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PROCESS FOR PRODUCING SINTERED POROUS
MATERIALS

FIELD OF THE INVENTION

[0001] The present invention relates to an improved pro-
cess for making sintered porous materials, especially ceramic
or metallic sintered porous bodies. The present invention
turther relates to the sintered porous materials obtainable by
such a process.

BACKGROUND OF THE INVENTION

[0002] Porous materials, metallic, ceramic and polymeric,
have widespread applications. For different applications
however different pore sizes and porosities are needed. A
spherical pore geometry 1s often preferred since this offers
better mechanical properties and offers a larger thermal shock
resistance in high temperature applications. Production of
these materials 1n a controlled manner 1s an important aspect
of this technology. Some production methods 1n the art apply
various colloidal processing routes comprising methods such

as sacrificial materials, partial sintering and gas inclusion, as
detailed below.

[0003] The technology will be explained with reference to
a green body, 1.e. a non-sintered material, in particular a
non-sintered ceramic or metallic material. Green bodies have
been for instance described in U.S. Pat. No. 6,596,799. A
green body 1s a powder packing which has the ability to retain
its shape. The green strength 1s the amount of force a green
body can sustain before the shape retention 1s lost. Green
bodies may be prepared from suspensions, pastes or dry pow-
der of either ceramic powders, such as various kinds of fer-
rites, titanates, alumina, cordierite, titantum dioxide, silicon
carbide, silicon nitride and the like, or metallic powders, such
as steel, titanium and its alloys, aluminium and 1ts alloys, by
processes such as pressing of granules, slip casting and extru-
sion. Methods for obtaining manufacturing a ceramic or
metallic green body for ceramic or metallic slurries contain-
ing a ceramic or metallic powder are well described 1n the art.

[0004] Sacrificial materials: a common route to obtain
pores 1s the inclusion of an organic material into a green body.
These organic materials can have almost any shape and/or
s1ze, and a multitude of such materials, including starch and
polymers may be used. Mostly spherical particles are used
since spherical pores offer obvious advantages in terms of
mechanical and thermal shock properties. However, the
organic material particles have to be removed for instance by
burning out during a thermal step, called the de-binding step,
before sintering can be done.

[0005] De-binding is a major step in the production of
porous structures from metallurgic powders of the prior art. In
common manufacturing processes of powder metallurgy, 1n
order to facilitate ceramic powder to cast into bodies more
casily, polymer matenals are frequently added to the bodies
as cast additives. Such type of cast additives includes adhe-
stves, surfactants, fillings or lubricants. The cast additives are
mixed with polymer matenals for casting bodies that may be
formed by methods such as moulding, forging, extrusion,
injection or scraping. The formed bodies are generally placed
into furnaces for de-binding (removal of the organic materials
such as the casting polymers) as the next step. However, the
cast additives used come as high as 30% by volume, and
defects incurred are prone to arise during removal of the
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polymer materials in the de-binding process. De-binding pro-
cesses currently used include solvent de-binding and thermal
de-binding, as follows:

[0006] a)Solvent de-binding is implemented by the steps of
dipping a body into a solvent, and extracting dissolvable
adhesives, fillings, surfactants or lubricants from the body
for forming successive openings penetrating from an inte-
rior to an exterior of a sample. Thus, subsequent heating 1s
able to facilitate exsudation of residual adhesive 1n form of
a gas or a liguid through the openings. In addition, de-
binding efliciency 1s increased while decreasing defects by
pressurising the solvent to a supercritical state or heating
the solvent into steams. However, such means of solvent
de-binding brings forth environmental and recycling 1ssues
and thus further increases processing expenses thereof.

[0007] Thermal de-binding is implemented by the steps of
placing a body into a furnace, and removing adhesives
directly or after solvent de-binding. Only human-friendly
gases that give no environmental, recycling or human-haz-
ardous 1ssues like those in solvent de-binding are produced,
and therefore thermal de-binding 1s the most extensively
applied de-binding process. Nevertheless, it 1s necessary to
pre-heat the furnace to a temperature required for thermal
de-binding, meaning that time and energy for pre-heating and
energy consumed during maintaining heat are costly, and an
elficiency problem often abstained by the manufacturing pro-
cess 1s resulted. Also, defects are prone to occur during the
time-consuming thermal de-binding process.

[0008] This de-binding step is crucial since all organic
materials are gasified and have to leave the green body
through the small pores between the particles. If the amount
of organic materials 1s high, and/or 1f the substrate 1s thick, the
de-binding process will be very long, thus raising the produc-
tion cost of the final products. The green body can also be
damaged or even completely destroyed i1 gasification of the
organic material during this de-binding step occurs at a too
high rate or speed. Any damages 1n the green body will remain
alter sintering, thus lowering the strength of the final product.
Additional problems such as, but not limited to, cracks caused
by a differential thermal expansion of the matrix materials
and the sacrificial materials have been reported as well. The
de-binding step usually takes place at temperatures of about
200° C. to 500° C. Thermal expansion takes place when the
green body 1s heated up to this de-binding temperature. Since
different materials have different thermal expansion coetfi-
cients, stresses occur 1n the green body during this initial
thermal cycle. These stresses can 1n turn cause cracks. The
high temperature at which de-binding takes place also causes
this technique to be useless for some applications. Catalysts
¢.g. for tuel cells can be destroyed or deactivated at these
temperatures and some materials such as glasses start to sinter
below the relevant de-binding temperature. In this situation
there 1s a need for other methods for the production of porous
materials.

