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Robert G. Lachenauer, Weston, MA 
(Us);_sun?kumar C‘ Pillai’ North A highly porous substrate is provided using an extrusion 
Blnenca, MA (Us) system. More particularly, the present invention enables the 

_ production of a highly porous substrate. Depending on the 
gizrggpglédggcgs particular mixture, the present invention enables substrate 
12 R CABOT R 0 AD porosities of about 60% to about 90%, and enables advan 
WbBURN M A 01801 U s tages at other porosities, as Well. The extrusion system 

’ ( ) enables the use of a Wide variety of ?bers and additives, and 
_ is adaptable to a Wide variety of operating environments and 

(21) Appl' NO" 11/323’429 applications. Fibers, Which have an aspect ratio greater than 
(22) Filed, Dec 30 2005 l, are selected according to substrate requirements, and are 

' l ’ typically mixed With binders, pore-formers, extrusion aids, 

Related US Application Data and ?uid to form a homogeneous extrudable mass. The 
homogeneous mass is extruded into a green substrate. The 

(60) provisional application NO_ 60/737’237’ ?led on NOV_ more volatile material is preferentially removed from the 
16, 2005 green substrate, Which alloWs the ?bers to form intercon 

nected networks. As the curing process continues, ?ber to 
Publication Classi?cation ?ber bonds are formed to produce a structure having a 

substantially open pore network. The resulting porous sub 
(51) Int. Cl. strate is useful in many applications, for example, as a 

B01D 39/20 (2006.01) substrate for a ?lter or catalyst host, or catalytic converter. 
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OPEN CELL NETWORK 

Partially open pore structure Closed cell network with about 15% to 
(porosity about 55%) 30% porosity 

CLOSED CELL NETWORK 

(Prior Art) 

FIG. 4 
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TABLE 1 ~ ~ FIBER SELECTION 

FIBER COMPOSITIONS FIBER COMPOSITIONS (CONT) 

Mm“? Phenolic ?bers 
Alh‘lmma Polymeric fibers 
81h“ - Cellulose 

Blends of alumina and silica Km“ 
Blends of alumina Kevlar 
Silica and aluminosilicate Nylon 
Aluminaborosilicate PTPE 
Silicon carbide Te?on 
Silicon nitride‘ Kym; 
Cordierite Mylar 
Nextel 312, 440, 550, 610, 650, 720, Zircon ?bas 
YAG (yttrium aluminum garnet) ?bers and the Nickd 
AETB compositions copper 
Alumina-mullite Brass 
Alumina-silica-zirconia stainl as; steel 
Alumina-silica-chromia Nickel chromium 
Magnesium-silicate NB A1 
Magnesium stronu'um silicate 
Magnesium calcium su'on?um silicate 
Fiber-glass WHISKERS 
‘ii-glassv 
Cordierite fiber 
Aluminum titanate ?ber 54 go_ A1203 
Strontium titanium oxide R3203 
Titania fiber EEO 
Titanium carbide ?ber MOO 
Calcium aluminasilicate :Yio 
Nextel ?bers ‘C’ZOS - 
Almax fibers ZnO 
Fibrox ?bers SEN‘; 
Polyster ?bers 
Aramid fibers zns 
Carbon fibers Cds 
Hoshns Tungsten Oxide 
Inconel ‘£86 
Hastello}r CYB 
Yittrium nickel gamett Sic 
FeCrAl alloys 84c 

FIG. 6 



Patent Application Publication May 17, 2007 Sheet 8 0f 17 

FIBER STATES 

Amorphous 
Glass 
Glass-Ceramic 
Polycrystalline 

TABLE 1 - - FIBER SELECT] ON (CONT) 

Mono-crystalline (whisker) 
Whisker'like ' 

SPECIFIC DATA ON SELECTED FIBERS 

Trade Nam 2 
Fiber FP * 
PRU-166 a 

Nextel 312 
Nextel 720 
Nextel 550 
Nextcl 610 
Almax 
Aim 
Saphikon ' 

Ni calon NLZOO 
Hi -i\‘i calon 
Tyranno Lox M 
Sylramic 
Tonen 
SCS-6 
Nextel 610 
Nextel 720 
Almax 
Saphikon 

mm 
DuPont 
DuPont 

3M 

Mitsui Mining 
Sumitomo 
Saphikon 

Comgggition {339/61 

62% A120; 24% SiO; 14% B203 
85% A110; 15% SiO; - 
73% A110; 27% SiO; 
(12-03% 850; 04-07% F8303 > 99% a-AbO; 
> 99% a-AIZOS 
85% ‘315.120; 15% SK), 
100% A120; 
Si -C-O ' 

