, with a mat 10
having a total weight of about 1600 g/m?*, and the netting 22 having a weight in the range of from
about 80 to about 160 g/m?, it can be desirable for the layer 16 to have a weight in the range of
from about 40 to about 800 g/m*. Put another way, it can be desirable for the layer 16 to make up
about 3% to 10% of the total weight of the mat 10.

|[0054] Thus, 1n some exemplary embodiments, the pollution control device further includes an
intumescent layer, a reinforcing mesh, a non-intumescent insert, or a combination thereof.
Suitable mtumescent layers, reinforcing meshes, and non-intumescent mserts are described, for
example, in U.S. Pat. Nos. 3,001,571 and 3,916,057 (Hatch et al.); 4,305,992, 4,385,133,
5,254,416 (Langer et al.); 5,242,871 (Hashimoto et al.); 5,380,580 (Rogers et al.); 7,261,864 B2
(Watanabe); 5,385,873 and 5,207,989 (MacNeil); and Pub. PCT App. WO 97/48889 (Sanocki et
al.), the entire disclosures of each of which were previously incorporated herein by reference 1n
their entireties.

[0055] In some such exemplary embodiments, the pollution control device may be installed 1n a
motor vehicle exhaust system of a motor vehicle selected from an automobile, a motorcycle, a

truck, a boat, a submersible, or an aircraft.

Methods of Making Polycrystalline Ceramic Filaments and Nonwoven Mats

[0056] In another aspect, the disclosure describes a method of making a nonwoven web
including polycrystalline aluminosilicate ceramic filaments that can be fired to form a cohesive
mat with at least some filaments having an average diameter of less than about 2 um and an
average crystalline mullite content of greater than about 50 wt%.

[0057]  In general, as shown schematically 1n the diagram of the blown microfiber (BMF)
apparatus 100 of FIG. 3, the filaments arec made by flowing an aqueous ceramic precursor sol 102
stored 1n a sol reservoir 104 through at least one orifice 108 1n a die 106 with the assistance of

surrounding high pressure attenuation air 109. This apparatus can also be called a melt blowing or
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blow spmning die. The apparatus may consist of a lincar array of round holes 1n a V-shaped die,
with air injected at an angle to the sol extrusion direction, as 1n, for example US 3825380, or an
array of nozzles with attenuation air surrounding them, as m, for example, US 5476616 and US
5286182.

[0058] The aqueous ceramic precursor sol 102 includes silica particles dispersed 1in water.
Suitable alumina and silica sols are described, for example, m W0O201893624A1 to DeRovere.
The aqueous ceramic precursor sol further includes a hydrolysable aluminum-containing
compound, which can have less than the stoichiometric 3 moles of anion per Al, and has the
nominal formula AlIX,(OH);-,, where X 1s a ligand such as Cl—, NOs;—, or CH;COOH—, and 1s
capable of forming clear aqueous solutions. These solutions can be formed using a number of
methods, including dissolution of aluminum metal 1n salt solutions, dissolution of aluminum
hydroxides 1n acid, hydrolysis of alkoxides, and neutralization of acidic salt solutions. In some
embodiments, soluble aluminum compounds used for making filaments contain about 0.5 to about
2 moles of anion ligand per mole of aluminum. In certain embodiments, the aqueous ceramic
precursor sol includes aluminum chlorohydrate and dispersed silica particles.

[0059] Optionally, the aqueous ceramic precursor sol further includes at least one of a water
soluble (co)polymer and a defoamer. Any suitable water soluble (co)polymer may be used.
However, poly(vinyl) alcohol (PVA), poly(vinyl) alcohol-co-poly(vinyl) acetate copolymers,
poly(vinyl) pyrrolidone, poly(ethylene oxide), and poly(cthylene oxide)-co-(propylene oxide)
copolymers, have been found to be particularly suitable. Any suitable defoamer may be used. In
some embodiments, when medium degrees of hydrolysis (e.g., 50-90% poly(vinyl) acetate)
poly(vinyl) alcohol-co-poly(vinyl) acetate copolymers are used, defoamers based on long chain
alcohols like 1-octanol, and polyol esters such as the FOAM-A-TAC series of antifoams available
from Enterprise Specialty Products Inc. (Laurens, SC), for example, FOAM-A-TAC 402, 407, and
425.

[0060] In some embodiments, which are not intended to be limiting the aqueous ceramic
precursor sol 102 has a viscosity of about 2000 centipoise (cP) to about 10,000 cP, (2 Pa-sec to 10
Pa-sec) or about 3000 cP to about 5000 cP (3 Pa-sec to 5 Pa-sec).

[0061] In some embodiments, which are not intended to be limiting, the aqueous ceramic
precursor sol 102 1s supplied at a pressure of about 2 ps1 to about 20 psi, or about 3 ps1 to about 15
psi (14 Pato 103 Pa), or at about 5 ps1 to about 10 ps1 (34 Pa to 69 Pa). Higher pressures increase
sol flow rate per orifice, and 1n some embodiments higher pressures may also increase filament
diameter.