[0009] Instead of spherical particles, an organic foam can
be used as well as a template for the production of porous
materials. This template 1s covered with the particles by pass-
ing a slurry through it. However the same de-binding prob-
lems exist for this production route and the control over the
pore geometry 1s far less extensive than for other sacrificial
materials. Moreover the struts of the final material are typi-
cally hollow when sponge templates are used.
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[0010] A last drawback of the sacrificial materials tech-
nique 1s the cost of typical sacrificial materials such as, butnot
limited to, polymethylmethacrylate, polystyrene, starch and
ammonium bicarbonate.

[0011] Partial sintering: the green body obtainable from a
colloidal processing step can be sintered partially. A green
body 1s 1n essence a powder packing with the ability to retain
its shape. Consolidation of the solid form happens during
sintering 1n which the individual particles are connected due
to solid state diffusion. The material can be sintered to full
density, meaning that all boundaries of all particles make
contact with their immediate neighbours. The material can
also be sintered to a lower density, 1n which case pores
between particles will remain 1n the sintered end product.
These pores have a random shape, and their size will depend
on the extent of sintering and the particle size. If large or very
large pores are needed, bigger particles have to be used.

il

[0012] Bigger particles however have a detrimental effect
on the global strength of the resulting matenal, since the
largest grain determines the strength of a sintered piece 11 no
other critical defects are present. The larger the grains, the
lower the fracture strength. Furthermore the remaining pores
usually have a random shape with some sharp edges which
facilitate crack formation and growth, lowering the fracture
strength even more. The inherent incomplete sintering aggra-
vates this loss 1n strength even further. Porous particles or
aggregates ol porous particles can be used instead of indi-
vidual solid particles to obtain the green body prior to sinter-
ing, e.g. in the production of porous hydroxyapatite.

[0013] Gas inclusion: by electrophoretic deposition, green
bodies can be formed due to the application of an electric
field. When aqueous media are used and high voltages are
applied, electrolysis of water occurs. Thus the use of hydro-
gen and oxygen bubbles as a possible route for the production
of porous materials has already been reported. When gas
bubbles evolve at the deposition electrode they can be 1ncor-
porated in the deposit, thus causing the formation of spherical
pores. The voltage used offers some, but very limited, control
over the size and amount of the bubbles formed. However a
too high gas evolution hampers the electrophoretic deposition
system due to a loss 1n effective electrode surface. Gas evo-
lution may also cause premature loosening of the deposit
from the electrode, or cause cracks in the green body.

[0014] Sol gel processing is a non-colloidal processing
route that uses the gellation of ceramic precursors to form
objects. These ceramic precursors may be organometallic
compounds such as metal alkoxides which gel when exposed
to water. The formed gel can subsequently be submitted to
calcination and then sintered 1n order to consolidate the
object. Since the gelled structure mainly consists of organic
material and solvents, the calcination step must be performed
with great care. The shrinkage of the structure during this step
1s substantial and the final productis usually only a fraction of
the size of the mitial gel structure. The use of emulsion drop-
lets from a non aqueous emulsion has also been described as
a method to obtain pores 1n a gelled structure, for instance 1n
perovskite ceramic materials. These pores are retained after
calcination and sintering. In a similar manner, hollow par-
ticles can be produced by coating emulsion droplets with a
ceramic precursor gel followed by calcination. The major
objections to sol gel processing are the high cost of the
ceramic precursors and the troublesome calcination step.
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Shrinkage during the calcinations step complicates the pre-
diction of the final dimensions, and handling of the gelled
structure prior to consolidation can prove troublesome as
well.

[0015] Polymerisation: ceramic objects can also be pro-
duced by incorporating ceramic particles into a polymer
matrix, either by mixing a molten polymer with ceramic
particles or by polymerising a suspension of ceramic particles
in a monomer or pre-polymer. The resulting solid structure
consists purely of polymer and ceramic particles. The poly-
mer has then to be removed during a de-binding step. After-
wards the resulting ceramic particles can be sintered to con-
solidate the final product. If an emulsion of monomer and an
other liquid 1s used, then a porous polymer ceramic composite
can be obtained, the pores being retained during de-binding
and sintering. The de-binding of the polymer matrix 1s the
crucial step 1n this type of ceramic processing. The substantial
amount of polymer causes this to be a slow process. Damages
due to fast gasification also can occur. Thick objects are
therefore difficult to obtain using this process. Furthermore
substantial shrinkage occurs during this step, thus complicat-
ing the prediction of the final dimensions.

[0016] Polymer addition/stabilisation: in a similar fashion
emulsions that are stabilized by a polymer binder matrix can
be used as pore formers. For instance the use of polyvinyl
alcohol for the preparation of porous high frequency single
crystal capacitors has been described. Although the polymer
content 1s usually lower than with a polymer matrix generated
through polymerisation, the same problems remain.

[0017] Thus, there is a need in the art for an efficient process
for the formation of porous materials, which reduces the risk
of damages such as crack formation 1n the materials and/or
which improves the cost effectiveness of the process.

SUMMARY OF THE INVENTION

[0018] The present invention relates to a system and
method for producing ceramic and metallic sintered porous
bodies, wherein said method includes a colloidal processing
step (e.g. mvolving a method such as, but not limited to, slip
casting, pressure casting, tape casting, dip coating or electro-
phoretic deposition) of solid ceramic or metallic particle
emulsions, preferably solid ceramic or metallic particle sta-
bilised emulsions. After subsequent sintering, the structure
obtainable from this process results 1n porous solids such as
macro-, micro- or mesoporous matrices, glasses, amorphous
(non-crystalline) solids, para-crystalline solids or crystalline
solids with improved properties. The process of the present
invention directly provides sintered porous bodies, 1.e. with-
out a de-binding step.

