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CORDIERITE ALUMINUM MAGNESIUM TITANATE COMPOSITIONS
AND CERAMIC ARTICLES COMPRISING SAME

Cross-Reference to Related Applications
[0001] This application is a continuation of and claims the benefit of priority to U.S.
Patent Application No. 13/676,567, filed on November 14, 2012, which is a
continuation-in-part of U.S. Patent Application No. 13/584,993, filed on August 14,
2012, both of which are hereby incorporated by reference for all purposes as if fully

set forth herein.

Field of the Invention
[0002] The present invention relates to ceramic compositions and, more
particularly, to composite ceramic compositions comprised of cordierite aluminum

magnesium titanate.

Technical Background
[0003] Refractory materials with low thermal expansion, and consequently high
thermal shock resistance, are used in applications such as catalytic converter
substrates and diesel particulate filters where high thermal gradients exist during
use. One of the best materials for these applications is cordierite due to its low
thermal expansion, high melting point, and low cost. In the diesel particulate filter
area, it has been recognized that higher heat capacity is desirable for improving
durability of filters during regeneration (Hickman SAE). A material with a high
volumetric heat capacity is desirable in order to lower the volume of material
necessary to absorb a given amount of heat. Less material volume is desirable
because this can reduce pressure drop in the exhaust stream and increase the open
volume for ash storage. However, low thermal expansion is still required. Aluminum
titanate is one of the few materials that can be made with low thermal expansion and
also has higher volumetric heat capacity than cordierite.
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[0004] Aluminum titanate (AT) and composites containing large fractions of
aluminum titanate have several disadvantages. First, pure aluminum titanate is
metastable below about 1200°C. Second, the thermal expansion of AT is only low
when the grain size is large and microcracks form during cooling in the kiln. These
large grains and microcracks tend to make the material mechanically weak. Third,
as a consequence of the microcracks, the thermal expansion curve can have very
large hysteresis, leading to very high values of instantaneous thermal expansion,
especially on cooling. Fourth, the firing temperature of AT-based composites is
typically high, usually above 1400°C. Finally, AT has been shown to exhibit very
high thermal cycling growth which can be exaggerated by the presence of alkali
elements.

[0005] To slow down the decomposition rate, additives such as mullite, MgTi,Os,
and Fe,TiOs can be added to the aluminum titanate. MgTi»Os tends to slow the
decomposition rate in reducing conditions and only slows the rate in oxidizing
conditions at high levels (>10%). Fe,TiOs tends to slow the decomposition rate in
oxidizing conditions and increase the decomposition rate in reducing conditions (US
Patent 5153153, 1992).

[0006] Second phases such as mullite have been added to AT to increase the
strength of the composite body, because microcracking generally does not occur
between mullite crystals. Mullite also is a good choice because it also has a fairly
high volumetric heat capacity. Other second phases have also been used in AT
composites, including alkali and alkaline earth feldspars. However, mullite and alkali
feldspars have a higher than optimum thermal expansion.

[0007] In an effort to provide a composite AT ceramic body having improved
strength while maintaining a low CTE, cordierite would be a better choice than
mullite as a second phase because cordierite has a lower coefficient of thermal
expansion than does mullite. However, cordierite and pure aluminum titanate are
not in thermodynamic equilibrium at any temperature. The provision of a cordierite
and AT based composite ceramic having low CTE, high strength, and good thermal
stability would represent an advancement in the state of the art. The present

invention provides such a body.
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Summary of the Invention
[0008] The presentinvention relates to composite ceramic compositions
comprising cordierite aluminum magnesium titanate. In one aspect, it provides a
ceramic article comprising a first crystalline phase comprised predominantly of a
solid solution of aluminum titanate and magnesium dititanate and a second
crystalline phase comprising cordierite. In one embodiment, the solid solution phase
of aluminum titanate and magnesium dititanate exhibits a pseudobrookite crystalline
structure. In another embodiment, the ceramic article comprises a total porosity %P
greater than 40% by volume.
[0009] In another aspect the invention includes a diesel particulate filter comprised
of the inventive ceramic compositions summarized above. In one embodiment, the
diesel particulate filter comprises a honeycomb structure having a plurality of axially
extending end-plugged inlet and outlet cells.
[0010] In yet another aspect the invention provides a method for manufacturing
the inventive composite cordierite aluminum magnesium titanate ceramic articles of
the present invention. The method generally comprises first providing an inorganic
batch composition comprising a magnesia source, a silica source, an alumina
source, and a titania source. The inorganic batch composition is then mixed
together with one or more processing aid(s) selected from the group consisting of a
plasticizer, lubricant, binder, pore former, and solvent, to form a plasticized ceramic
precursor batch composition. The plasticized ceramic precursor batch composition
can be shaped or otherwise formed into a green body, optionally dried, and
subsequently fired under conditions effective to convert the green body into a
ceramic article.
[0011] An exemplary embodiment discloses an article comprising a composite
composition of a solid solution of aluminum titanate and magnesium dititanate and a
second crystalline phase comprising cordierite. The article has a composition, as
expressed in weight percent on an oxide basis of from 4 to 10% MgO; from 40 to
55% AlOs3; from 25 to 35% TiOy; from 5 to 25% SiO, and a metal oxide sintering
aid, the metal oxide sintering aid comprising a lanthanide oxide.
[0012] An exemplary embodiment also discloses a diesel particulate filter

comprised of a composite composition of a solid solution of aluminum titanate and
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magnesium dititanate and a second crystalline phase comprising cordierite. The
particulate filter has a composition, as expressed in weight percent on an oxide basis
of from 4 to 10% MgO; from 40 to 55% Al,Os3; from 25 to 35% TiO,; from 5 to 25%
SiO», and a metal oxide sintering aid, the metal oxide sintering aid comprising a
lanthanide oxide. In an exemplary embodiment the diesel particulate filter comprises
a honeycomb structure having a plurality of axially extending end-plugged inlet and
outlet cells.

[0013] An exemplary embodiment also discloses a method for manufacturing a
composite cordierite aluminum magnesium titanate ceramic article. The method
includes compounding an inorganic batch composition comprising a magnesia
source, a silica source, an alumina source, a titania source, and at least one metal
oxide sintering aid, wherein the metal oxide sintering aid comprises a lanthanide
oxide. Mixing the inorganic batch composition together with one or more processing
aid selected from the group consisting of a plasticizer, lubricant, binder, pore former,
and solvent, to form a plasticized ceramic precursor batch composition. Shaping the
plasticized ceramic precursor batch composition into a green body. The method
includes firing the green body under conditions effective to convert the green body
into a ceramic article comprising a first crystalline phase comprised predominantly of
a solid solution of aluminum titanate and magnesium dititanate and a second
crystalline phase comprising cordierite.

[0014] An exemplary embodiment also discloses an article comprising a
pseudobrookite phase comprising predominately aluminia, magnesia, and titania, a
second phase comprising cordierite, and a sintering aid. The sintering aid includes
at least one of a lanthanide oxide and yttrium oxide.

[0015] Itis to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory and are intended to

provide further explanation of the invention as claimed.

Brief Description of the Figures
[0016] The invention is further described below with reference to the appended

drawings, wherein:
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[0017] FIG. 1 depicts the stable combination of phases as a function of
temperature and composition along the pseudo-binary join between aluminum
titanate (Al>TiOs) and cordierite (Mg2Al4SisO1s).

[0018] FIG. 2 depicts the phase relations at 1300°C in the ternary section with
endpoints of magnesium dititanate, aluminum titanate, and cordierite within the
quaternary MgO-Al,O3-TiO2-SiO; system.

[0019] FIG. 3 illustrates the change in length as a function of time at 1100°C for a
control aluminum titanate ceramic composition and for a composition in the
cordierite/mullite/pseudobrookite region of the phase diagram.

[0020] FIG. 4 demonstrates the change in the 25-1000°C coefficient of thermal
expansion for a control aluminum titanate ceramic composition and the
cordierite/mullite/pseudobrookite composition of Table 1 after 100 hours at
temperatures of from 950 to 1250°C.

[0021] FIG. 5 shows representative data for pressure drop as a function of soot
loading for a cordierite/mullite/pseudobrookite ceramic wall flow filter made in
accordance with the invention.

[0022] FIG. 6 depicts the microstructure of an inventive body with approximately
55 grams/liter of alumina washcoat.

[0023] FIG. 7 shows the coefficient of thermal expansion (CTE) as a function of

relative rare earth cost (1% Y203 = 1) for exemplary embodiments of the invention.