[0062] In some such exemplary methods, the at least one orifice 108 includes a plurality of

circular orifices positioned 1n a multi-orifice die 106 i flow communication with a source of the
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aqueous ceramic precursor sol 102. Optionally, each of the plurality of orifices has an internal
diameter of from 50 to 500 um, 100 to 400 um, 125 to 200 um, or about 150 pum.

[0063] The method further includes directing a stream of high velocity gas proximate the
filaments to at least partially dry and attenuate the filaments. It 1s often desired to humidify the
attenuation air to prevent drymg and enable increased stretching and elongation of the extruded
filaments. In some embodiments, the gas 1s at room temperature. In some embodiments, the gas 1s
heated to a temperature of at least 50 °C, 75 °C, 100 °C, 125 °C, 150 °C, or even higher
temperature. In various embodiments, which are not mmtended to be limiting, to stretch the
filaments, the velocity of the attenuation air can be very high, 10,000 feet per minute (fpm) (51
m/sec) or even higher, e.g. 15,000 (76 m/sec), 20,000 (102 m/sec) or even 30,000 fpm (152 m/sec).
Higher air flow velocity will create more stretching force and can reduce filament diameter more
than with lower air velocity. However, 1f the stretching force 1s too high, the filaments break and
do not form small diameter filaments. In some situations, the sol-gel liquid spheroidizes due to
surface tension to form short fibers, “shot™ or roughly equiaxed particles rather than filaments.
High air flow velocity may also cause turbulence, which, while not wishing to be bound by theory,
can create variable air velocity and therefore vanable stretching force on the extruded filaments,
which 1n turn causes a large diameter variability, which can be undesirable. Turbulence may also
break filaments, which can lead not only to shot particles, but high diameter variability .

[0064]  The filaments 110 emerging from the orifice 108 are quenched with warmer air in a
quench box 116 to at least partially solidify the filaments. The warmer air 1s heated to a
temperature of at least 50 °C, 75 °C, 100 °C, 125 °C, 150 °C, or even more to dry and solidify the
filaments. The at least partially solidified filaments are then deposited on a surface 113 of a
collector 112 and entangled to form a green nonwoven web 120 with assistance of a vacuum 114.
In some embodiments, the volume of air drawn 1nto the collector 1s much higher than that of the
blowing air. This ensures capture of all extruded filaments, and also entrains room air, which can
further dry the nonwoven web 120.

[0065]  Fining of green filaments can be considered to include two distinct steps. The first 1s a
lower temperature pre-fire (burnout) segment 1n which organics are removed and 1norganic phases
begin to form. The second 1s a high temperature crystallization and sintering segment where the
filaments density and high temperature crystalline phases form. The two segments can be
performed separately (€.g., a pre-fire followed by cooling to room temperature before sintering) or
sequentially 1 a continuous process (€.g., a pre-fire followed immediately by sintering without
allowing the matenal to cool).

[0066] Mullite (3A1,03-2810-) 1s the only thermodynamically stable crystal in the alumina-
silica phase diagram. Thus, mullite will crystallize n sol-gel alumina-silica filaments during heat

treatment at some elevated temperature and time. In some cases, often called monophasic gels, 1in
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which alumina and silica are mixed at near-atomic level, mullite crystallizes at relatively low

temperatures, between 900 °C and 1100 °C, for instance 980 °C maynotformatal. In other

cases, often called diphasic gels consisting of discrete particles or regions of alumina or silica
typically 10 nm to 1000 nm, the crystallization temperature 1s higher, for instance 1200 °C to 1400
°C or even higher. During heat treatment of diphasic gels, other phases such as transition aluminas
(e.g., gamma, cta, theta, delta aluminas) may form at intermediate temperatures, commonly
between 600 °C and 1000 °C, and most commonly between 800 °C and 900 °C.

[0067]  The crystallization of sol-gel ceramic filaments to mullite often occurs over a range of
temperatures, €.g. 1200 °C to 1400 °C. In other words, the nucleation and growth rate of mullite
crystals 1s kinetically slow. Furthermore, the volumetric nucleation rate of mullite 1s relatively
low, which leads to large grains of mullite 1n the filament, for instance 0.2 um to 0.5 um or even
larger. In filaments with diameters below 10 um, and especially below 2 um, 1t 1s important to
maintain small grain size, preferably below 0.25 um and more preferably below 0.2 um or even
below 0.1 um 1n diameter. Filaments with larger grains have lower strength and flexibility, and 1n
various embodiments the filaments of the present disclosure can have grain sizes below 0.5 um , or
below 0.3 um, and even below 0.1 um.