[0019] The present invention solves the problems of the
prior art techniques by means of a process for forming green
bodies from solid particle emulsions and further sintering
said green bodies to achieve a solid porous structure or mate-
rial without a de-binding step 1n the manufacturing process.
The present invention has unexpectedly found that no addi-
tional de-binding step 1s needed before sintering to remove
any material used to obtain the pores in the green body 1n a
process for making sintered porous materials or solid porous
materials.

[0020] In accordance with the purpose of the invention, as
embodied and broadly described herein, the imnvention uses
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solid particle stabilised emulsions 1n colloidal processing
routes 1n order to obtain pores, preferably spherical pores, in
the green body and further comprises sintering the green body
in order to obtain a porous material.

BRIEF DESCRIPTION OF THE DRAWINGS

10021] FIG. 1 is a schematic view showing solid particle
stabilised emulsion droplet.

10022] FIG. 2 shows scanning electron microscopy (here-
mafter referred as SEM) pictures of the fracture surfaces of
porous Al,O, materials produced by electrophoretic deposi-
tion as follows: (A) Graded porosity 45% porosity with pores
of about 70 um, (B) 76% porosity with pores of about 200 um,
(C) 33% porosity with pores of about 50 um, and (D) mag-
nified image of pore wall.

10023] FIG. 3 shows SEM pictures of the fracture surfaces
of porous materials produced by Slip casting: (A) Yttria sta-
bilised ZrO, 87% porosity with pores in the range o1 200 to 50
um, (B) Titantum 356% porosity with pores of about 200 um,
(C) Al,O; 63% porosity with pores in the range o1 30 to 3 um,
and (D) Cena stabilised ZrO, 50% porosity with pores of
about 10 um.

10024] FIG. 4 shows an SEM picture of the fracture surface
ol a Pyrex glass with 18% porosity with pores in the range of

about 10 to 100 um.

[10025] FIG. 5 displays a porous titanium film produced by
tape casting of a solid stabilized emulsion.

10026] FIG. 6 shows the experimental electrophoretic cell
used 1 example 1.

[10027] FIG.7 shows SEM pictures of porous titanium coat-
ings produced by electrophoretic deposition.

DETAILED DESCRIPTION OF THE INVENTION

10028] In a first aspect, the invention comprises a process
for producing a porous ceramic body from a green body,
characterised in that first a solid particle stabilised solid par-
ticle emulsion 1s made of a combination of at least two 1mmius-
cible liquids and solid particles wherein the solid particles
form a layer on or are densely packed on the interface of the
immiscible fluids and further colloidal processing of solid
particle stabilised emulsions to form the green body and
turther sintering of the green body without a de-binding step.

[10029] More specifically, the present invention relates to a
process for producing a porous ceramic or metallic body from
a ceramic or metallic green body, said process comprising the
steps of:

[0030] making a stabilised solid particle emulsion from a
combination of at least two immuiscible liquids, and solid
ceramic or metallic particles, wherein said solid ceramic
or metallic particles form a layer onto or are densely
packed at the interface of said at least two 1mmiscible

fluds,

[0031] colloidal processing of solid particle stabilised
emulsion to form a ceramic or metallic green body, and

[0032] directly sintering said ceramic or metallic green
body.
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[0033] In one aspect of the present invention, “directly
sintering” means that there 1s no need for a de-binding step
alter the colloidal processing step.

[0034] In one aspect of the present invention, the size as
well as the amount of the pores can efficiently be controlled in
the porous solids obtained aifter the direct sintering step.
Another advantageous aspect of the present invention 1s the
type of porosity, open or closed, that can be chosen due to this
controlling possibility.

[0035] Thesolid particle stabilised emulsions present in the
initial step of the process of this invention are obtainable with
any combination of at least two immiscible liquids, and any
type of powder particle, 1n particular ceramic particle, that
can be subjected to a sintering process. A wide range of
clfects 1s obtainable by modification of the powder particle
surface. The rheologic behavior and polarity properties of the
at least two liquids can be adjusted to provide similar effects.

[0036] Most, if not all, metals powders are suitable for
performing the process of the present invention. This 1s espe-
cially true for pure metals without contamination. Many non-
metallic substances such as glass, alumina, silica, magnesia,
lime, ferric oxide, and various organic polymers are also
suitable for the process of present invention.

[0037] The method of the present invention is also particu-
larly suitable to produce macro-porous, micro-porous or
meso-porous amorphous silica, alumina, titama, zirconia,
titanium or stainless steel.