Detailed Description
[0024] As briefly summarized above, in one embodiment the present invention
provides a composite ceramic body comprising a first crystalline phase comprised
predominantly of a solid solution of aluminum titanate and magnesium dititanate
(MgTi205-Al2TiOs) and a second crystalline phase comprising cordierite. The
compositions of the ceramic bodies can be characterized as comprising, when
expressed on weight percent oxide basis: from 4 to 10% MgO; from 40 to 55% Al,Os;
from 25 to 44% TiOy; from 5 to 25% SiO,, from 0 to 5% Y203, from 0 to 5% Laz0s,
and from 0 to 3% Fe,Os. In these or still other embodiments, the compositions of the
ceramic bodies of the invention are expressed in terms of weight fractions of oxides

and oxide combinations to comprise, on an oxide basis, a(Al.TiOs) + b(MgTi20s) +
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c(2MgO - 2A1,05 - 5Si0;) + d(3Al,03 - 2Si0,) + e(MgO - AlL,O3) + f(2MgO TiO,) +
g(Y203) + h(Lazx0s3) + i(Fe 05 - TiOy) +j(TiOz), wherein a, b, ¢, d, e, f, g, h,i,and j are
weight fractions of each componentsuch that(a+b+c+d+e+f+g+h+i+j)=
1.00. To that end, the weight fraction of each component can be in the respective
ranges as follows: 0.3<a<0.75,0.075<b<0.3,0.02<¢c=<05, 0.0sd=<04,00<
e<0.25 00<f<0.1, 0.0g<0.05 0.0=<h<0.050.0<i<0.05and0.0<j<
0.20. It will be recognized that the oxides and oxide combinations used to define the
oxide compositions of these ceramics will not necessarily be present in the ceramic
bodies as the corresponding free oxides or crystal phases, other than as those
crystal phases are specifically identified herein as characteristic of these ceramics. It
will also be recognized that while the sum of a, b, ¢, d, e, f, g, h, and i is 1.00, itis the
ratio of oxides and oxide combinations that are expressed. That is, the composite
ceramic body may include other impurities in addition to the ratio of oxides and oxide
combinations expressed. This will be apparent in view of the examples disclosed
below.

[0025] The solid solution aluminum titanate and magnesium dititanate phase
preferably exhibits a pseudobrookite crystal structure. To that end, the composition
of the pseudobrookite phase can depend upon the processing temperature as well
as the overall bulk composition of the ceramic and, as such, can be determined by
an equilibrium condition. However, in one embodiment, the composition of the
pseudobrookite phase comprises from approximately 15% to 35% MgTi>Os by
weight. Still further, while the total volume of the pseudobrookite phase can also
vary, in another embodiment, the total volume is preferably in the range of from 50 to
95 volume% of the overall ceramic composition.

[0026] Optionally, the composite ceramic body can further comprise one or more
phases selected from the group consisting of mullite, sapphirine, a titania polymorph
such as rutile or anatase, corundum, and a spinel solid solution (MgAI>2O4-MgzTiOy).
When present, the composition of the spinel phase will also depend on processing
temperatures and overall bulk composition. However, in one embodiment, the spinel
phase can comprise at least about 95% MgAI,O,.

[0027] Still further, the ceramic composition can also optionally comprise one or

more metal oxide sintering aid(s) or additives provided to lower the firing temperature
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and broaden the firing window required to form the ceramic composition. A sintering
aid can, for example, be present in an amount of from 0 to 5 weight percent of the
total composition and can include, for example, one or more metal oxides such as
Fe,TiOs, Y203, and La20s. In one embodiment, yttrium oxide (Y203) and/or
lanthanum oxide (La>Os) has been found to be a particularly good sintering additive
when added in an amount of between 0.5 and 4.0 wt.%, and more preferably
between 1.0 and 2.0 wt.%. To that end, the yttrium oxide or lanthanide oxide may be
present as the oxide phase, or may form a new phase with one or more of the other
metal oxide constituents of the ceramic body. Similarly, iron oxide from a suitable
iron source, present as ferrous or ferric oxide or in combination with other oxides,
e.g., as Fe,TiOs, can be present in some embodiments in an amount, calculated as
FexTiOs, of from 0 to 3 weight % Fe,TiOs. The presence of Fe,TiOs can be useful
for slowing decomposition in oxidizing atmospheres. When both Fe,TiOs and a
spinel phase are present in the ceramic body, the spinel solid solution can also
additionally contain ferrous and/or ferric iron in the solid solution.

[0028] According to a particular embodiment of the present invention, the ceramic
body comprises approximately 10 to 25 wt.% cordierite, approximately 10 to 30 wt.%
mullite, approximately 50 to 70 wt.% of a pseudobrookite phase consisting
predominantly of an Al,TiOs-MgTi»Os solid solution, and approximately 0.5 to 3.0
wt.% Y203 addition.

[0029] The ceramic bodies of the present invention can in some instances
comprise a relatively high level of total porosity. For example, bodies comprising a
total porosity, %P, of at least 40%, at least 45%, at least 50%, or even at least 60%,
as determined by mercury porosimetry, can be provided.

[0030] In addition to the relatively high total porosities, ceramic bodies of the
present invention can also comprise a relatively narrow pore size distribution
evidenced by a minimized percentage of relatively fine and/or relatively large pore
sizes. To this end, relative pore size distributions can be expressed by a pore
fraction which, as used herein, is the percent by volume of porosity, as measured by
mercury porosimetry, divided by 100. For example, the quantity dso represents the
median pore size based upon pore volume, and is measured in micrometers; thus,

dso is the pore diameter at which 50% of the open porosity of the ceramic sample
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has been intruded by mercury. The quantity dgo is the pore diameter at which 90% of
the pore volume is comprised of pores whose diameters are smaller than the value
of dgo; thus, dgo is also equal to the pore diameter at which 10% by volume of the
open porosity of the ceramic has been intruded by mercury. Still further, the quantity
d1o is the pore diameter at which 10% of the pore volume is comprised of pores
whose diameters are smaller than the value of dq; thus, dq¢ is equal to the pore
diameter at which 90% by volume of the open porosity of the ceramic has been
intruded by mercury. The values of dip and dgo are also expressed in units of
micrometers.

[0031] The median pore diameter, dso, of the pores present in the instant ceramic
articles can, in one embodiment, be at least 10um, more preferably at least 14um, or
still more preferably at least 16um. In another embodiment, the median pore
diameter, dso, of the pores present in the instant ceramic articles do not exceed
30um, and more preferably do not exceed 25 um, and still more preferably do not
exceed 20um. In still another embodiment, the median pore diameter, ds, of the
pores present in the instant ceramic articles can be in the range of from 10um to
30um, more preferably from 18um to 25um, even more preferably from 14um to
25um, and still more preferably from 16um to 20um. To this end, a combination of
the aforementioned porosity values and median pore diameter values can provide
low clean and soot-loaded pressure drop while maintaining useful filtration efficiency
when the ceramic bodies of the present invention are used in diesel exhaust filtration
applications.

[0032] The relatively narrow pore size distribution of the inventive ceramic articles
can, in one embodiment, be evidenced by the width of the distribution of pore sizes
finer than the median pore size, dsp, further quantified as pore fraction. As used
herein, the width of the distribution of pore sizes finer than the median pore size, dso.
are represented by a “drctor’ Or “df’ value which expresses the quantity (dso - d1o)/ dso.
To this end, the ceramic bodies of the present invention can comprises a diactor Value
that does not exceed 0.50, 0.40, 0.35, or even that does not exceed 0.30. In some
preferred embodiments, the dicior Value of the inventive ceramic body does not
exceed 0.25 or even 0.20. To this end, a relatively low d; value indicates a low

fraction of fine pores, and low values of d; can be beneficial for ensuring low soot-
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loaded pressure drop when the inventive ceramic bodies are utilized in diesel
filtration applications.

[0033] The relatively narrow pore size distribution of the inventive ceramic articles
can in another embodiment also be evidenced by the width of the distribution of pore
sizes that are finer or coarser than the median pore size, dso, further quantified as a
pore fraction. As used herein, the width of the distribution of pore sizes that are finer
or coarser than the median pore size, dso, are represented by a “dyreadtn” OF “dg” value
which expresses the quantity (dgo - d10)/ dso. To this end, the ceramic structure of the
present invention in one embodiment comprises a dp, value that is less than 1.50,
less than 1.25, less than 1.10, or even less than 1.00. In some especially preferred
embodiments, the value of d, is not more than 0.8, more preferably not greater than
0.7, and even more preferably not greater than 0.6. A relatively low value of dy, can
provide a relatively higher filtration efficiency and higher strength for diesel filtration
applications.

[0034] The ceramic bodies of the present invention can, in another embodiment,
exhibit a low coefficient of thermal expansion resulting in excellent thermal shock
resistance (TSR). As will be appreciated by one of ordinary skill in the art, TSR is
inversely proportional to the coefficient of thermal expansion (CTE). Thatis, a
ceramic body with low thermal expansion will typically have higher thermal shock
resistance and can survive the wide temperature fluctuations that are encountered
in, for example, diesel exhaust filtration applications. Accordingly, in one
embodiment, the ceramic articles of the present invention are characterized by
having a relatively low coefficient of thermal expansion (CTE) in at least one
direction and as measured by dilatometry, that is less than or equal to about 25.0 x
107/°C, less than or equal to 20.0 x 107/°C; less than or equal to 15.0 x 107/°C, less
than or equal to 10.0 x 107/°C, or even less than or equal to 8.0 x 107/°C, across the
temperature range of from 25°C to 1000°C.