[0068] To quantify the degree of conversion of the filaments to mullite, XRD powder
diffraction may be used, and 1n some cases determining the degree of conversion 1s not
straightforward. Mullite crystallizes from a mixture of amorphous or partially amorphous alumina
and silica phases, which do not diffract x-rays. Because of this, comparing the ratio of mullite to
other phases present 1n the filament 1s not a good measure of the volume fraction of mullite 1n the
filaments. Thercfore, determining the amount of mullite 1n filaments 1s best done by comparing
the size of a mullite XRD peak, ¢.g. at 15° or 26° 20, of the tested sample 1s compared to a
reference sample or samples. As an example, a filament fired at 1500 °C for 1 hour may be
considered to be 100% converted to mullite, and the size of the peak 1n an unknown sample may
be compared with the size of the same XRD peak 1n the 1500 °C sample.

[0069] In one embodiment (not shown 1n FIG. 3), the green nonwoven web 120 1s heated (¢.g.,
fired) at a temperature and for a time sufficient to convert the nonwoven web to a cohesive mat
having incorporated therein polycrystalline, aluminosilicate ceramic filaments having an average
mullite percent of about 15 wt% to about 80 wt%. In general, the green nonwoven web 120 should
be heated to a firing temperature of at least 1,000 °C, 1,250 °C, 1,500 °C, or even higher
temperature. Higher firing temperatures may result in shorter firing times, and conversely, longer
firing times may permit use of lower firing temperatures. In general, the firing time should be at
least 30 minutes, 1 hour, 2 hours, 4 hours, 5 hours, 7.5 hours, 10 hours, or even longer. In general,

the firing time should be less than 24 hours, less than 20 hours, less than 15 hours, less than 12
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hours, or even 10 hours. Suitable firing furnaces (1.¢., kilns) are well known to those skilled 1n the

art, for example, the continuous kilns manufactured by HED International, Inc. (Ringoes, NJ).

Optional Processing Steps

[0070] Certain optional processing steps may be found advantageous 1n practicing various
exemplary embodiments of the present disclosure. For example, the cohesive ceramic mats may
be subjected to at least one of needle-punching, stitch-bonding, hydro-entangling, binder
impregnation, and chopping of the cohesive mat into discrete fibers.

[0071]  Thus, 1n one currently contemplated exemplary embodiment, the cohesive mat may be
chopped to produce a plurality of discrete, polycrystalline, aluminosilicate ceramic fibers, each
having an average diameter of less than about 2 microns and a mullite content of at least 15 wt%
and up to 80 wt%. The resulting chopped fibers may then be further processed, for example, using
at least one of wet-laying or air-laying, to form a fibrous ceramic mat imncluding discrete
aluminosilicate ceramic fibers.

[0072] Embodiments of fibrous nonwoven mounting mats described herein can be made, for
example, by feeding chopped, individualized fibers (€.g., about 2.5 cm to about 5 ¢cm 1n length)
into a lickerin roll equipped with pins such as that available from Laroche (Cours la ville, France)
and/or conventional web-forming machines commercially available, for example, under the trade
designation "RANDO WEBBER" from Rando Machine Corp. (Macedon, N.Y); "DAN WEB"
from ScanWeb Co. (Denmark), wherein the fibers are drawn onto a wire screen or mesh belt (e.g..,
a metal or nylon belt). If a "DAN WEB"-type web-forming machine 1s used, the fibers are
preferably individualized using a hammer mill and then a blower. To facilitate case of handling of
the mat, the mat can be formed on or placed on a scrim.

[0073] Embodiments of fibrous nonwoven mounting mats described herein can be also made,
for example, using conventional wet-forming or textile carding. For wet forming processes, the
fiber length 1s often from about 0.5 ¢cm to about 6 cm.

[0074]  In some exemplary embodiments, particularly with wet forming processes, a binder
may be advantageously used to facilitate formation of the mat. In some embodiments, nonwoven
mats described herein comprise not greater than 10 (in some embodiments not greater than 4, 3, 2,
1,0.75, 0.5, 0.25, or even not greater than 0.1) percent by weight binder, based on the total weight
of the mat, while others contain no binder.

[0075]  Optionally, some embodiments of fibrous nonwoven mounting mat described herein are
ncedle-punched (1.¢., where there 1s physical entanglement of fibers provided by multiple full or
partial (in some embodiments, full) penetration of the mat, for example, by barbed needles). The
nonwoven mat can be needle punched using a conventional needle punching apparatus (¢.g., a

needle puncher commercially available, for example, under the trade designation "DILO" from
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Dilo Gmbh (Germany), with barbed needles commercially available, for example, from Foster
Needle Company, Inc. (Manitowoc, WI) or Groz-Beckert Group (Germany), to provide a needle-
punched, nonwoven mat.

[0076]  Needle punching, which provides entanglement of the fibers, typically involves
compressing the mat and then punching and drawing barbed needles through the mat. The efficacy
of the physical entanglement of the fibers during needle punching 1s generally improved when the
polymeric and/or bi-component organic fibers previously mentioned are included 1n the mat
construction. The improved entanglement can further increase tensile strength and improve
handling of the nonwoven mat. The optimum number of needle punches per area of mat will vary
depending on the particular application.