[0038] Particularly suitable are metals such as, but not lim-
ited to, titanium, copper, zinc, cobalt, magnesium and metal
alloys such as, but not limited to, steel, stainless steel, tita-
nium alloys, bronze, brass, Ti—V—Al alloys, T+—V—Zr

alloys, Ti—V—Zr—Nb alloys, Al—CU alloys and Cr—V
alloys. Also suitable are:

[0039] oxides such as, but not limited to, Al,O,, ZrO,,
T10,, HfO, MgO, ZnO, BaTiO2, SrT103, CaTi02, CaO,
Y20, CeO2, Fe203, FeO, S102,

[0040] borides such as, but not limited to, TiB,, ZrB.,,
B.C, AIB,, HfB2, VB2, bB2, TaB2, CrB2, Mo2BS5 or
W2BS5,

[0041] nitrides such as, but not limited to, ZrN, TiN,
S1;N,, HEN, NbN, VN, TaN, AIN, Si2N4, BN or SiA-
1ON,

[0042] carbides such as, but not limited to, SiC, TiC,
ZrC, HIC, VC, NbC, CaC, Cr3C2, Mo2C, WC, V2C,
Nb2C, Ta2C, B4C,

[0043] fluorides,

[0044] glasses like pyrex (or borosilicate glass),

[0045] potassium borosilicate,

[0046] 11281205,

[0047] Oxy fluoride glass ceramics, such as, but not lim-

ited to, [ AI203, MgO, CaO, S102 glass], [ PbO, Si02
glass |, [ B203, S102, Na20 glass], | MgO, A1203, S102
glass | or [CaSi103, CaMgSi206, CaAl2Si1208 glass|,

[0048] phosphates e.g calcium phosphate, hydroxyapa-
tite, LaPO4 or CeP0O4, and
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[0049] sinterable thermoplastic polymers such as, but
not limited to, polyethylene-imine, polystyrene, polym-
cthylmethacrylate, polyethylene and polytetratluoroet-
hylene.

[0050] Any combination or composite of the materials
mentioned above can be used for the performance of this
invention.

[0051] An embodiment of present invention involves a pro-
cess for producing a porous ceramic body comprising the
steps of making a solid particle emulsion; colloidal process-
ing of solid particle emulsions to form a green starting body
and sintering the material after the colloidal processing step.
This solid particle emulsion can be a stabilised solid particle
emulsions and the solid particles form a layer on the interface
of two immauscible tluids. The green body can be formed by a
colloidal process such as slip casting, pressure casting, tape
casting, dip coating or electrophoretic deposition.

[0052] In a particular embodiment of present invention the
solid particle emulsion comprise a ceramic powder. This
ceramic powder can be selected from the group consisting of
silicon carbide, silicon nitride, titantum diboride and alu-
mimium nitride.

[0053] In yet another embodiment of the present invention,
the solid particle emulsion comprises a metal oxide powder,
preferably a metal oxide powder selected from the group

consisting of alumina, magnesia, titama, nickel oxide and
1ron oxide.

[0054] The volume percent porosity in the green body or in
the sintered body can be predetermined for instance by modi-
tying the ratio of the powder volume 1n the continuous phase
to the volume of the emulsified liquids in the process. In a
particular embodiment the porosity of the sintered body pro-
duced by the process of present invention 1s 1n the range of
from 1 to 99%, preferably in the range from 10 to 90% and
most preferably from 20 to 80%.

[0055] The main pore size in the porous body can be con-
trolled, depending on the powder particle size, within a range
from about 5 mm to about 50 nm, preferably within the range
from 1 mm to 100 nm and most preferably from 500 umto 500
nm, by controlling the ratio of powder volume used to stabi-
lise the emulsion and the total volume of the emulsified lig-
uids.

[0056] By means of the process of the present invention,
various types of porous amorphous structures, porous para-
crystalline materials, macro-porous materials, micro-porous
materials, or meso-porous materials can be obtained.

[0057] Further scope of applicability of the present inven-
tion will become apparent from the detailed description given
hereinafter. However, 1t should be understood that the
detailed description and specific examples, while indicating
preferred embodiments of the invention, are given by way of
illustration only, since various changes and modifications
within the spirit and scope of the mvention will become
apparent to those skilled in the art from this detailed descrip-
tion. It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are notrestrictive of the inven-
tion, as claimed. It will be apparent to those skilled in the art
that various modifications and variations can be made in
process of the present invention of formation of porous mate-
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rials from solid particle emulsions and in construction of the
system and method without departing from the scope or spirit
of the mnvention.

[0058] Solid particle stabilization of emulsions are obtain-
able by solid particles in the nterface of immiscible fluids,
especially when those particles are densely packed. Particles
can act as the stabilizing agent by wetting by the two phases,
the o1l and the aqueous phase, the affinity to each of the two
phases should being different, in which case a stable interfa-
cial film with good protection against coalescence can be
achieved. Such solid particle stabilized emulsion may be
formulated as surfactant-iree emulsions.

[0059] Sintering is a term describing a method for making
objects from powder, increasing the adhesion between par-
ticles as they are heated. It 1s particularly used with ceramic
powders and in powder metallurgy. Sintering 1s know 1n the
art a method for making objects from powder, increasing the
adhesion between particles as they are heated to form a strong
cohesive body. Sintering traditionally serves for manufactur-
ing ceramic objects, and has also found use 1n such fields as
powder metallurgy. Sintering relates to diffusion. It 1s know
as a process of forming objects from a metal powder by
heating the powder at a temperature below its melting point.
In the production of small metal objects 1t 1s often not prac-
tical to cast them. Through chemical or mechanical proce-
dures a fine powder of the metal can be produced. When the
powder 1s compacted into the desired shape and heated, 1.¢.,
sintered, for up to three hours, the particles composing the
powder join together to form a single solid object.

[0060] Slip Casting 1s a process route in which the suspen-
s10ns are poured 1nto a porous plaster or polymer mould that
drains the fluid from the emulsion due to capillary forces. The
mouldis often discarded after the process. This method can be
used to produce both monolithic objects, hollow objects and
thin wall objects. There 1s no si1ze limitation and the technique
1s suitable for mass production.