[0035] Still further, it should be understood that embodiments of the present
invention can exhibit any desired combination of the aforementioned properties. For
example, in one embodiment, it is preferred that the CTE (25-1000°C) does not
exceed 12x107/°C (and preferably not more than 10x107/°C), the porosity %P is at

least 45%, the median pore diameter is at least 14 um (and preferably at least 18
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um), and the value of ds is not more than 0.35 (and preferably not more than 0.30). It
is further preferred that such exemplary ceramic bodies exhibit a value of d;, that
does not exceed 1.0, and more preferably that does not exceed 0.85, and still more
preferably that does not exceed 0.75. In another exemplary embodiment, the CTE
(25-1000°C) does not exceed 18x107/°C and the porosity %P is at least 40%. For
example, the CTE (25-1000°C) does not exceed 18x107/°C and the porosity %P is
at least 60%. In another example, CTE (25-1000°C) does not exceed 12x107/°C
and the porosity %P is at least 40%. In a further example, CTE (25-1000°C) does
not exceed 12x107/°C and the porosity %P is at least 60%.

[0036] The ceramic bodies of the present invention can have any shape or
geometry suitable for a particular application. In high temperature filtration
applications, such as diesel particulate filtration, for which the inventive bodies are
especially suited, it is preferred the bodies to have a multicellular structure, such as
that of a honeycomb monolith. For example, in an exemplary embodiment, the
ceramic body can comprise a honeycomb structure having an inlet and outlet end or
face, and a multiplicity of cells extending from the inlet end to the outlet end, the cells
having porous walls. The honeycomb structure can further have cellular densities
from 70 cells/in? (10.9 cells/cm?) to 400 cells/in? (62 cells/cm?). A portion of the cells
at the inlet end or face end can, in one embodiment, be plugged with a paste having
same or similar composition to that of the honeycomb structure, as described in U.S.
Pat. No. 4,329,162 which is herein incorporated by reference. The plugging is only at
the ends of the cells which is typically to a depth of about 5 to 20 mm, although this
can vary. A portion of the cells on the outlet end but not corresponding to those on
the inlet end are plugged. Therefore, each cell is plugged only at one end. A
preferred arrangement is to have every other cell on a given face plugged as in a
checkered pattern.

[0037] This plugging configuration allows for more intimate contact between the
exhaust stream and the porous wall of the substrate. The exhaust stream flows into
the substrate through the open cells at the inlet end, then through the porous cell
walls, and out of the structure through the open cells at the outlet end. Filters of the

type herein described are known as "wall flow" filters since the flow paths resulting
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from alternate channel plugging require the exhaust being treated to flow through the
porous ceramic cell walls prior to exiting the filter.

[0038] The presentinvention also provides a method of manufacturing the
inventive composite cordierite aluminum magnesium titanate ceramic articles from a
ceramic forming precursor batch composition comprised of certain inorganic
powdered raw materials. Generally, the method first comprises providing an
inorganic batch composition comprising a magnesia source, a silica source, an
alumina source, and a titania source. The inorganic batch composition is then mixed
together with one or more processing aid(s) selected from the group consisting of a
plasticizer, lubricant, binder, pore former, and solvent, to form a plasticized ceramic
precursor batch composition. The plasticized ceramic precursor batch composition
can be shaped or otherwise formed into a green body, optionally dried, and
subsequently fired under conditions effective to convert the green body into a
ceramic article.

[0039] The magnesia source can, for example and without limitation, be selected
from one or more of MgO, Mg(OH)2, MgCO3, MgAI>04, Mg2SiO4, MgSiOs, MgTiOs,
Mg2TiO4, MgTi2Os, talc, and calcined talc. Alternatively, the magnesia source can be
selected from one or more of forsterite, olivine, chlorite, or serpentine. Preferably,
the magnesia source has a median particle diameter that does not exceed 35 um,
and preferably that does not exceed 30 um. To this end, as referred to herein, all
particle diameters are measured by a laser diffraction technique such as by a
Microtrac particle size analyzer.

[0040] The alumina source can, for example and without limitation, be selected
from an alumina-forming source such as corundum, Al(OH)s, boehmite, diaspore, a
transition alumina such as gamma-alumina or rho-alumina. Alternatively, the
alumina source can be a compound of aluminum with another metal oxide such as
MgAl-O4, Al,TiOs, mullite, kaolin, calcined kaolin, phyrophyllite, kyanite, etc. In one
embodiment, the weighted average median particle size of the alumina sources is
preferably in the range of from 10 um to 60 um, and more preferably in the range of
from 20 um to 45 um. In still another embodiment, the alumina source can be a
combination of one or more alumina forming sources and one or more compounds of

aluminum with another metal oxide.
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[0041] The titania source can, in addition to the compounds with magnesium or
alumina described above, be provided as TiO, powder.

[0042] The silica source can be provided as a SiO, powder such as quartz,
cryptocrystalline quartz, fused silica, diatomaceous silica, low-alkali zeolite, or
colloidal silica. Additionally, the silica source can also be provided as a compound
with magnesium and/or aluminum, including for example, cordierite, chlorite, and the
like. In still another embodiment, the median particle diameter of the silica source is
preferably at least 5 um, more preferably at least 10 um, and still more preferably at
least 20 pum.

[0043] As described above, one or more metal oxide sintering aid(s) or additives
can optionally be added to the precursor batch composition to lower the firing
temperature and broaden the firing window required to form the ceramic
composition. The sintering aid can, for example, be present in an amount of from 0
to 5 weight percent of the total composition and can include, for example, one or
more a metal oxides such as Fe,TiOs Y203 and La;Os. In one embodiment, yttrium
oxide (Y20s3) and/or or lanthanide oxide (La,O3) has been found to be a particularly
good sintering additive when added in an amount of between 0.5 and 4.0 wt. %, and
more preferably between 1.0 and 2.0 wt.%. Similarly, an addition of Fe,TiOs can be
useful for slowing decomposition in oxidizing atmospheres when added in an amount
of from 0O to 3 weight %.

[0044] Still further, the ceramic precursor batch composition may comprise other
additives such as surfactants, oil lubricants and pore-forming material. Non-limiting
examples of surfactants that may be used as forming aids are Cg to Cx; fatty acids,
and/or their derivatives. Additional surfactant components that may be used with
these fatty acids are Cg to C,; fatty esters, Cg to Cy, fatty alcohols, and combinations
of these. Exemplary surfactants are stearic, lauric, myristic, oleic, linoleic, palmitic
acids, and their derivatives, tall oil, stearic acid in combination with ammonium lauryl
sulfate, and combinations of all of these. In an illustrative embodiment, the
surfactant is lauric acid, stearic acid, oleic acid, tall oil, and combinations of these. In
some embodiments, the amount of surfactants is from about 0.25% by weight to

about 2% by weight.
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[0045] Non-limiting examples of oil lubricants used as forming aids include light
mineral oil, corn oil, high molecular weight polybutenes, polyol esters, a blend of light
mineral oil and wax emulsion, a blend of paraffin wax in corn oil, and combinations of
these. In some embodiments, the amount of oil lubricants is from about 1% by
weight to about 10% by weight. In an exemplary embodiment, the oil lubricants are
present from about 3% by weight to about 6% by weight.

[0046] The precursor composition can, if desired, contain a pore-forming agent to
tailor the porosity and pore size distribution in the fired body for a particular
application. A pore former is a fugitive material which evaporates or undergoes
vaporization by combustion during drying or heating of the green body to obtain a
desired, usually higher porosity and/or coarser median pore diameter. A suitable
pore former can include, without limitation, carbon; graphite; starch; wood, shell, or
nut flour; polymers such as polyethylene beads; waxes; and the like. When used, a
particulate pore former can have a median particle diameter in the range of from
10um to 70um, and more preferably from 20um to 50um.

[0047] The inorganic ceramic forming batch components, along with any optional
sintering aid and/or pore former, can be intimately blended with a liquid vehicle and
forming aids which impart plastic formability and green strength to the raw materials
when they are shaped into a body. When forming is done by extrusion, most
typically a cellulose ether binder such as methylcellulose, hydroxypropyl
methylcellulose, methylcellulose derivatives, and/or any combinations thereof, serve
as a temporary organic binder, and sodium stearate can serve as a lubricant. The
relative amounts of forming aids can vary depending on factors such as the nature
and amounts of raw materials used, etc. For example, the typical amounts of
forming aids are about 2% to about 10% by weight of methyl cellulose, and
preferably about 3% to about 6% by weight, and about 0.5% to about 1% by weight
sodium stearate, stearic acid, oleic acid or tall oil, and preferably about 0.6% by
weight. The raw materials and the forming aids are typically mixed together in dry
form and then mixed with water as the vehicle. The amount of water can vary from
one batch of materials to another and therefore is determined by pre-testing the

particular batch for extrudability.
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[0048] The liquid vehicle component can vary depending on the type of material
used in order to impart optimum handling properties and compatibility with the other
components in the ceramic batch mixture. Typically, the liquid vehicle content is
usually in the range of from 20% to 50% by weight of the plasticized composition. In
one embodiment, the liquid vehicle component can comprise water. In another
embodiment, depending on the component parts of the ceramic batch composition, it
should be understood that organic solvents such as, for example, methanol, ethanol,
or a mixture thereof can be used as the liquid vehicle.