[0077]  Typically, the nonwoven mat 1s needle punched to provide about 5 to about 60 needle
punches/cm” (in some embodiments, about 10 to about 20 needle punches/cm”.

Optionally, some embodiments of mounting mat described herein are stitchbonded using
conventional techniques (see e€.g., U.S. Pat. No. 4,181,514 (Letkowitz et al.), the disclosure of
which 1s incorporated herein by reference for its teaching of stitchbonding nonwoven mats).
Typically, the mat 1s stitchbonded with organic thread. A thin layer of an organic or inorganic
sheet material can be placed on either or both sides of the mat during stitchbonding to prevent or
minimize the threads from cutting through the mat. If 1t 1s desirable for the stitching thread to not
decompose 1n use, an morganic thread, (e€.g., ceramic or metal (such as stainless steel) can be used.
The spacing of the stitches 1s usually about 3 mm to about 30 mm so that the fibers are uniformly
compressed throughout the entire area of the mat.

[0078] The operation of the present disclosure will be further described with regard to the
following detailed examples. These examples are oftered to further illustrate the various specific
and preferred embodiments and techniques. It should be understood, however, that many
variations and modifications may be made while remaining within the scope of the present

disclosure.

EXAMPLES

[0079] These Examples are merely for illustrative purposes and are not meant to be overly
limiting on the scope of the appended claims. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the present disclosure are approximations, the
numerical values set forth 1in the specific examples are reported as precisely as possible. Any
numerical value, however, inherently contains certain errors necessarily resulting from the
standard deviation found 1n their respective testing measurements. At the very least, and not as an

attempt to limit the application of the doctrine of equivalents to the scope of the claims, cach
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numerical parameter should at least be construed 1n light of the number of reported significant

digits and by applying ordinary rounding techniques.

Summary of Materials

[0080] Unless otherwise noted, all parts, percentages, ratios, etc. in the Examples and the rest
of the specification are by weight. Solvents and other reagents used may be obtained from Sigma-
Aldrich Chemical Company (Milwaukee, WI) unless otherwise noted. In addition, Table 1
provides abbreviations and a source for all matenals used 1in the Examples below:

Table 1: Matenals

Name Description Source

DelPAC XG Al>(OH)sCl, aluminum USALCO, LLC,
chlorohydrate (ACH, 22.17% | Baltimore, MD
Al»Ox5)

Nalco 1034A 35.60% Aqueous Colloidal Nalco Corp., Naperville, IL
Silica Sol

Selvol 523 Polyvinyl Alcohol Sckisui Specialty Chemacal,

LLC, Dallas, TX

Test Methods

[0081]  The following test methods have been used 1in evaluating some of the Examples of the

present disclosure.

Mullite Content Measurement Procedure:

[0082] Powder x-ray diffraction was used to measure mullite content. Powders were analyzed
with a Rigaku MiniFlex 600 diffractometer (Tokyo, Japan) using Cu K, radiation. The mullite
content of example materials was determined by measuring the relative peak height of the 26° 20
mullite and comparing to the same peak after the filaments were fired to 1500 °C for 1 hour.

Filaments were considered to be 100% converted to mullite 1n the latter condition.

Filament or Fiber Diameter Measurement Procedure:

[0083]  The diameter of the ceramic filaments was determined using an optical microscope
(Kayence VHX Digital Microscope System) which includes analytic software. Samples were
prepared by spreading representative samplings of ceramic filaments on doublestick tape attached
to a glass slide and measuring the diameters of at least 40 ceramic filaments at 1000X

magnification.
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[0084] Images of fiber mats were also captured using a Scanning Electron (Zeiss EVO MA,
Carl Zeiss Microscopy USA, Thomwood, NY).

Sol-Gel Precursor

[0085]  Aluminum chlorohydrate (ACH), colloidal silica, DI water, and polyvinyl alcohol
(PVA) were mixed together and concentrated by evaporation under vacuum. As noted 1in Table 1
above, the ACH (DelPAC XG) was sourced from USALCO, LLC, the source of colloidal silica
was Nalco 1034 A, and the PV A was sourced from Sekisu1 Selvol 523. The ceramic composition

was 76% Alumina and 24% Silica, with 10% PV A (per weight of alumina).

Green Filament Firing Method:

[0086]  Fining of green filaments can be considered to comprise two main segments. The first
1s a lower temperature pre-fire (burnout) segment 1n which organics are removed and inorganic
phases begin to form. The second 1s a high temperature crystallization and sintering segment
where the filaments density and high temperature crystalline phases form. The two segments can
be performed separately (¢.g., a pre-fire followed by cooling to room temperature before sintering)
or sequentially 1n a continuous process (¢.g., a pre-fire followed immediately by sintering without
allow the matenal to cool).