[0061] Pressure Casting can be regarded as an evolved and
highly industrialized form of slip casting. Instead of the dis-
posable plaster moulds, porous polymer moulds are used for
multiple production cycles. In order to speed up the process
an additional pressure 1s exerted during casting. This pressure
can be etther a vacuum over the mould or an overpressure over
the slurry. Both systems can be combined. The results are
similar to those produced in slip casting.

[0062] Tape Casting is a technique where a thin film of a
suspension 1s spread on a casting surface. After drying this
thin film 1s removed from this surface for further treatment.
Tape casting results 1n thin strips of materials that can be
flexible 1n their green state due to the amount of binder and
plasticizer present. These thin tapes often find applications in
the production of electronic devices, filtering and membrane
technology, and can be stacked for the processing of multi-
layer.

[0063] Electrophoretic Deposition i1s a technique where a
suspension of charged particles 1s placed between two elec-
trodes. When an electric field 1s created 1n the suspension by
applying a voltage difference across the electrodes the par-
ticles move towards one electrode depending on their charge.
When the particles reach the electrode a deposit 1s formed on
the electrode. This can either be a thin film or a thick deposit,
which retains the shape of the electrode. Electrophoretic
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deposition offers the possibility to produce simple objects,
both hollow and monolithic, and the possibility to coat con-
ducting surfaces. Using this technique, graded maternials can
be obtained, both 1n material composition as 1n porosity and/
Or pore size.

[0064] Dip Coating is a technique used to coat all types of
surfaces simply by dipping an object into a colloidal slurry.
After drying a thin film of material ready for further process-
ing remains on the surface.

[0065] The term “sol” as used 1in this application is in the
meaning of a colloid that has a continuous liquid phase in
which a solid with particle size 1n the micrometer range or
smaller 1s suspended. It can mean a colloidal solution, colloi-
dal suspension.

[0066] The term “amorphous” or “amorphous structure” as
used herein means without apparent long range order of the
atom positions; it can also be interpreted as non-crystallised
or lacking crystallinity.

[0067] Paracrystalline materials such as the transitional
alumina also have a wide distribution of pore sizes, but better
defined X-ray diffraction patterns usually consisting of a few
broad peaks.

[0068] The term “microporous material” as used herein is
in the meaning of solids that contain pores with free diameters
of molecular dimensions. The upper limit of the micropore
diameter range according to IUPAC 1s 2 nm.

[0069] The term “mesoporous material” as used herein is in

the meaning of solids that contain pores with free diameters of
2-50 nm.

[0070] The term “macroporous material” as used herein is
in the meaning of solids that contain pores with free diameters
above 50 nm.

TABL.

L1

1

includes the IUPAC classification of porous materials:

Dominant pore width (nm) Type of material

<2 MICIOPOTOUS
2-350 IMesoporous
=50 MAacroporous

[0071] The expression “bio-inert” as used herein is in the

meaning of having no direct interaction with biological sys-
tems.

[0072] In sharp contrast to these structurally ill-defined
solids are materials whose pore size distribution 1s very nar-
row because it 1s controlled by the precisely repeating crys-
talline nature of the materials, microstructure. These materi-
als are called “molecular sieves”, the most 1mportant
examples of which are zeolites. Zeolites, both natural and
synthetic, have been demonstrated 1n the past to have catalytic
properties for various types of hydrocarbon conversion. Cer-
tain zeolitic materials are ordered, porous crystalline alu-
mino-silicates having a definite crystalline structure as deter-
mined by X-ray diffraction, within which there are a large
number of smaller cavities which may be interconnected by a
number of still smaller channels or pores. These cavities and
pores are uniform 1n size within a specific zeolite material.
Such molecular sieves, both natural and synthetic, include a
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wide variety of positive 1on-containing crystalline silicates.
These silicates can be described as a rigid three-dimensional
framework of S104 and Periodic Table Group I1IB element
oxide, e.g. AlO4, 1n which tetrahedra are crosslinked by the
sharing of oxygen atoms whereby the ratio of the total Group
I1IB and Group IVB, e.g. silicon, atoms to oxXygen atoms 15s

1:2.

[0073] Generally, porous substances are divided by pore
s1ze, for example, pore sizes smaller than 2 nm classified as
microporous substances, between 2 and 50 nm classified as
mesoporous substances and larger than 50 nm classified as
macroporous substances. Of the porous substances, those
having uniform channel, such as zeolite, are defined as
molecular sieves and up to hundreds of types of zeolites have
been found and synthesised thus far. Zeolites play an impor-
tant role as catalysts or carriers in modern chemical industries
by virtue of their characteristics including selective adsorp-
tion, acidity and 1on exchangeability. However, the molecular
s1ze ol a reactant which can be utilized 1n catalyst conversion
reactions, etc. 1s limited by the pore size of zeolite because
zeolite 1s a microporous molecular sieve.

[0074] The present invention uses solid particle emulsions,
preferably solid particle stabilized emulsions, to produce a
green body, which 1s consequently sintered or partially sin-
tered 1n a controllable manner to fuse the ceramic or metallic
particles together to a controllable degree to obtain a solid
porous structure.