Si-C 
Si-C-O-Ti 
SiC, TiB; 
Si -N-C 
SiC 
A120; 

A120; 
A130; (single crystal) 

Note: Nextel 312 has a composition (by weigmt) of 62% alumina, 24% silica and 14% 
boria; Nextel 440 has a composition of 70% alumina, 2 ‘36 silica and 2% boria; Nextel 
550 is 73% alumina and 27% silica; Nextel 610 is >99% alumina; and Nextel 720 is 85 ‘36 
alumina and 15% silica. AETB is an acronym for alumina-enhanced thermal barrier, 
and AETB materials include alumina-silica-boria compounds, and combinations of 
alumina, silica, boria, and] or ahmtinoborosilicates. ' 

FIG. 6 
(CONT! NU ED) 
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Table 2 - - Binder Selection 

ORGANIC BINDERS 
Thermo Plastic Resins 
polyethylene 
polypropylene 
polybutene 
polystyrene 
polyvinyl acetate 
polyester 
lsotactic polypropylen 
atactic polypropylene 
polysulphone 
polyacetal polymers 
polymethyl methacrylate 
fumaron~indane copolymer 
ethylene vinyl acetate copolymer 
styrene~butadiene copolymer 
acryl rubber 
polyvinyl butyral 
inomer resin 

Thermosetting Binders 
Epoxy resin 
nylon 
phenol formaldehid e 
phenol furfural 

Waxes 
paraflin wax 
wax emulsions 
microcrystalline wax 

0 are 
Celluloses 
dextrines 
chlorinated hydrocarbons 
refined alginates 
starches 
gelatins 
lignins 
rubbers 
acrylics 
bitumens 
casein 
gums 
albumins 
proteins 
glycols 

INORGANIC BlNDERS 
soluble silicates 
soluble aluminates 
soluble phosphates 
ball clay 
kaolin 
bentonite 
colloidal silica 
colloidal alumina 
bore phosphates 

WATER SOLUABLE BINDERS 
Hydroxypropyl methyl cellulose 
hydroxyethyl cellulose 
methyl cellulose 
sodium carboxymethyl cellulose 
polyvinyl alcohol 
polyvinyl pyrrolid one 
polyethylene oxide 
polyacrylamides 
polyethyterimine 
agar 

_ agarose 

molasses 
dextrines 
starch 
lignosullonates 
lignin liquor 
sodium alginate 
gum arabic 
xanthan gum 
gum tragacanth 
gum karaya 
locust bean gum 
irish moss 
scleroglucan 
acrylics 
cationic galactomanan 

FIG. 6 
(CONTINUED) 
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PLA STlC IZE RS 
Stearic acid 
polyethylene glycol 
po lypropylen e glycol 
propylene glycol 
ethylene glycol 
diethytene glycol 
triethylene glycol 
tetraethylen e glycol 
dimethyl phthalate 
dibutyl phthalate 
diethyl phthalate 
dioctyl phthalate 
dialtyl phthalate 
glycerol 
oleic acid 
butyl ste arate 
microcrystalline wax 
paratfin wax 
japan wax 
cam so be wax 
bees wax 
ester wax 
vegetable oil 

silicon oil 
hydrogenated peanut oil 
tritolyl phosphate 
clycerol monostearate 
orga no silane 
water 
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TABLE 3 - - PORE FORMER SELECTION 

Carbon black 
activated carbon 
graphite flakes 
synthetic graphite 
wood flour 
modified starch 
starch 
oelluloses 
coconut shell flour 
husks 
latex spheres 
bird seeds - 

saw dust 
pyrolyzable polymers 

poly (alkyl methacrylate) 
polymethyl methacrylate 
polyethyl methacrylate 
poly n~butyl methacrylate 

polyethers 
poly tetrahydrofuran 
poly (1 ‘3-dioxolane) 

poly (alkalene oxides) 
polyethylene oxide 
polypropylene oxide 

gyrolygable polmers {cont} 
methacrylate copolymers 
polyisobutylene 
polytrimethylene carbonate 
poly ethylene oxalate 
poly beta‘propiolactone 
poly delta-vaterolactone 
polyethylene carbon ate 
polypropyle ne carbon ate 
vinyl toluenelalpha-methyl styrene copolymer 
styrenelalphemethyl styrene copolymers 
olefin-sulfur dioxide copolymers 