[0049] Forming or shaping of the green body from the plasticized precursor
composition may be done by, for example, typical ceramic fabrication techniques,
such as uniaxial or isostatic pressing, extrusion, slip casting, and injection molding.
Extrusion is preferred when the ceramic article is of a honeycomb geometry, such as
for a catalytic converter flow-through substrate or a diesel particulate wall-flow filter.
The resulting green bodies can be optionally dried, and then fired in a gas or electric
kiln or by microwave heating, under conditions effective to convert the green body
into a ceramic article. For example, the firing conditions effective to convert the
green body into a ceramic article can comprise heating the green body at a
maximum soak temperature in the range of from 1250°C to 1450°C, for example, in
the range of from 1300°C to 1350°C, or in the range of from 1330°C to 1380°C, and
maintaining the maximum soak temperature for a hold time sufficient to convert the
green body into a ceramic article, followed by cooling at a rate sufficient not to
thermally shock the sintered article.

[0050] Still further, the effective firing conditions can comprise heating the green
body at a first soak temperature in the range of from 1240 to 1350°C (preferably
1270 to 1330°C), holding the first soak temperature for a period of from 2 to 10 hours
(preferably 4 to 8 hours), then heating the body at a second soak temperature in the
range of from 1270 to 1450°C (preferably 1300-1350°C), and holding the second
soak temperature for a period of from 2 to 10 hours (preferably 4 to 8 hours), again
followed by cooling at a rate sufficient not to thermally shock the sintered article.
[0051] To obtain a wall-flow filter, a portion of the cells of the honeycomb structure
at the inlet end or face are plugged, as known in the art. The plugging is only at the

ends of the cells which is typically to a depth of about 1 to 20 mm, although this can
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vary. A portion of the cells on the outlet end but not corresponding to those on the
inlet end are plugged. Therefore, each cell is plugged only at one end. The
preferred arrangement is to have every other cell on a given face plugged in a
checkered pattern.

[0052] A greater understanding of the findings underlying the present invention
can be obtained with reference to phase equilibrium diagrams for the MgO-AIl,Os-
TiO,-SiO, system, prepared by the present inventors. It will of course be recognized
that many of the boundaries between phase fields included in such diagrams
represent the results of equilibrium calculations and extrapolation rather than actual
phase analyses. While the phase fields themselves have been confirmed with
experiments, the precise temperatures and compositions representing boundaries
between phase fields are approximate. In any case, the phase diagram of Figure 1
depicts the stable combination of phases as a function of temperature and
composition along the pseudo-binary join between aluminum titanate (Al;TiOs) and
cordierite (Mg2Al4SisO1g). Essentially, this diagram indicates that mixtures of
cordierite and AT at high temperature will tend to form other phases, including
mullite, titania, liquid, and a solid-solution phase with the pseudobrookite crystal
structure.

[0053] Two significant features can be derived from a study of this diagram. First,
in order for the pseudobrookite phase to be in equilibrium with cordierite there is a
general restriction on the composition of the solid-solution, in particular, pure AT will
tend to not exist in equilibrium with cordierite. FIG. 2 depicts the phase relations at
1325°C in the ternary section with endpoints of magnesium dititanate, aluminum
titanate, and cordierite within the quaternary MgO-Al,O3-TiO,-SiO, system, showing
that the pseudobrookite phase in equilibrium with cordierite contains at least about
25 wt% magnesium dititanate at this temperature. Second, FIG. 1 shows that a
liquid appears in the diagram at fairly low temperatures (~1390°C, although the
lowest eutectic liquid in this system exists well below this).

[0054] According to another exemplary embodiment the sintering aid can include
cerium oxide (CeQOy,) or cerium oxide in combination with one or more other metal
oxides such as Fe2TiOs, Y203, and La20s. For example, the sintering aid can

include cerium oxide in combination with yttrium oxide, cerium oxide in combination
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with lanthanum oxide, or cerium oxide in combination with yttrium oxide and
lanthanum oxide. The inventors have found that cerium oxide or mixtures of cerium
oxide with one or more other metal oxides such as Fe,TiOs, yttrium oxide, and
lanthanum oxide, result in similar CTE, porosity, pore size, and pore size distribution
at lower rare earth cost than yttrium oxide alone.

[0055] In an exemplary embodiment the amount of cerium oxide can be in a range
of 0.1 to 5.0 wt %. For example, the amount of cerium oxide can be in a range of 0.2
to 2.0 wt %, 0.3 to 1.0 wt %, and 1.5 to 2.5 wt %. As mentioned, in an exemplary
embodiment the mixtures of cerium oxide with one or more other metal oxides such
as Fe,TiOs, yttrium oxide, and lanthanum oxide can be a sintering aid. The amount
of the mixture can be in a range of 0.1 to 5.0 wt %. For example, the amount of the
mixture can be in a range of 0.3 to 4.0 wt %, 0.4 to 2.5 wt %, 0.5 to 1.5 wt %, and 2.5
t0 4.5 wt %.

EXAMPLES
[0056] The invention is further described below with respect to certain exemplary
and specific embodiments thereof, which are illustrative only and not intended to be
limiting. In accordance with some of the examples, a series of inventive ceramic
articles is prepared having the general inorganic batch composition as provided in
Table 1, in terms of the weight percentages of the end-member phases, and as
provided in Table 2, expressed in terms of the weight percentages of the single
component oxides, excluding any sintering additive.
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TABLE 1
Formula Name Weight %
Al,TiOs AT 40
MgTi>Os MT2 20
AlgSi2O13 Mullite 25
Mg.Al;SisOqg Cordierite 15
TABLE 2
Metal Oxide  Weight %
MgO 6.10
Al,O; 45.61
TiO; 33.54
SiO; 14.76

[0057] Tables 3to 11 and 13 provide data for the inventive examples fabricated
according to the general composition of Tables 1 and 2. Listed are the raw
materials, pore formers, and sintering aid (median particle diameters in parentheses)
used to make the samples. The examples provided have been made by mulling
component powders with water and an organic binder, followed by extrusion, drying,
and firing. Extruded samples were wrapped in foil and hot-air dried or microwave
dried. Some samples were made by pressing powder with no drying step as
described below. Samples were subsequently fired in an electric kiln by heating at
60°C/hr to a first soak temperature and holding for 6 hours, then heated at 60°C/hr to
a second soak temperature and held for another 6 hours. Soak temperatures are
also provided in Tables 3 to 11 and 13. These examples will be discussed further
below. All measurements, except where noted, were on cellular pieces with 200
cells per square inch and 406 um (16 mil) wall thicknesses. All samples were fired in
air in electric furnaces unless otherwise noted. CTE was measured parallel to the
honeycomb channels by dilatometry. Porosity and pore size distribution were
derived from mercury porosimetry measurements.

[0058] Also provided in Tables 3 to 11 and 13 is the “maximum AL at 1000°C,”

defined as the value of AL/L at 1000°C due to thermal expansion upon heating a
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thermal expansion specimen to 1000°C from room temperature, minus the minimum
value of AL/L that occurs during cooling of a thermal expansion specimen from
1000°C to that lower temperature at which the minimum value of AL/L exists. The
values of maximum AL at 1000°C are reported in Tables 3to 11 and 13 as a
percentage value; thus, for example, a maximum AL at 1000°C of 0.15% is equal to
a AL value of 0.15x102, which is also equivalent to 1500 ppm, or 1500x10®
inches/inch. The value of maximum AL at 1000°C is a measure of the degree of
hysteresis between the thermal expansion curves (AL/L vs. temperature) during
heating and cooling.

[0059] In addition to measurement of the property data in Tables 3 to 11 and 13,
several special measurements were made to characterize the thermal stability of the
inventive materials, and to determine their pressure drop behavior when used as a
diesel particulate filter.

[0060] The thermal stability (decomposition rate) was assessed by two methods.
In the first method, specimens of the inventive body and of a control aluminum
titanate composition were held at 1100°C and their lengths monitored over time for
up to 100 hours. Decomposition of the pseudobrookite phase is accompanied by a
decrease in volume (shrinkage, or negative length change). The results, shown in
Figure 3, demonstrate the superior stability of the inventive body, for which the
decomposition rate of the pseudobrookite phase is at least 10 times slower than for
the control aluminum titanate composition. In a second method to assess
decomposition rate, the CTE of the inventive composition and control aluminum
titanate composition was measured before and after isothermally holding the sample
for 100 hours at temperatures of from 950 to 1250°C. Because the decomposition of
the pseudobrookite phase reduces the amount of microcracking, raising the CTE, the
increase in CTE after heat treatment is an indication of the degree of decomposition.
The results are shown in Figure 4, and demonstrate the improved thermal stability of
the inventive bodies.