[0075] The solid particle emulsions are obtainable by mix-
ing at least two 1mmuiscible liquids to which solid particles or
grains are added. When two immiscible liquids are brought
together, an interphase area will be formed. By stirring the
liquads, droplets are created increasing the interphase surface
area. This 1s however an energetically unfavourable situation
and the two phases will separate again when mixing is
stopped. The droplets however can be partially or fully stabi-
lised 1n the continuous phase by solid particles located at this
interphase. This 1s often referred to as Pickering emulsions.
The solid particles locate themselves at the interphase
because of the difference in surface tension of the two liquids.
Once located at this interphase the particle will remain there
in a stable state. If enough particles are present, a hexagonal
close packing (HCP) of solid particles can be achieved at the
interphase. In this way, emulsion droplets can be stabilised
with solid particles located at the interphase. The amount and
the size of the globules can be controlled by the amount of
solid maternial added or the volume of emulsified liquid.

[0076] In the present invention, the solid emulsions, pref-
erably solid stabilized emulsions, are used 1n colloidal pro-
cessing routes 1n order to produce a green body that by sin-
tering 1s transformed 1n solid porous materials with controlled
spherical porosity and with a controlled pore size. In addition
to the extended control over the process, no de-binding step 1s
required prior to sintering since all liquids can be removed for
instance by capillary extraction or by evaporation before the
sintering step. Any combination of two or more immiscible
liquids as well as any type of sinterable powder material can
be processed 1n this route. Most, 11 not all, metal powders can
be sintered. This 1s especially true of pure metals produced
without surface contamination. Moreover, many non-metal-
lic powders also sinter, such as glass, alumina, silica, magne-
s1a, lime, beryllia, ferric oxide, and various organic polymers.
A great range of material properties can be obtained by sin-
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tering with subsequent reworking. Physical characteristics of
various products can be altered by changing density, alloying,
or heat treatments. These materials are suitable for the pro-
cess of present mvention.

[0077] A particular embodiment of the present invention 1s
that the pore size 1n the sintered porous materials 1s control-
lable. In order to control the pore size, the ratio of the amount
of powder used to stabilise the droplets and the volume of
emulsified liquid can be used to determine the parameter for
the size of the stabilised droplets, and the eventual pores in the
green body. Thus by either altering the amount of stabilising
powder or the volume of emulsified liquid, one can control the
actual pore si1ze. The minimal droplet size largely depends on
the size of the particles and the used emulsifying technique.
The maximum pore size 1s a function of the droplet stability,
which depends on the combination of liquids, the powder
surface chemistry, the powder particle size and the solid load-
ing. Once the droplets are formed and are stable, the stirring
can be decreased or ceased. In an alternative embodiment the
droplets can be additionally stabilised by adding a small
amount of binder. In yet another embodiment of the present
invention the viscosity of the emulsified droplets 1s rheologi-
cally altered to improve the strength and stability of the drop-
lets. Stabilisation expands the range of possible production
conditions 1n which the emulsions can be used. Some produc-
tion routes, such as tape casting, preferably imnvolve the pres-
ence ol binders and plasticizers to provide green strength and
plasticity to the green tape.

[0078] Another particular embodiment of the present
invention involves the control of porosity in the sintered
porous materials. A porous material 1n essence 1s comprised
of 2 phases. The voids 1n the matenal are the first phase and
the matrix material between those pores 1s the second phase.
The amount of matrix material can be controlled by the
amount of powder that 1s added to the emulsion after the
droplets are stable. This additional powder can be mixed nto
the continuous phase (liquid A 1 FIG. 1) of the emulsion by
gentle stirring. The mixing energy has to be limited below the
level that would otherwise cause the droplets to be broken up
into smaller droplets. Controlling the amount of the matrix
materials also controls the amount of voids 1n a certain vol-
ume, and the global distance in-between the voids. If the
amount of matrix material 1s increased suiliciently, the pores
will be separated and a closed porosity structure will be
obtained.

[0079] Alternatively the present invention also involves a
particular colloidal processing method. The products
obtained with colloidal processing routes can be subdivided
into two major classes: free standing objects and coatings.
Each route has 1ts own specific product range, and each type
of product has 1ts own application range. The applications
stated here are specific for porous materials. However 1t 1s
impossible to state all processing routes 1n which the emul-
sions can be used, and all the applications for which the
obtained porous materials can be used.

[0080] The methods of present invention to manufacture
porous structures that are suitable for various applications
such as Scaflolds; Insulating materials for both high (refrac-
tory materials) and low temperatures; Fluid separation tech-
nologies, Chromatographic columns, Filters for both high
and low temperature (cir. molten metals) fluds, Membranes
tor chemical applications such as Materials for impregnation

Mar. 25, 2010

with e.g. metals or lubricants; catalyst supports; Fuel cells;
Laminates; Sooth filters; Foams; 10n exchangers; Catalysts;
Adsorbents; Microelectronics; Photonics; Drug delivery;
Medical diagnosis; Seedling stem cells to encourage bone
growth around implants, Implants of porous materials that
facilitate tissue 1in-growth thereby improving long-term
implant retention and reducing the rate of extrusion; Porous
materials for dental implants; Porous materials to increase
friction on moving parts, Porous materials as carriers for
substances to improve the dissolution rate by solid dispersion
of that substance, Porous materials to enhance the efliciency
of combustion systems and to reduce the emission of pollut-
ants; Porous materials to alter heat transfer characteristics,
etc.