[0087]  Filament webs were fired 1n a continuous roller kiln. The mats were conveyed through
the kiln by a flat array of ceramic rollers. Webs were laid on a section of woven Nextel ceramic
fiber belt to be conveyed through the kiln.

[0088] The roller kiln has a series of heated zones with gradually and progressively increasing

temperatures, from room temperature up to a temperature sutticient to crystallize the filaments
partially or completely to mullite, which 1s generally about 1200 °C to about 1350 °C.

[0089] During this process, most organic components and chlorine (Cl) are volatilized from the
filaments between 250 °C and 600 °C. The rate of temperature increase 1s controlled, for instance
to avoid degradation of the filaments as volatiles are removed and the filament converts to
ceramic, shrinks, and crystallizes. It may be desirable to control the volatilization process by
introducing air, steam, nitrogen or other gases to the kiln between 200 °C and 700 °C. It 1s also
desirable to exhaust the volatiles produced. In some embodiments, the kiln 1s also provided with

exhaust ports to remove volatiles such as CO, and HC1. The exhaust ports also create a negative

pressure within the kiln to prevent hazardous or corrosive volatiles from escaping from the kiln.

Example 1
[0090] 280 g of concentrated ACH-s1lica-PVA sol was diluted with 28 g DI H,O and mixed to

dissolve. The ACH-silica sol had a composition 76% Al,03-24% S10, and was made from
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Aluminum Chlorohydrate (Locron, Inc.), Nalco 1034 silica sol, and polyvinyl alcohol (9 wt%

solution of Poval 22-88, a high molecular weight, intermediate hydrolysis level (88-89%)

polyvinyl alcohol). The amount of PVA was 10 wt% relative to Al,Os5. After dilution, the
viscosity of the 76:24 sol was 5,000 cP (5 Pa-sec).
[0091] Filaments were blown using a 2 inch (5 cm) BMF die with 50 holes each 6 mil (0.15

mm) 1n diameter. A silicone and fluorochemical release agent was used to avoid wetting by the

aqueous sol. Blowing air to the die was humified to 90% RH using injecting water spray into a

chamber with heated air. The air was cooled back to room temperature in a water bath. Filaments

were blown with die air at 15 cubic feet per minute (cfm) (0.007 m’/sec) into a space between two

12 inch (30 cm) high by 6 inch (15 cm) wide quench boxes with heated 85 °C air at 11 ¢tm per

quench box. The filaments were collected on a vacuum collector screen 30 mch (76 cm) below the

blowing die.

[0092]  The diameter of the as-spun green filaments for each air flow setting 1s set forth below

in Table 2. The relative standard deviation in diameter was 18% and 22% for Samples 1 and 2,

respectively.
Table 2
Filament Sol Pressure Die Air Green Diameter | Fired Diameter
Sample No. (psi) (cfm) (um) (um)
(Pa) (lIiter/min)
1 5 15 2.2 1.4
(34) (7)
2 11 15 2.6 1.9
(76) (7)

[0093] Filaments were fired 1in a continuous kiln, heating over 34 minutes to 1285 °C with

flowing stcam and air. The filaments remained flexible and feel soft to the touch. As shown 1n

Table 2 above, SEM microscopy found that the filaments were 1.4 um and 1.9 um in diameter for

Samples 1 and 2, respectively. As expected, fired filament diameter shrank to approximately 70%

of the green filament diameter, as shrinkage results from the evaporation of volatiles and

climination of porosity. The filaments were many centimeters long, perhaps even tens or hundreds

of centimeters 1n length, and some filaments were essentially continuous. Filament diameter was

uniform down their length, and the relative standard deviation of diameter between filaments was

20%. There was no shot, and the filament surfaces were relatively smooth.
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[0094]  The mullite content of the Sample 1 filaments after 1285 °C firing as measured by
powder XRD was 2%. This test compares mullite XRD peak height (26° 20) to a reference
sample heated to 1500 °C for 1 hr. After heating to 1330 °C, the mullite content increased to 14%.
[0095] A SEM photograph at 5000X of the mat made using the filaments of Sample 2 1s shown
in FIG. 4.

[0096]

Example 2

[0097] An ACH-silica sol with composition 76% Al,03-24% S10;, and 10 wt% PVA relative to
Al,Oszwas prepared. After dilution, the viscosity of the 76:24 sol was 9,800 cP (9.8 Pa-sec).
[0098] The sol was blown using a BMF die with fifty holes as in Example 1, except that the
holes had a diameter of 15 mils (0.38 mm). The diec gap was 30 mil (0.76 mm) and standoff was
+20 ml (0.50 mm). The sol was pressurized to 0.4 ps1 (3 Pa).