[0061] The pressure drops of clean and soot-loaded filters formed of a
representative cordierite aluminum magnesium titanate ceramic according to the
invention and an aluminum titanate control ceramic were measured on the bare and

catalyzed filters. The filter of the invention was of 300/12 cell geometry.
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Washcoating was done after a conventional preliminary polymer solution
passivation, using AL-20 colloidal alumina for the washcoat. Representative results
of such pressure drop testing are set forth in Figure 5, wherein the % increase in
pressure drop after washcoating is found to be lower for the filter of the invention
than for the control aluminum titanate filter. The microstructure of the washcoated
filter thus tested is shown in Figure 6.

[0062] The data in Tables 3 to 11 and 13 further illustrate some of the exemplary
ranges in properties that can be achieved with the inventive ceramic bodies of the
current invention. Examples 1 to 7 in Table 3 represent the baseline quaternary
three-phase composition (Tables 1 and 2) with no sintering additive. These
examples show that low thermal expansion (6 to 20x107/°C) can be achieved with
porosities (44-52%) and median pore diameters (15-27 um) appropriate for
application as a diesel particulate filter. The dr values range from 0.24 to 0.45. The
optimum top firing temperature for these compositions is approximately 1355 to
1360°C. The coarser alumina used in Examples 4-7 results in higher pore size and
lower firing shrinkage.

[0063] Examples 8 to 15in Table 4 illustrate that the addition of about 2 wt.%
Y»0s3 to the base composition of Examples 1-3 allows a lower firing temperature,
between 1290-1320°C, and a broader range of firing temperatures with high porosity
(41-50%) and low thermal expansion (10 to 14x107/°C). Median pore diameters are
16 to 22 um, and ds values are reduced to 0.17 to 0.31. The change in shrinkage
with firing temperature is also lower. This allows a wider process window to achieve
the desired properties. The optimum firing temperature is approximately 1310°C
[0064] Examples 16 to 22 in Table 5 demonstrate that the addition of only about
1% Y203 super-addition to the base composition of Examples 1-3 reduces the firing
temperature to 1310-1350°C, with the optimum being approximately 1320°C. The
lower level of additive results in a firing temperature and firing process window that is
intermediate between the basic quaternary composition and that for 2 wt. % additive.
Physical properties are still excellent for a diesel particulate filter application.

[0065] Example 23 in Table 6 shows that the use of a finer, 10 um, alumina
powder results in a smaller pore size, slightly higher shrinkage, and slightly higher

thermal expansion compared with Examples 8-15.
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[0066] Examples 24 to 30 in Table 6 illustrate that the use of an alumina powder
with coarser particle size results in larger pores, lower thermal expansion, and lower
shrinkage compared to Examples 8-15. This composition has a very stable firing
process window because of the coarse alumina and 2 wt. % yttria. This was a 2-inch
diameter extrusion dried in a dielectric oven.

[0067] Examples 31 to 37 In Table 7 demonstrate compositions in which all of the
magnesium was supplied by talc, and in which the alumina is of a finer particle size
(~18 micron MPS). All have 1.9 wt. % yttria addition. Example 31 uses 15% potato
starch. Example 32 uses 15% corn starch, which gives smaller pores but a very
narrow pore size distribution. Example 33 contains 30% graphite and still provides a
useful median pore diameter (12 um) and narrow pore size distribution (d¢ = 0.29).
Example 34 utilizes a mixture of corn starch and graphite to achieve good properties.
Example 35 shows that coarser alumina and talc result in lower firing shrinkage on
the same firing schedule and raise the pore size relative to Example 32. Example 36
made with green bean starch yields 15 micron pores and a very narrow pore-size
distribution. Example 37 using potato starch shows that coarser alumina and talc
raise the pore size relative to Example 31.

[0068] Examples 38 to 50 in Tables 8 and 9 demonstrate a range of compositions
of exemplary embodiments. Examples 38 to 50 illustrate that within these exemplary
ranges of the embodiments, as well as modifying pore former, raw materials, firing
temperature, and metal-oxide additive, as shown in the previous examples, the final
porosity and pore size can be optimized for a particular application.

[0069] Examples 51-67 demonstrate that a sintering aid of cerium oxide, mixtures
of cerium oxide and yttrium oxide, mixtures of cerium oxide, yttrium oxide, and
lanthanum oxide, mixtures of cerium oxide and lanthanum oxide, or lanthanum oxide
result in similar CTE, porosity, pore size, and pore size distribution at lower rare

earth cost than yttrium oxide alone.

Table 3

Example Number 1 2 3 4 5 6 7
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Alumina A (24) 4476 4476 4476 - - - -
Alumina B (42) - - - 4476 4476 4476 4476
Alumina C (10) - - - - - - -
Alumina D (18) - - - - - - -
Silica A (25) - - - - - - -
Silica B (23) 865 865 865 865 865 865 865
Titania A (0.5) 3385 33.85 33.85 33.85 3385 3385 33.85
Magnesia A (1.2) 301 301 301 301 301 301 301
Talc A (5.0) 973 973 973 9.73 973 973 9.73
Talc B (14.4) - - - - - - -
Talc C (23) - - - - - - -
Y,0, - - - - - - -
Graphite A (35) 25,00 2500 2500 2500 2500 2500 25.00

Corn Starch (17) - - - - - - -
Potato Starch (49) - - - - - - -

First Soak Temperature (°C) 1320 1330 1335 1325 1330 1335 1340
First Soak Time (hours) 6 6 6 6 6 6 6

Second Soak Temperature (°C) 1347 1357 1362 1352 1357 1362 1367
Second Soak Time (hours) 6 6 6 6 6 6 6

Length Change after Firing (%) 1.7 -1.1 -2.1 1.3 0.9 0.2 -0.5
CTE, 25-800°C (107/°C) 16.2 9.8 6.3 8.7 49 3.0 6.6
CTE, 25-1000°C (107/°C) 195 126 9.1 12.1 8.4 6.2 10.0
Maximum AL at 1000°C (%) 022 019 0417 0417 0415 0.15 0.15
Y%Porosity 521 506 440 521 515 515 446
dso (microns) 145 151 161 232 235 225 273
(ds0-d10)/dso 045 044 027 042 038 038 024
(dgg-d10)/dsg 116 108 101 126 109 145 119
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Table 4

Example Number 8 9 10 11 12 13 14 15
Alumina A (24) 4390 43.90 4390 4390 4390 4390 4390 43.90
Alumina B (42) - - - - - - - -
Alumina C (10) - - - - - - - -
Alumina D (18) - - - - - - - -
Silica A (25) - - - - - - - -
Silica B (23) 848 848 848 848 848 848 848 848
Titania A (0.5) 33.19 33.19 33.19 33.19 33.19 33.19 33.19 33.19
Magnesia A (1.2) 296 296 296 29 296 296 296 2.96
Talc A (5.0) 954 954 954 954 954 954 954 954
Talc B (14.4) - - - - - - - -
Talc C (23) - - - - - - - -
Y03 194 194 194 194 194 194 194 194
Graphite A (35) 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
Corn Starch (17) - - - - - - - -
Potato Starch (49) - - - - - - - -
First Soak Temperature (°C) 1275 1285 1290 1295 1305 1315 1320 1330
First Soak Time (hours) 6 6 6 6 6 6 6 6
Second Soak Temperature (°C) 1302 1312 1317 1322 1332 1342 1347 1357
Second Soak Time (hours) 6 6 6 6 6 6 6 6
Length Change after Firing (%) -19 28 26 35 43 -46 49 65
CTE, 25-800°C (107/°C) 6.8 74 6.3 74 7.5 11.2 9.6 8.3
CTE, 25-1000°C (107/°C) 10.2 108 100 108 113 139 135 117
Maximum AL at 1000°C (%) 0.17 017 018 0.16 017 018 018 0.17
Y%Porosity 504 48.3 493 472 457 439 415 411
dso (microns) 160 170 166 180 201 220 202 216
(dsg-d10)/dsg 031 027 030 023 021 017 - 0.17
(dgo-dq0)/dsg - - 0.75 060 0.71 0.79 - 0.87
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Table 5