TABLE 4 - ‘ FLUID SELECTION 

Water 
Melted Binder (see Table 2) 
Organic solvents 

(CONTlNU ED) 
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TABLE 3 - - RH EOLOGY CHART 

/ 230 

Cnnesian 5112mm (We) 

0 t; g ' 10 a2 14 L\234 
Pmssure. Deger?encs (iicpawaw 280) 

P36. 6 
(CON'NNUED) 
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EXTRUDED POROUS SUBSTRATE AND 
PRODUCTS USING THE SAME 

RELATED APPLICATIONS 

[0001] This application claims priority to US. provisional 
patent application No. 60/737,237, ?led Nov. 16, 2005, and 
entitled “System for Extruding a Porous Substrate”, Which is 
incorporated herein in its entirety. 

BACKGROUND 

[0002] 1. Field 

[0003] The present invention relates generally to an extru 
sion processes for extruding a porous substrate, and in one 
particular implementation to an extrusion process for extrud 
ing a porous ceramic substrate. 

[0004] 2. Description of Related Art 

[0005] Many processes require rigid substrates for facili 
tating and supporting various processes. For example, sub 
strates are used in ?ltering applications to ?lter particulate 
matter, separate different substances, or remove bacteria or 
germs from air. These substrates may be constructed to 
operate in air, exhaust gases or liquids, and may be manu 
factured to endure substantial environmental or chemical 
stresses. In another example, catalytic materials are depos 
ited on the substrate for facilitating chemical reactions. For 
example, a precious metal may be deposited on an appro 
priate substrate, and the substrate may then act to catalyti 
cally convert dangerous exhaust gases into less noxious 
gases. Typically, these rigid substrates operate more effec 
tively With a higher porosity. 

[0006] Porosity is generally de?ned as the property of a 
solid material de?ning the percentage of the total volume of 
that material Which is occupied by open space. For example, 
a substrate With 50% porosity has half the volume of the 
substrate occupied by open spaces. In this Way, a substrate 
With a higher porosity has less mass per volume than a 
substrate With a loWer porosity. Some applications bene?t 
from a loWer mass substrate. For example, if a substrate is 
used to support a catalytic process, and the catalytic process 
operates at an elevated temperature, a substrate With a loWer 
thermal mass Will more quickly heat to its operational 
temperature. In this Way, the time for the catalyst to be 
heated to its operational temperature, i.e., light off time, is 
reduced by using a more porous and less thermally massive 
substrate. 

[0007] Permeability is also an important characteristic for 
substrates, particularly ?ltering and catalytic substrates. Per 
meability is related to porosity, in that permeability is a 
measure of hoW easily a ?uid, such as a liquid or gas, may 
?oW through the substrate. Most applications bene?t from a 
highly permeable substrate. For example, an internal com 
bustion engine operates more e?iciently When the after 
treatment ?lter provides loWer back pressure to the engine. 
LoW back pressure is created by using a more highly 
permeable substrate. Since permeability is more di?icult to 
measure than porosity, porosity is often used as a substitute 
guide to the permeability of a substrate. HoWever, this is not 
a particularly accurate characterization, as a substrate may 
be quite porous but still have limited permeability if the 
pores are not generally open and interconnected. For 
example, a Styrofoam drinking cup is formed of a highly 
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porous foam material, but is not permeable to the ?oW of 
liquid. Therefore, in considering the importance of porosity 
and permeability, the pore structure of the substrate must 
also be examined. In the example of the Styrofoam cup, the 
Styrofoam material has a closed pore netWork. This means 
that the foam contains many non connected and/or closed 
ended pores. In this Way, there are many voids and open 
spaces Within the foam, but since the pores are not con 
nected, the ?uid or gas cannot ?oW from one side of the 
foam to the other. As more of the channels begin to inter 
connect, then ?uid paths begin to form from one side to the 
other. In such a case, the material is said to possess more 
open pore netWork. The more connected channels formed 
through the material, the higher the permeability becomes 
for the substance. In the case Where every pore is connected 
to at least one other channel, and all pores alloW for ?uid 
?oW through the entire thickness of the Wall formed of the 
material, the substrate Would be de?ned as having a com 
pletely open pore netWork. It is important to note the 
difference betWeen cells and pores. Cells refer to the chan 
nels that run (generally parallel to each other but not 
necessarily) through the honeycomb substrate. Often, the 
honeycomb substrates are referred to in the context of hoW 
many cells they have per square inch. For example, a 
substrate With 200 cells per square inch has 200 channels 
along the principle axis of the substrate. Pores, on the other 
hand, refer to the gaps inside the material itself, such as in 
the material that constitutes the Wall separating tWo parallel 
channels or cells. Completely or mostly open pore netWork 
substrates are not knoWn in the ?ltering or catalytic indus 
tries. Instead, even the most porous available extruded 
substrates are a hybrid of opened pore and closed pore 
porosity. 
[0008] Accordingly, it is highly desirable for many appli 
cations that substrates be formed With high porosity, and 
With an internal pore structure that enables a similarly high 
permeability. Also, the substrates have to be formed With a 
su?iciently rigid structure to support the structural and 
environmental requirements for particular applications. For 
example, a ?lter or catalytic converter that is to be attached 
to internal combustion engine must be able to Withstand the 
likely environmental shock, thermal requirements, and 
manufacturing and use stresses. Finally, the substrate needs 
to be produced at a cost loW enough to alloW for Widespread 
use. For example, in order to affect the level of WorldWide 
pollution from automobiles, a ?ltering substrate must be 
affordable and usable in developed as Well as developing 
countries. Accordingly, the overall cost structure to ?lters 
and catalytic converter substrates is a substantial consider 
ation in the substrate’s design and selected process. 