[0099] Filaments collected on the vacuum screen were uniform and dry. At 6.5 ¢tm (0.003
m°/sec) die air, the green filament diameter was 5.3 um. When air was increased to 9 cfm (0.004
m°/sec), the diameter was reduced to 3.7 um. The relative standard deviation of diameter was 7%
and 14% for the two samples, respectively. At 70% of green diameter, the fired diameter would be
expected to be 2.6 um. This example illustrates that large, 15 mil holes can be used to make BMF
filaments, but the larger diameters were not preferred.

[00100] Tensile strength of the nonwoven mats in Example 2 was measured using a tensile
tester (Instron, Inc). Webs with 270 g/m? basis weight were cut to 7/8 inch (22.2 mm) width and 3
inch (76.2 mm) length, gripped using rubber-faced grips at 20 ps1 (146 Pa) grip pressure at 1 inch
(25.4 mm) gauge length, and loaded to failure at 0.5 inch (12.7mm)/minute. The thickness of the
mats was measured with a TMI tester so that strength could be calculated. Mats fired at 1285 °C
had tensile strength over 200 ps1 (1460 Pa). Webs fired to 1330 °C with 65% mullite had tensile
strength up to 60 ps1 (410 Pa).

[0100] The detailed results are shown 1n Table 3 below.
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Table 3
1285
°C, 2% 0.875 0.066 11.6 201
mullite (22.2) (1.63) . (3.3) (1390)
1285
°C, 2% 0.0435 11.1 255
mullite (25.4) (1.10) . (5.0) (1760)
1330
OC,
65% 1.25 0.075 5.6 60
mullite (31.8) (1.91) . (2.6) (410)
1330
OC,
65% 1.375 0.04 2.06 37
mullite (34.9) (1.02) . (0.94) (255)
[0101]  The ability of mats in Example 2 to withstand repeated flexure was determined using a
Flexural endurance Tester (Tinnius Olsen Testing Machine Co, Inc.) Testing conformed to ASTM
D2176, and consists of folding the mats at 30-60 cycles per minute over 270 degrees of arc. One
cycle 1s a double fold, bending the mat 135 degrees one direction, then 135 degrees 1n the other

direction. The machine also puts a 100 gram load on the sample using a pu

lley and dead load

*

arrangement. The gauge length of the mat 1n the tester was1.5™. The mats were grippe

d 1n a steel

fixture with a 70 mil wide gap which has a sharp edge with 45 degree tapers. This bending over a

sharp edge provides a severe test for a ceram

(0102]

* *

1C material.

Mats with greater than 60% mullite had flex endurance of 18-140 double cycles under

100g load, and endured more than 2000 cycles at zero tensile load without breaking. The results

arc shown 1n Table 4 below.
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(1400 °C/10 min 60% 251 18 100

6 60% 231 33 100
3 269 21 100
4 285 140 100
5 256 73 100
6 >2807

Example 3A

[0103] Filaments were spun with a 6 mil (0.15 mm) die as in Example 1, with die air flow from

15 c¢tm (7 Iiter/min) to 30 cfm (14 Iiter/min). As air flow increased, diameter decreased from 4.1

um down to 3.1 um, consistent with the increased stretching force from the die air.

[0104]  When sol pressure was reduced to 7 psi1 (48 Pa), the filament diameter was reduced to

* *

2.1 um (equivalent to 1.4 um fired). Based on weight collected, the tflow rate of filament collected

was reduced from 0.19 g/hole/min to 0.05 g/hole/min. The demonstrates that reducing sol pressure

* *

d flow per hole can reduce filament diameter. Relative standard deviation was less than 30% for

all conditions.

*

[0105]  The results are shown 1n Table 5 below, and the results are plotted in FIG. 5 for samples

*

3-6 at 15 ps1 (103 Pa) sol pressure with die air flow rates increasing from 15-30 c¢tm (7 liter/min to

*

14 liter/min).

Table 5

Filament

Sample

Sol Pressure | 15 15 15 15
(psi) (103) (103) (103) (103) (48)
(Pa)

Die Air 15 20 25 30 20
ctm) (7) (9) (11) (14) ©)

(liter/min)
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Mean Green | 4.1 3.6 3.4 3.2 2.1

Filament

Diameter

(um)

Standard 1.04 0.62 0.52 0.87 0.38

Deviation

RSD (%) 25 4 173 152 270 17.7

Example 3B
[0106]  Filament mats with a web basis weight of about 200 g/m” made from the filaments of

samples 3 and 7 were fired to 1300 °C as in Example 1. Filament diameter after firing was 63%
and 71% of green (unfired) diameter for the two filaments, respectively. The results are shown 1n

Table 6 below. Higher air flow rate and velocity reduces filament diameter.

Table 6

Filament Sample 3 7

Sol Feed Rate (g/hole/min) | 0.019 0.005
Die Air 15 20
(cfm) (7) (9)
(liter/min)

Mean Diameter Fired 2.6 1.5
(um)

Standard Deviation 091 0.28
RSD (%) 34.7 18.4

[0107]  The mullite content of Sample 7 after firing to 1300 °C was 3%, and after firing to 1330
°C, 72%. A picture of the 1330 °C-fired mat 1s shown 1n FIG. 6. The mat or web at the right in
F1G. 6 was folded over twice. The mat could be folded and unfolded without visible damage,
which demonstrates the tlexibility and soft feel of this small diameter mat.