Example Number 16 17 18 19 20 21 22
Alumina A (24) 4433 4433 4433 4433 4433 4433 44.33
Alumina B (42) - - - - - - -
Alumina C (10) - - - - - - -
Alumina D (18) - - - - - - -
Silica A (25) - - - - - - -
Silica B (23) 856 856 856 856 856 856 856
Titania A (0.5) 3352 3352 3352 3352 3352 3352 33.52
Magnesia A (1.2) 299 299 299 299 299 299 299
Talc A (5.0) 963 963 963 963 963 963 963
Talc B (14.4) - - - - - - -
Talc C (23) - - - - - - -
Y204 098 098 098 098 098 098 098
Graphite A (35) 30.00 30.00 30.00 30.00 30.00 30.00 30.00
Corn Starch (17) - - - - - - -
Potato Starch (49) - - - - - - -
First Soak Temperature (°C) 1285 1290 1295 1305 1315 1320 1330
First Soak Time (hours) 6 6 6 6 6 6 6
Second Soak Temperature (°C) 1312 1317 1322 1332 1342 1347 1357
Second Soak Time (hours) 6 6 6 6 6 6 6
Length Change after Firing (%) 09 -03 -141 26 37 -39 -51
CTE, 25-800°C (107/°C) 1.3 116 84 84 7.2 6.3 10.8
CTE, 25-1000°C (107/°C) 146 153 118 11.7 109 9.7 14.3
Maximum AL at 1000°C (%) 0.19 020 017 0.18 0.17 0.18 0.18
Y%Porosity 513 519 505 511 439 439 425
dsg (Microns) 145 139 153 160 181 185 201
(dsg-d1o)/dsg 039 045 035 033 023 022 0417
(dgo-d10)/dsg 117 080 084 075 066 067 093
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Table 6
Example Number 23 24 25 26 27 28 29 30
Alumina A (24) - - - - - - - -
Alumina B (42) - 4390 4390 4390 4390 4390 43.90 43.90
Alumina C (10) 43.71 - - - - - - -
Alumina D (18) - - - - - - - -
Silica A (25) - 848 848 848 848 848 848 848
Silica B (23) 8.49 - - - - - - -
Titania A (0.5) 33.36 33.19 33.19 33.19 33.19 33.19 33.19 33.19
Magnesia A (1.2) 296 296 296 296 296 296 296 296
Talc A (5.0) 954 954 954 954 954 954 954 954
Talc B (14.4) - - - - - - - -
Talc C (23) - - - - - - - -
Y03 194 194 194 194 194 194 194 194
Graphite A (35) 25.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00

Corn Starch (17) - - - - - - - -
Potato Starch (49) - - - - - - - -

First Soak Temperature (°C) 1290 1250 1260 1270 1280 1290 1300 1290
First Soak Time (hours) 6 6 6 6 6 6 6 6
Second Soak Temperature (°C) 1317 1277 1287 1297 1307 1317 1327 1317
Second Soak Time (hours) 6 6 6 6 6 6 6 6
Length Change after Firing (%) -3.1 -19 20 -16 -2.1 -1.8 -1.8 -
CTE, 25-800°C (107/°C) 7.2 9.0 6.8 6.3 4.1 3.3 3.0 5.1
CTE, 25-1000°C (107/°C) 1.0 120 104 9.9 7.7 6.8 6.4 79
Maximum AL at 1000°C (%) 0.18 0.17 0.16 0.16 015 013 014 0.13
Y%Porosity 470 466 483 456 476 460 440 464
dso (microns) 10.7 198 211 202 228 239 239 219
(dsg-d10)/dsg 027 029 030 029 026 028 022 055
(dgo-d10)/dsg 083 078 112 072 093 089 091 1.73
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Table 7

Example Number 31 32 33 34 35 36 37
Alumina A (24) - - - - 43.51 43.51 43.51
Alumina B (42) - - - - - - -
Alumina C (10) - - - - - - -
Alumina D (18) 43.57 43.57 4357 43.57 - - -
Silica A (25) 268 268 268 268 265 265 265
Silica B (23) - - - - - - -
Titania A (0.5) 33.01 33.01 33.01 33.01 3294 3294 3294
Magnesia A (1.2) - - - - - - -
Talc A (5.0) - - - - - - -
Talc B (14.4) 18.81 18.81 18.81 18.81 - - -
Talc C (23) - - - - 18.97 18.97 18.97
Y,0, 193 193 193 193 193 193 193
Graphite A (35) - - 30.00 10.00 - - -
Green Bean Starch - - - - - 15.00 -
Corn Starch (17) - 15.00 - 10.00 15.00 - -
Potato Starch (49) 15.00 - - - - - 15.00
First Soak Temperature (°C) 1285 1285 1285 1285 1285 1285 1285
First Soak Time (hours) 6 6 6 6 6 6 6
Second Soak Temperature (°C) 1312 1312 1312 1312 1312 1312 1312
Second Soak Time (hours) 6 6 6 6 6 6 6
Length Change after Firing (%) -1.1 -1.6 2.5 -1.6 -0.3 0.1 0.3
CTE, 25-800°C (107/°C) 6.0 7.1 6.1 6.7 8.9 74 7.2
CTE, 25-1000°C (107/°C) 9.2 10.4 9.1 9.8 121 109 105
Maximum AL at 1000°C (%) 0.15 0.15 0.16 0.15 0.16 0.15 0.15
Y%Porosity 484 444 46.7 447 465 471 491
dso (Microns) 157 103 122 109 125 145 191
(ds0-d10)/dso 039 020 029 025 023 022 0.32
(dgo-d10)/dsg 087 052 074 070 112 072 094
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Table 8

Example Number 38 39 40 41 42 43 44
Alumina A (24) 4217 4217 4561 4561 4561 4561 4217
Silica B (23) 11.93 11.93 1826 1826 1148 1148 1513
Titania B (8-16) 39.13 39.13 29.62 2962 37.24 3724 3555
Magnesia A (1.2) 6.77 677 651 651 567 567 7.5
First Soak Temperature (°C) 1400 1375 1400 1375 1400 1375 1400
First Soak Time (hours) 800 800 800 800 800 800 800
Length Change after Firing (%) -9 0 -7 1 2 1 -3
CTE, 25-800°C (107/°C) 1 7 . . . . .
CTE, 25-1000°C (107/°C) 5 10 5 13 14 21 8
Maximum AL at 1000°C (%) 019 019 017 016 0.16 023 0.12

%Porosity - 406 19.38 4028 3233 42.33 26.88

dso (microns) - 7.1 1269 1499 2301 759 1524

Table 9
Example Number 45 46 47 48 49 50
Alumina A (24) 4217 4217 4217 4400 4800 48.00
Silica B (23) 1513 849 849 6.84 942 1283
Titania B (8-16) 3555 4142 4142 4352 37.84 33.99
Magnesia A (1.2) 715 792 792 564 474 518
First Soak Temperature (°C) 1375 1400 1375 1400 1400 1400
First Soak Time (hours) 800 800 800 800 800 8.00
Length Change after Firing (%) 2 11 -1 -7 3 -2
CTE, 25-800°C (107'/°C) . . . . . .
CTE, 25-1000°C (10”'/°C) 20 5 15 4 13 1
Maximum AL at 1000°C (%) 023 013 022 016 0.18 0.17
%Porosity 37.30 1463 36.63 2465 3422 3526
dso (microns) 1026 047 714 683 946 1442
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[0070] Examples 51-54 in Tables 10 and 11 are comparative examples including
yttrium oxide. Examples 55-58 include cerium oxide. Examples 59 and 60 contain
both yttrium oxide and cerium oxide. The formulation of these examples is shown in
Tables 10 and 11. Examples 51-60 all used 4% graphite and 22% starch (added as
a superaddition to the inorganic materials in Tables 10 and 11), and 4.5%
methylcellulose and 1% tall oil added as superadditions to all the other batch
components. These examples were mixed with deionized water, extruded into a
cellular structure with 300 cells per square inch and 330 pym (13 mil) wall thickness,
dried and fired in gas-fired kilns to 1350°C for 16 hours. The properties of the fired
ware for Examples 51-60 are shown in Tables 10 and 11 along with a relative cost
estimate for the additive based on current market prices normalized to the cost of 1%
Y20s.

[0071] Table 12 lists some representative prices of rare-earth materials, which are
at least a factor of 10 higher than all the other batch materials.

[0072] FIG. 7 shows the coefficient of thermal expansion (CTE) as a function of
relative rare earth cost (1% Y203 = 1) for the comparative Examples 51-54 and the
Examples 55-60 of Tables 10 and 11. As FIG. 7 illustrates, the cost to attain a CTE
below a given value, for example, below 12*107/°C is lower for cerium oxide or
yttrium oxide and cerium oxide mixtures than for yttrium oxide alone while retaining
similar pore size, porosity and pore size distribution (Tables 10 and 11). The rare
earth cost reduction possible is at least 50% using this metric.

[0073] These lower cost compositions show similar stability of properties with firing
temperature as the higher-cost compositions. Table 13 shows the properties of
Examples 52, 53, 56, and 60 after firing for 12 hours at 1320, 1330, 1340, 1350 and

1360°C in an electric kiln.