[0081] A particular embodiment of present invention
involves the coating of substrates with the porous material of
the present invention. The coating can be achieved by elec-
trophoretic deposition of the green material from the solid
particle emulsions, preferably stabilised solid particle emul-
s10ms, on a substrate. This 1s obtainable by for instance elec-
trophoretic deposition or by dip coating. Electrophoretic
Deposition 1s widely used to produce coatings on electrically
conducting surfaces. Such porous coatings are particularly
suitable for biomedical applications. Alternatively methods
such as dip coating can be used to coat all types of surfaces
simply by dipping an object into the colloidal slurry. The
specific application for instance biomedical coatings, surface
enlarging coatings (catalytic surfaces), thermal barrier coat-
ings or laminates (fracture deflection areas) determines the
material that 1s to be used.

[0082] There are various applications for the porous mate-
rials that are obtainable by the process of present invention.
Ceramics with controlled porosity find wide applications as
catalytic surfaces and supports, adsorbents, chromatographic
matenals, filters, light weight materials, and thermal and
acoustic msulators. In catalytic applications the macropores
facilitate material transport to the nanoporous internal
regions where reactions can take place. Macroporous silica
could be of substantial use as 1nsulating layers 1n integrated
circuits. The low dielectric constant of this material lowers
the capacity of the chips which makes them faster. Further-
more, ceramics with regular arrays of pores have unique
optical properties such as optical filters which have strong
wavelength dependent retlectivity and transmission. They are
also candidates for photonic band gap materials.
Macroporous ceramics are known 1n the art to be useful for
various applications such biocompatible materials. For
instance macroporous calcium phosphate ceramics have been
described to be used as biocompatible material for bone sur-
gery and osseo-integration ol macroporous calcium phos-
phate ceramics; macroporous ceramics [ e.g. tricalcium phos-
phate] are suitable used for the production of scaffolds for

tissue-engineered bone using mesenchymal stem cells and a
Biodegradable Scatiold.

Example 1

Electrophoretic Deposition of Porous Objects

[0083] FIG. 2 shows some examples that illustrate the
potential of the method of present invention. These examples

were produced using an ethanol/paraifin o1l emulsion system
in which 60 nm vy-Al,O; particles (CR1235, Baikowski) were
used for stabilising the droplets and creating the matrix. The
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green bodies were produced by electrophoretic deposition
and sintered for half an hour at 1550° C. FIG. 2-A shows a
graded material obtained by differential deposition of the
emulsion droplets, FIG. 2-B shows a macro porous material
with extremely large open pores and very high porosity, FIG.
2-C depicts a less porous material bordering between open
and closed porosity and FIG. 2-D clearly shows that the
matrix has been sintered close to full density, and that the pore
walls are actually very smooth, which 1s ideal for the
mechanical and thermal shock properties.

|0084] Prior to the preparation of the actual emulsion, alu-
mina was suspended 1n ethanol by magnetically stirring the
powder 1n ethanol with the charging agent in a glass container
for one hour. Subsequently, the suspension was placed 1n an
ultrasonic bath (Branson 2510) for 15 minutes. Finally the
actual emulsion was prepared by adding a volume of paraifin
liquid to a measure ethanol and by vigorously stirring it using
a mechanical stirrer (IKA RW20n) equipped with a standard
4-blade impeller. This emulsion was stabilized by adding an
amount ol the previously prepared suspension (stabilizing
suspension) and mixed for an additional 5 minutes. The
obtained solid stabilized emulsion was kept 1n motion by
gently stirring 1t on a magnetic plate. Another volume of
alumina suspension (bulk suspension) was added before
starting the electrophoretic deposition experiment. The com-
positions used are stated in Table 2 below.

TABLE 2

Emulsion Stabilizing powder

Bulk powder
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copy (XL 30 FEG device commercially available from FFEI,
The Netherlands). The density of the sintered pieces was
measured by the Archimedes method with ethanol as solvent.
A lacquer with known density was used to seal the pores
betore submerging the pieces.

|0088] The graded structure illustrated in FIG. 2-A is the

result of the difference of deposition speed between the drop-
lets and the individual particles. I suspensions or emulsions
of low concentration are used in electrophoretic deposition
the particles and droplets will deposit at a rate that depends on
their electrophoretic mobility. The result 1s a graded structure
in which the slower droplets deposits later than the individual
particles. With some effort the obtained gradient can be con-
trolled. If more concentrated suspensions are used the faster
moving particles will drag the slower moving particles and
droplets along and a homogeneous result 1s obtained.

[0089] An alternative way to obtained graded structures,
both in the amount of pores, or the pore size 1s to adjust the
emulsion composition of the process liquid during process-
ing. This can be obtained either by adding emulsion of dii-
terent composition, or by adding powder or emulsified liquid.
Sequential deposition of different emulsions can be used to
obtain similar results, or to produce laminates.

Vethant::-l Vparafﬁn VET]’JH]‘JDI mp::fwder VHNC}SD.IN Vetham:nl mp:::-wder VHN'DSG.IN

Exp. [ml]  [ml]  [ml] 2] [mi] ] [m]

A 25 50 50 10 1.5 50 10
B 25 75 50 15 2.25 25 5
C 25 23 50 20 3 50 10
D 25 25 50 10 1.5 50 10

|0085] The electrophoretic deposition experiments were
carried out 1n the experimental setup of FIG. 6, comprising a
flow-through horizontal deposition cell and an emulsion cir-
culation system driven by a peristaltic pump. The total vol-
ume of emulsion used 1n this system was 150 ml. The depos-
ited discs have a diameter of 37.5 mm and the distance
between the two electrodes 1s 35 mm.