[0108]  The graph in FIG. 7 shows the development of crystalline mullite as a function of heat
treatment temperature for Sample 7. The mullite content increases from about 2% to greater than

about 50% above 1315 °C. Simultancously, the content of y-Al,O3 decreases to 25% relative to
the height of the 20 = 67° peak at 1285 °C. A third phase, ®-Al,0s, appears at 1360 °C and
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above. The presence of the transition aluminas y-Al,O3 and ®-Al, O3 indicate that the 76%
composition, which 1s higher than the 72% Al,Os of 3A1,05:2810, mullite, creates metastable

alumina phases at very high temperatures where one would expect to find a-Al,Os.

Example 4
[0109] An ACH-silica sol with composition 76% Al,03-24% S10;, and 10 wt% PVA relative to

Al,O3 was prepared at 2,000 cP (2 Pa-sec). The sol was blown using a BMF die with eighty 6 muil
(0.15 mm) holes as in Example 1. Die tip setback was -0.02 inch (0.50 mm), and the die gap was
0.03 1inch (0.76 mm). The sol was pressurized to 6 ps1 (41 Pa). Below 10 c¢tm (5 liter/min) die air,
fiberization was poor, and sol dripped from many of the holes 1 the die. With the die at 13 c¢tm (6
liter/min), filaments were uniform and dry.

[0110]  With 6 ps1 (41 Pa) sol pressure, the green filament diameter was 3.1 um and the
collection rate was 1.3 g/minute. When the sol pressure was decreased to 3 psi1 (21 Pa), the green
filament diameter was reduced to 2.9 um (equivalent to 2.0 um fired). The RSD was 19% and
32%, respectively.

Example 5
[0111] An ACH-silica sol with composition 76% Al,03-24% S10, and 10wt% PVA relative to

Al,O3 was prepared at 4,000 cP (4 Pa-sec). The sol was blown using a BMF die with eighty 6 mil
(0.15 mm) holes as in Example 1. Die tip setback was -0.02 inch (0.50 mm), and the die gap was
0.03 1nch (0.76 mm). The sol was pressurized to 12.5 ps1 (86 Pa). Filaments were blown with 25
ctm (12 Iiter/min) die air.

[0112]  The resulting filaments were uniform and dry. The green filament diameter was 3.8 um
with a RSD of 17%, and after firing, diameter was 3.3 um with a measured RSD of 28%. The
filaments were collected at 2.35 g/minute or 0.29 g/hole/min. A flexible, soft, non-woven mat
with web basis weight of 250 g/m* was produced.

[0113]  After firing to 1285 °C and 1330 °C, the mullite content was 2 wt% and 58 wt%,
respectively. The mat was flexible after both firing conditions.

[0114]  Reference throughout this specification to "one embodiment," "certain embodiments,"
"one or more embodiments” or "an embodiment,” whether or not including the term "exemplary”
preceding the term "embodiment,” means that a particular feature, structure, matenal, or
characteristic described in connection with the embodiment 1s included 1n at least one embodiment
of the certain exemplary embodiments of the present disclosure. Thus, the appearances of the

phrases such as "in one or more embodiments,” "in certain embodiments,” "1n one embodiment” or

"In an embodiment” 1 various places throughout this specification are not necessarily referring to
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the same embodiment of the certain exemplary embodiments of the present disclosure.
Furthermore, the particular features, structures, matenals, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

[0115]  Whuile the specification has described 1n detail certain exemplary embodiments, 1t will
be appreciated that those skilled 1n the art, upon attaining an understanding of the foregoing, may
readily concerve of alterations to, variations of, and equivalents to these embodiments.
Accordingly, it should be understood that this disclosure 1s not to be unduly limited to the
1llustrative embodiments set forth hereinabove. In particular, as used herein, the recitation of
numerical ranges by endpoints 1s intended to imnclude all numbers subsumed within that range (¢.g.,
1 to 5 ncludes 1, 1.5, 2,2.75, 3, 3.80, 4, and 5). In addition, all numbers used herein are assumed
to be modified by the term "about.”

[0116]  Furthermore, all publications and patents referenced herein are incorporated by
reference 1 their entirety to the same extent as if each individual publication or patent was
specifically and individually indicated to be incorporated by reference. Various exemplary
embodiments have been described. These and other embodiments are within the scope of the

following claims.
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What i1s claimed 1s:

1. A nonwoven article comprising a plurality of polycrystalline, aluminosilicate ceramic
filaments entangled to form a cohesive nonwoven mat, wherein each of the aluminosilicate
ceramic filaments 1n the mat have an average diameter of less than about 2 microns (um), and
wherein the aluminosilicate ceramic filaments comprise an average of about 15 wt% to about 80

wt% crystalline mullite.