Table 10
Example Number 51 52 53 54 55 56 57
Alumina A (24) - - - - - - -
Alumina B (42) - - - - - - -
Alumina C (10) 4431 4418 4397 4354 4418 4397 4354
Alumina D (18) - - - - - - -
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Silica A (25) - - - - - - -
Silica B (23) 272 271 269 267 271 269 267
Titania A (0.5) 3362 3352 33.36 33.03 33.52 33.36 33.03
Magnesia A (1.2)

Talc A (5.0) 19.16 19.10 19.01 18.82 19.10 19.01 18.82
Talc B (14.4) - - - - - - -
Talc C (23) - - - - - - -
Y205 020 050 1.00 2.00 - - -
CeO, - - - - 050 1.00 2.00
Graphite A (35) 40 40 40 40 40 40 40
Corn Starch (17) - - - - - - -
Potato Starch (49) 22 22 22 22 22 22 22
First Soak Temperature (°C) 1350 1350 1350 1350 1350 1350 1350
First Soak Time (hours) 16 16 16 16 16 16 16
Length Change after Firing (%) -2.0 -2.7 -2.8 -3.7 -2.1 -2.7 -3.7
CTE, 25-800°C (107/°C) 12.8 9.6 9.2 8.2 13.3  10.1 8.6
CTE, 25-1000°C (107/°C) 158 125 118 108 164 131 116
Y%Porosity 55 53 52 52 55 53 53
dsg (Microns) 11 12 13 14 12 13 14
(dsg-d1o)/dsg 028 022 017 016 021 0.19 0.16
(dgg-d10)/dsg 052 046 036 035 044 038 0.35
Relative RE Cost 020 050 1.00 200 013 025 0.50

Table 11
Example Number 58 59 60
Alumina A (24) - - -
Alumina B (42) - - -
Alumina C (10) 4272 43.97 43.97
Alumina D (18) - - -
Silica A (25) - - -
Silica B (23) 262 269 269
Titania A (0.5) 3241 33.36 33.36
Magnesia A (1.2) - - -
Talc A (5.0) 18.47 19.01 19.01
Talc B (14.4) - - -
Talc C (23) - - -
Y203 - 0.75 0.25
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CeO, 400 025 0.75
Graphite A (35) 40 40 40
Corn Starch (17) - - -
Potato Starch (49) 22 22 22
First Soak Temperature (°C) 1350 1350 1350
First Soak Time (hours) 16 16 16
Length Change after Firing (%) -4.5 -3.1 -3.2
CTE, 25-800°C (107/°C) 10.4 9.1 8.5
CTE, 25-1000°C (107/°C) 134 121 8.5
Y%Porosity 50 54 53
dso (Microns) 17 13 13
(dsg-d1o)/dsg 0.16 022 0.19
(doo-d10)/dso 0.32 042 043
Relative RE Cost 1.00 081 044
TABLE 12
Cost in Mar, Cost in Dec,
Metal
2012 ($/kg) 2011 ($/kg)
Lanthanum Oxide = 99.5% 19 35
Cerium Oxide = 99.5% 16 30
Yttrium Oxide = 99.99% 95 95
Table 13
Firing
Eﬁiqng)zlf Firing Arch Ler?gt
Temperatur Soak Poros CTE CTE Chan
e (C) time ity d50 df db 800 1000 ge
52 1320 12 54 12 021 047 146 177 13
52 1330 12 55 12 022 048 124 157 15
52 1340 12 55 13 020 044 134 168 1.2
52 1350 12 54 14 0.16 0.41 129 159 13
52 1360 12 50 15 015 042 124 154 -33
53 1320 12 54 13 016 039 117 149 19
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53 1330 12 54 13 018 037 109 140 -2.1
53 1340 12 54 14 016 036 11.7 146 -16
53 1350 12 51 15 015 039 120 151 -3.2
53 1360 12 48 16 014 043 130 16.2 -5.5
56 1320 12 54 13 018 036 163 194 24
56 1330 12 55 14 017 037 147 180 -1.5
56 1340 12 54 15 015 035 142 175 11
56 1350 12 54 15 020 039 151 18.0 -2.0
56 1360 12 49 16 023 048 133 164 -5.1
60 1320 12 54 13 017 035 134 16.8 -2.3
60 1330 12 54 14 014 034 131 16.3 -2.5
60 1340 12 54 14 015 036 120 152 -1.9
60 1350 12 52 15 017 040 126 1538 -29
60 1360 12 47 15 018 043 133 165 -6.5

[0074] Examples 61-68 were made by dry-blending a large batch of the
composition shown in Table 14 and adding the additions shown in Table 15 and dry-
blending again. The powder for each batch was pressed in a die to form a
8X8X65mm bar before firing. Tables 16 to 18 provide data for the inventive
examples fabricated according to the general composition of Tables 14 and 15. The
data parameters provided are as described above for Tables 3 to 11 and 13.
Examples 61 to 68 were prepared as described above for Examples 1-60.

[0075] Examples 61 and 62 in Table 16 use cerium oxide as a sintering aid.
Examples 63-67, shown in Table 16 use lanthanum oxide (La20O3) or mixtures of
La,Os with cerium oxide. Comparative example 68 in Table 16 uses the batch
composition with no sintering aid additive. Properties for Examples 61-67 after firing
at 1330°C for 12 hours in an electric kiln are shown in Table 16. These results are
similar to CeO, or Y,Oj alone, but with an approximately 3*1077/°C higher thermal
expansion coefficient than with CeO, or Y203 alone.

[0076] Examples 69-84 in Table 17 use yttrium oxide, cerium oxide, or lanthanum
oxide as a sintering aid. Examples 69-77, shown in Table 17 use yttrium oxide as
the sintering aid. Examples 78-83 shown in Table 17 use cerrium oxide as the

sintering aid. Example 84 uses lanthanum oxide as the sintering aid. Examples 78-
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84 exhibit acceptable porosity, pore size distribution, CTE values, and firing window
properties compared to yttrium oxide alone and at a lower relative rare earth cost
compared to yttrium oxide alone.

[0077] Table 18 shows the properties as a function of firing temperature with a 16
hour hold time for Examples 61 and 68 showing that CeO provides a wide firing
window.

[0078] Table 19 includes analyzed phases and pseudobrookite composition in wt
% as determined by X-Ray Diffraction (XRD) for Examples 53, 54, 57, and 58.
These analyzed examples were all fired at 1365 °C. The pseudobrookite
composition was determined by the lattice parameters of the pseudobrookite phase
as determined by XRD. The phase distribution was determined by Rietveld
refinement of the XRD pattern.

[0079] It will be apparent to those skilled in the art that various modifications and
variations can be made in the present invention without departing from the spirit or
scope of the invention. Thus, it is intended that the present invention cover the
modifications and variations of this invention provided they come within the scope of

the appended claims and their equivalents.

TABLE 14
Alumina 44 42
Quartz 273
Titania 33.66
Talc 19.19
Starch 19.00
Graphite 8.00
TABLE 15
Example Baseline Ce0, La,O4
Batch (%)
61 99.228 0.772 -
62 98.847 1.153 -
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63 98.847 0.865 0.288
64 98.847 0.577 0.577
65 98.847 0.288 0.865
66 98.847 0.000 1.153
67 99.420 0.000 0.580
68 100.000 0.000 0.000
Table 16
Example Number 61 62 63 64 65 66 67 68
Ce0, 1.00 1.50 1.13 0.75 0.38 0.00 0.00 -
La,0; 0.00 0.00 0.38 0.75 1.13 1.50 0.75 -
I(_ozr)lgth Change after Firing 003 0.26 ) ) ) ) -
CTE, 25-800°C (107/°C) 13 11 - - - - -
CTE, 25-1000°C (107/°C) 16 14 16 18 17 18 21 -
%Porosity 50 50 50 51 50 51 51 -
dso (Microns) 13 13 13 13 13 13 12
(dso-d10)/dso 0.23 0.17 0.20 0.23 020 023 028
(deo-d10)/dso 0.37 0.29
Relative RE Cost 0.250 0.375
Table 17
Example Number 69 70 71 72 73 74 75 76
Alumina A (24) 4418 - 4418 4418 44.18 - - -
Alumina B (42) - - - - - 4418 4418 44.18
Alumina C (10) - 4418 - - - - - -
Silica C (25) 271 217 271 271 271 271 271 271
Titania A (0.5) 33.52 3352 3352 3352 3352 3352 33.52 33.52
Talc B (14.4) 19.10 19.10 19.10 19.10 19.10 19.10 19.10 19.10
Y203 049 074 049 049 049 049 049 049
CeO, - - - - - - - -
La,O4 - - - - - - - -
Graphite A (35) 14 8 14 10 14 8 8 8
Potato Starch (49) 30 19 32 30 32 27 27 27
First Soak Temperature (°C) 1351 1358 1349 1345 1351 1358 1355 1365
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First Soak Time (hours)
Length Change after Firing (%)

PCT/US2013/052620

16 16 16 16 16 16 16 16
-028 -111 133 -155 -189 -202 -25 -2.71

CTE, 25-800°C (107'/°C)
CTE, 25-1000°C (10”'/°C)
Y%Porosity

dso (microns)