[0009] Extrusion has proven to be an e?icient and cost 
e?fective process to manufacture rigid substrates of constant 
cross section. More particularly, extrusion of ceramic poW 
der material is the most Widely used process for making ?lter 
and catalytic substrates for internal combustion engines. 
Over the years, the process of extruding poWdered ceramics 
has advanced such that substrates may noW be extruded 
having porosities approaching 60%. These extruded porous 
substrates have had good strength characteristics, may be 
?exibly manufactured, may be manufactured at scale, main 
tain high quality levels, and are very cost-effective. HoW 
ever, extrusion of poWdered ceramic material has reached a 
practical upper limit of porosity, and further increases in 
porosity appear to result in an unacceptably loW strength. 
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For example, as porosity is increased beyond 60%, the 
extruded ceramic poWder substrate has not proven strong 
enough to operate in the harsh environment of a diesel 
particulate ?lter. In another limitation of the knoWn extru 
sion processes, it has been desired to increase the surface 
area in a substrate to alloW for more e?icient catalytic 
conversion. In order to increase surface area, extruded 
ceramic poWder substrates have tried to increase cell density, 
but the increase in cell density has resulted in an unaccept 
able back pressure to the engine. Thus, the extruded ceramic 
poWder substrate does not have su?icient strength at very 
high porosities, and also produces unacceptable back pres 
sure When there is a need for increased surface area. Accord 
ingly, the extrusion of ceramic poWder appears to have 
reached its practical utility limits. 

[0010] In an effort to obtain higher porosities, ?lter sup 
pliers have attempted to move to pleated ceramic papers. 
Using such pleated ceramic papers, porosities of about 80% 
are possible With very loW back pressure. With such loW 
back pressure, these ?lters have been used in applications, 
such as mining, Where extremely loW back pressure is a 
necessity. HoWever, the use of the pleated ceramic paper 
?lters has been sporadic, and has not been Widely adopted. 
For example, pleated ceramic papers have not effectively 
been used in harsh environments. Manufacturing the pleated 
ceramic papers requires the use of a paper making process 
that creates ceramic paper structures that are relatively Weak, 
and do not appear to be cost-effective as compared to 
extruded ?lters. Further, the formation of pleated ceramic 
papers alloWs very little ?exibility in cell shape and density. 
For example, it is di?icult to create a paper pleated ?lter With 
large inlet channels and smaller outlet channels, Which may 
be desirable in some ?ltering applications. Accordingly, the 
use of pleated ceramic papers has not satis?ed the require 
ment for higher porosity ?lter and catalytic substrates. 