2. The nonwoven article of claim 1, wherein the aluminosilicate ceramic filaments comprise

about 50 wt% to about 80 wt% crystalline mullite.

3.  The nonwoven article of claims 1 or 2, wherein the nonwoven mat further comprises fibers
selected from the group consisting of alumina fibers, silica fibers, silicon carbide fibers, silicon
nitride fibers, carbon fibers, glass fibers, metal fibers, alumina-phosphorous pentoxide fibers,
alumina-bona-silica fibers, zirconia fibers, zirconia-alumina fibers, zirconia-silica fibers, non-fibrous
material selected from the group consisting of acrogels and glass bubbles, and mixtures or

combinations of the foregoing.

4.  The nonwoven article of any one of claims 1 to 3, wherein the plurality of polycrystalline,
aluminosilicate ceramic filaments have an alumina to silica ratio 1n the range of 60:40 to 90:10 by

weight.

5.  The nonwoven article of any one¢ of claims 1 to 4, wherein the plurality of polycrystalline,

aluminosilicate ceramic filaments have an alumina to silica ratio of about 76:24 by weight.

6. The nonwoven article of any one of claims 1 to 5, wherein the plurality of polycrystalline,

aluminosilicate ceramic filaments comprise about 73% to about 80% alumina.

7.  The nonwoven article of any one of claims 1 to 6, wherein the nonwoven mat further
comprises a binder to bond together the plurality of polycrystalline, aluminosilicate ceramic

filaments.
8.  The nonwoven article of claim 7, wherein the binder 1s chosen from a (meth)acrylic

(co)polymer, poly(vinyl) alcohol, poly (vinyl) pyrrolidone, poly(ethylene oxide, poly(vinyl)

acctate, polyoletin, polyester, and combinations thercof.
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9.  The nonwoven article of claim 7, wherein the binder 1s chosen from silica, alumina, zirconia,

kaolin clay, bentonite clay, silicate, micaceous particles, and combinations thereof.

10. A nonwoven article of any one of claims 1 to 9, wherein the article 1s selected from the group
consisting of a filtration article, a thermal insulation article, an acoustic insulation article, a fire
protection article, a mounting mat for a vehicle component, a gasket, a catalyst support, and

combinations thercof.

11. A method of making a nonwoven web, the method comprising:

flowing an aqueous ceramic precursor sol through at least one orifice to produce at least one
substantially continuous filament, wherein the aqueous ceramic precursor sol comprises silica
particles, water, and a hydrolysable aluminum-contaimning compound;

attenuating the filaments with a high velocity air stream to draw the filaments to an

average diameter not less than or equal to 10 micrometers (um);

removing at least a portion of the water from the at least one substantially continuous
filament to at least partially dry the at least one substantially continuous filament:;

collecting the at least partially dried filaments as a green nonwoven web on a collector
surface; and

heating the green nonwoven web at a temperature and for a time sufficient to convert the
green nonwoven web to a cohesive mat comprised of at least one polycrystalline, aluminosilicate
cecramic filament comprising about 15 wt% to about 80 wt% crystalline mullite, wherein each of
the aluminosilicate ceramic filaments 1n the cohesive mat has an average diameter of less than 2

microns (pm).

12.  The method of claim 11, further comprising directing a stream of gas proximate the at least
on¢ substantially continuous filament to at least partially dry the at least one substantially

continuous filament, optionally wherein the stream of gas 1s heated.

13.  The method of any one of claims 11 or 12, wherein the aqueous ceramic precursor sol

comprises aluminum chlorohydrate, silica and polyvinyl alcohol (PVA).

14.  The method of claim 13, wherein the aqueous ceramic precursor sol further comprises a

detoamer.
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15. The method of any one of claims 11 to 14, wherein the plurality of polycrystalline,
aluminosilicate ceramic filaments have an alumina to silica ratio 1n the range of 60:40 to 90:10 by

weight.

16. The method of claim 15, wherein the plurality of polycrystalline, aluminosilicate ceramic

filaments have an alumina to silica ratio of about 76:24 by weight.

17. The method of claim 15, wherein the plurality of polycrystalline, aluminosilicate ceramic

filaments comprise about 73% to about 80% alumina.

18. The method of any one of claims 11 to 17, wherein aqueous ceramic precursor sol comprises

about 10% PVA per weight of alumina.

19. The method of any one of claims 11 to 18, wherein the at least one polycrystalline,

aluminosilicate ceramic filament comprises at least 50 wt% crystalline mullite.

20. The method of claim 19, wherem the at least one polycrystalline, aluminosilicate ceramic

filament comprises at least 70 wt% crystalline mullite.

21. The method of any of claims 11 to 20, further comprising at least one of needle-punching,

stitch-bonding, hydro-entangling, binder impregnation, and chopping of the cohesive mat.
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