(dsp-d10)/dso

(d90'd10)/d50

Example Number

12.9 8.1 1.7 96 1325 108 9.7 1.7
16.1 113 149 132 163 139 141 14.4
63.3 5541 635 5985 6165 5718 56 57.64
16.24 1314 176 1715 17.16 19.63 18.93 17.81
021 022 035 041 063 024 023 0.16
053 044 082 078 076 070 054 0.39

Table 17 (Continued)

77 78 79 80 81 82 83 84

Alumina A (24)

Alumina B (42)

Alumina C (10)

Silica C (25)

Titania A (0.5)

Talc B (14.4)

Y03

Ce0,

La,O4

Graphite A (35)

Potato Starch (49)

First Soak Temperature (°C)
First Soak Time (hours)
Length Change after Firing (%)

4418 4418 4418 4405 4397 4397 4397 4418

271 271 271 27 270 270 270 2.71
33.52 33.52 3349 3342 33.36 33.36 33.36 33.52
19.10 19.10 19.08 19.05 19.01 19.01 19.01 19.10
049 - - - - - - -
- 096 059 078 0975 098 098 -
- - - - - - - 0.9
10 14 10 10 10 10 10 14
30 32 30 3 3@ 30 30 32
1355 1351 1345 1345 1345 1345 1345 1346
16 16 16 16 16 16 16 16
272 131 139 -15 -151 -181 -219 -1.77

CTE, 25-800°C (107'/°C)
CTE, 25-1000°C (10”'/°C)
Y%Porosity

- 1.7 121 11 1.6 104 107 147
- 15 159 146 152 14 142 179
- 63.06 5958 5952 61 59.73 59.24 -

dso (microns)
(d50'd10)/d50
(d90'd10)/d50

- 189 1712 1745 1591 1766 17.8 -
- 028 035 03 018 032 0.33 -
- 071 070 070 041 068 0.65 -

Table 18
Porosity (%) d50 (microns) CTE 800 CTE 1000
Example Number 68 68 61 68 61 68 61

33



WO 2014/028207 PCT/US2013/052620

Temperature 1% 1% 1% 1%
None Ce0, None Ce0, None Ce0, None CeO,

1310 51 51 9 11 23.0 11.5 26 15
1320 52 52 9 12 21.4 11.2 25 15
1330 53 51 10 12 20.9 10.5 24 14
1340 54 51 10 12 18.7 10.5 22 14
1350 53 51 11 13 17.4 9.9 21 13
1360 54 - 11 - 15.1 -6.9 18 -

1370 52 - 13 - 12.6 16 -

Table 18 (continued)

dbreadth dfactor Firing Length

Change

Example Number 68 61 68 61 68 61
Temperature N 1% 1% 1%

one Ce0, None CeO, None Ce0,
1310 0.66 0.39 0.49 0.29 -0.2 -0.2
1320 0.69 042 0.47 0.29 0.3 0.0
1330 0.65 0.38 0.48 0.26 0.9 -0.1
1340 0.61 0.37 0.44 0.25 14 -0.1
1350 0.56 0.32 0.39 0.21 1.5 -0.3
1360 0.48 0.38 0.32 - 14 -
1370 0.39 - 0.26 - 0.5 -

Table 19

Example b dobrookite  Corundum  Cordierite  Mullite Y,Ti,O; CeOs Alz(1:9M8iTif14Os
Number Value of x

53 65 3 16 16 04 0.0 0.19

54 65 1 13 20 1.3 0.0 0.19

57 67 1 14 18 0.0 0.0 0.19

58 67 1 10 20 0.0 1.5 0.19
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CLAIMS

1. A ceramic article comprising a first crystalline phase comprised
predominantly of a solid solution of aluminum titanate and magnesium dititanate and
a second crystalline phase comprising cordierite, the article having a composition, as
expressed in weight percent on an oxide basis of from 4 to 10% MgO; from 40 to
55% Al,Os3; from 25 to 44% TiOy; from 5 to 25% SiO,, and a sintering aid, the

sintering aid comprising at least one of a lanthanide oxide and yttrium oxide.

2. The ceramic article of Claim 1, wherein the lanthanide oxide comprises a

cerium oxide.

3. The ceramic article of Claim 1, wherein the sintering aid comprises cerium

oxide and at least one of yttrium oxide and a lanthanum oxide.

4. The ceramic article of any one of claims 1 - 3 comprising a composition
expressed on an oxide basis of: a(Al;TiOs) + b(MgTi20s) + ¢(2MgO - 2A1,03 * 5Si0y)
+ d(3Al203 " 2Si0,) + e(MgO - AlxQ3) + f(2MgO TiO) + g(X) + i(Fe203 " TiO2) + j(TiO2)
+ k(Al20O3), wherein a, b, c, d, e, f, g, i, j, and k are weight fractions of each
componentsuchthat(a+b+c+d+e+f+g+i+j+Kk)=1.00, wherein Xis the

sintering aid.

5. The ceramic article of Claim 4, wherein 0.3 <a<0.75, 0.075<b<0.3,
0.02=<c¢=<0.5,and 0.001 <g=<0.05.

6. The ceramic article of either of claims 4 - 5, wherein 0.3 <a<0.75, 0.075
<b<0.3, 002=<c=<0.5, 0.0d=<04, 0.0se=<0.25, 00=<f=<0.1, 0.001=g=
0.05, 0.0<i<0.05, 0.0<j<0.2 and 0.0<k<0.1.

7. The ceramic article of any one of claims 4 - 6, wherein 0.0025 < g < 0.02.

8. The ceramic article of any one of claims 4 - 7, wherein the sintering aid

comprises a cerium oxide.
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9. The ceramic article of any one of claims 4 - 8, wherein the sintering aid

further comprises at least one of yttrium oxide and a lanthanum oxide.

10. The ceramic article of any one of claims 1 - 9, wherein the ceramic article

comprises a total porosity %P greater than 40% by volume.

11. The ceramic article of any one of claims 1 - 10, wherein the ceramic
article comprises a coefficient of thermal expansion, as measured between 25-
1000°C, less than or equal to 14 x 107/°C.

12. The ceramic article of any one of claims 1 - 11, wherein the sintering aid
is present, on a weight percent oxide basis, in an amount in the range of from
greater than 0.1 to 5 weight% relative to the total weight of the inorganic batch

composition.

13. The ceramic article of any one of claims 1 - 12 having a composition, as
expressed in weight percent on an oxide basis: of from 5 to 10% MgO; from 40 to
50% Al>O3; from 30 to 35% TiO,; and from 10 to 20% SiO..

14. The ceramic article of any one of claims 1 - 13, comprising a median pore

size dso in the range of from 10 pm to 30 um.

15. The ceramic article of any one of claims 1 - 14, comprising a median pore

size dsp in the range of from 15 pm to 25 um.

16. A diesel particulate filter comprising the ceramic article of any of any one
of claims 1 - 15, wherein said diesel particulate filter comprises a honeycomb

structure having a plurality of axially extending end-plugged inlet and outlet cells.

17. A ceramic article, comprising:
a pseudobrookite phase comprising predominately alumina, magnesia, and

titania;
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a second phase comprising cordierite; and
a sintering aid, comprising at least one of a lanthanide oxide and yttrium

oxide.

18. The ceramic article of Claim 17, wherein the lanthanide oxide comprises

a cerium oxide.

19. The ceramic article of Claim 17, wherein the sintering aid comprises

cerium oxide and at least one of yttrium oxide and a lanthanum oxide.

20. A method of manufacturing a ceramic article, comprising:

providing an inorganic batch composition comprising a magnesia source, a
silica source, an alumina source, a titania source, and at least one sintering aid;

mixing the inorganic batch composition together with one or more processing
aid selected from the group consisting of a plasticizer, lubricant, binder, pore former,
and solvent, to form a plasticized ceramic precursor batch composition;

shaping the plasticized ceramic precursor batch composition into a green
body; and

firing the green body under conditions effective to convert the green body into
a ceramic article comprising a pseudobrookite phase comprising predominately
alumina, magnesia, and titania and a second phase comprising cordierite,

wherein the sintering aid comprises at least one of a lanthanide oxide and

yttrium oxide.

21. The method of Claim 20, wherein the lanthanide oxide comprises a

cerium oxide.

22. The method of Claim 21, wherein the sintering aid comprises cerium

oxide and at least one of yttrium oxide and a lanthanum oxide.

23. The method of any one of claims 20 - 22, wherein at least one sintering

aid is present, on a weight percent oxide basis, in an amount in the range of from
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greater than 0.1 to 5 weight% relative to the total weight of the inorganic batch

composition.

24. The method of any one of claims 20 - 23, wherein the plasticized ceramic

precursor batch composition is shaped by extrusion.

25. The method of any one of claims 20 - 24, wherein the firing conditions
effective to convert the green body into a ceramic article comprise heating the green
body at a maximum soak temperature in the range of from 1250°C to 1450°C and
maintaining the maximum soak temperature for a hold time sufficient to convert the

green body into a ceramic article.
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