[0011] In another example of an effort to increase porosity 
and to avoid the disadvantages of pleated paper, some have 
built substrates by forming a mass With ceramic precursors 
and carefully processing the mass to groW mono-crystalline 
Whiskers in a porous pattern. HoWever, groWing these crys 
tals in-situ requires careful and accurate control of the curing 
process, making the process di?icult to scale, relatively 
expensive, and prone to defects. Further, this di?icult pro 
cess only gives a feW more percentage points in porosity. 
Finally, the process only groWs a mullite type crystalline 
Whisker, Which limits the applicability of the substrate. For 
example, mullite is knoWn to have a large coe?icient of 
thermal expansion, Which makes crystalline mullite Whis 
kers undesirable in many applications needing a Wide opera 
tional temperature band and sharp temperature transitions. 

[0012] Accordingly, the industry has a need for a rigid 
substrate that has high porosity and an associated high 
permeability. Preferably, the substrate Would be formed as a 
highly desirable open cell netWork, Would be cost-effective 
to manufacture, and could be manufactured With ?exible 
physical, chemical, and reaction properties. 

SUMMARY 

[0013] Brie?y, the present invention provides a highly 
porous substrate using an extrusion system. More particu 
larly, the present invention enables the production of a 
highly porous substrate. Depending on the particular mix 
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ture, the present invention enables substrate porosities of 
about 60% to about 90%, and enables advantages at other 
porosities, as Well. The extrusion system enables the use of 
a Wide variety of ?bers and additives, and is adaptable to a 
Wide variety of operating environments and applications. 
Fibers, Which have an aspect ratio greater than 1, are 
selected according to substrate requirements, and are typi 
cally mixed With binders, pore-formers, extrusion aids, and 
?uid to form a homogeneous extrudable mass. The homo 
geneous mass is extruded into a green substrate. The more 

volatile material is preferentially removed from the green 
substrate, Which alloWs the ?bers to form interconnected 
netWorks. As the curing process continues, ?ber to ?ber 
bonds are formed to produce a structure having a substan 
tially open pore netWork. The resulting porous substrate is 
useful in many applications, for example, as a substrate for 
a ?lter or catalyst host, or catalytic converter. 

[0014] In a more speci?c example, ceramic ?bers are 
selected With an aspect ratio distribution betWeen about 3 
and about 1000, although more typically Will be in the range 
of about 3 to about 500. The aspect ratio is the ratio of the 
length of the ?ber divided by the diameter of the ?ber. The 
ceramic ?bers are mixed With binder, pore former, and a 
?uid into a homogeneous mass. A shear mixing process is 
employed to more fully distribute the ?bers evenly in the 
mass. The ceramic material may be about 8% to about 40% 
by volume of the mass, Which results in a substrate having 
betWeen about 92% and about 60% porosity. The homoge 
neous mass is extruded into a green substrate. The binder 
material is removed from the green substrate, Which alloWs 
the ?bers to overlap and contact. As the curing process 
continues, ?ber to ?ber bonds are formed to produce a rigid 
open cell netWork. As used in this description, “curing” is 
de?ned to include tWo important process steps: 1) binder 
removal and 2) bond formation. The binder removal process 
removes free Water, removes most of the additives, and 
enables ?ber to ?ber contact. The resulting porous substrate 
is useful in many applications, for example, as a substrate for 
a ?lter or catalytic converter. 

[0015] In another speci?c example, a porous substrate 
may be produced Without the use of pore formers. In this 
case, the ceramic material may be about 40% to about 60% 
or more by volume of the mass, Which results in a substrate 
having betWeen about 60% and about 40% porosity. Since 
no pore former is used, the extrusion process is simpli?ed, 
and is more cost effective. Also, the resulting structure is a 
highly desirable substantially open pore netWork. 

[0016] Advantageously, the disclosed ?ber extrusion sys 
tem produces a substrate having high porosity, and having an 
open pore netWork that enables an associated high perme 
ability, as Well as having su?icient strength according to 
application needs. The ?ber extrusion system also produces 
a substrate With sufficient cost effectiveness to enable Wide 
spread use of the resulting ?lters and catalytic converters. 
The extrusion system is easily scalable to mass production, 
and alloWs for ?exible chemistries and constructions to 
support multitudes of applications. The present invention 
represents a pioneering use of ?ber material in an extrudable 
mixture. This ?brous extrudable mixture enables extrusion 
of substrates With very high porosities, at a scalable pro 
duction, and in a cost-effective manner. By enabling ?bers to 
be used in the repeatable and robust extrusion process, the 




