[0086] 'The deposition was performed at a constant voltage
01300V for 900 seconds using a F.U.G. (type M CN 1400-50)
power supply. The deposition process was monitored by
recording the cell current (Onron, K3NX). The conductivity
of the suspension was measured using a conductivity elec-
trode (WTW, Cond Level) placed outside the deposition cell
in order to prevent interference of the electrical field.

|0087] The resulting deposits were subsequently dried (2
hours 1n a vacuum chamber) and sintered 1n air until sufficient
densification had occurred (20 minutes at 1550° C. with a
initial heating rate of 20° C./minute up t1ll 1100° C., a final
heating rate of 10° C./minute and a cooling rate of 25°
C./minute). The remaining pores in the deposits after sinter-
ing are investigated by means of scanning electron micros-

1.5
0.75
1.5
1.5

Example 2

Slip Casting

[0090] The slip casting set-up used herein consists of a
plaster plate on which a Teflon or glass ring was placed. In
order to ensure easy removal of the green product, a filter
paper was placed in-between the ring and the plate. A wider
range ol materials was tried in these experiments. This
includes several types of alumina (y-Al,O; CR125 &
a-Al,O,SMS8, from Baikowski), zircomia (Yttria stabilised
zirconia HSY-3U & Ceria stabilised zircoma CEZ12, from
Daiichi), Pyrex glass (Corning 7740), stainless steel (3161, 5
um particles) and titanium (11, HCST, from Amperit). The
green bodies of each material were sintered at the specific
conditions required. Results are shown 1n FIGS. 3 and 4. Due
to the more difficult mixing in the highly concentrated slurries
used for slip casting, not all produced materials have a narrow
pore size distribution. Both A) and C) show a relative wide
distribution. The use of higher energy mixing methods can
ameliorate this. The titanium shown 1n B) was not sintered to
tull density between the pores. A slightly longer sintering
cycle will solve this problem. The zircomia used 1 D) did
however sinter to full density in-between the pores as shown
in the SEM photograph. However B) and D) clearly show that
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adjacent pores open up during sintering due to sintering
stresses acting in on the thin pore wall resulting in open

porosity.

[0091] For these experiments the following procedure was
used: In advance plaster plates, diameter 45 mm and 5 m m
thick, of chemically pure plaster were prepared. These were
calcined for 1 hour at 800° C. prior to slip casting. Meanwhile
the emulsions were prepared. A simplified preparation route
was followed due to the small amount of emulsion needed in
these preliminary tests. First the emulsion was prepared by
magnetically mixing the parailin (Nujol mull, Acros) and
demineralised water. Directly to this the dry powder was
added. In order to reduce viscosity and improve the break-
down of agglomerates, a base was added as a charging addi-
tive. This was lett to stir magnetically for 30 minutes. The full
composition 1s stated i1n Table 3 below.

TABLE 3
Powder Type and Myowder YH20 Y paraffin
Exp. class manufacturer |g] Iml]  [ml]
A Yttria HSY-3U 20 5 10
stabilized Daiichi 20 13
10,
B Titanium HCST 20 13 5
Amperit
C Al O, SME 20 7.5 10
Baikowski
D Cena CEZ12 20 7.5 10
stabilized Daiichi
10,
E Pyrex Glass Corning 23 10 10
7740

Additional to these some binder was added to recipes B, C and
D after the preparation of the emulsion as follows:

[0092] 0.10 g Dolapix CE64 (from Zschimmer &
Scharz) was added to recipe B;

[0093] to C and D respectively 0.5 and 0.3 g of JP502
(from Johoku Chemical) was added.

[0094] The actual slip casting was performed shortly after
the calcination of the plaster plate. On top of the plate a filter
paper (mn6135 diameter 90 mm, Macherey-Nagel) was placed
to facilitate the removal of the final piece from the plaster. On
top of this paper a glass (diameter 37.5 mm, 10 mm high) or

Tetlon (diameter 40 mm, 15 mm high) was placed. In this cup
emulsion was poured. After all the fluids were drained from
the emulsions the resulting green structures were processed in
the same manner as described under the electrophoretic depo-
sition experiments of example 1. They were additionally
dried 1n a vacuum chamber for 2 hours before sintering. The
zirconia and alumina samples were then sintered using the
same cycle as the alumina structures obtained by EPD. The

titanium was sintered in a reducing atmosphere (argon gas
with 10% H,) for 1 hour at 1350° C.

Example 3

Pressure Casting

[0095] Green objects were successfully made using a
vacuum filtration set-up very similar to the simplest form of
industrial pressure casting. The materials used include alu-

Charging
additive

NaOHO.1N

Butylamine
Butylamine

Butylamine

NaOHO.1N
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mina (y-Al,O, CR125 & o-Al,O,SMS8, from Baikowski),
zirconia (Ytria stabilized zirconia HSY-3U & Ceria stabilised
zircoma CEZ12, from Daiichi), Pyrex glass (Corning 7740),
stainless steel (3161, 90%<5 um) and titanium (T1, HCST
from Amperit, <60 um). The sintered discs have a similar
appearance to those obtained by slip casting and electro-
phoretic deposition.

[0096] The emulsions for these experiments were prepared
in the same manner as those used in the slip casting experi-
ments of example 2. These emulsions were then filtered 1n a
vacuum {ilter set-up in order to create the green structures.
The pore size of the used filter paper was chosen with regard
to the used particle size. Finally the consolidated products are
obtained from the green plates using the same procedure as
for the slip casted pieces.

Vadd
[ml]
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Example 4

Tape Casting

[0097] The solid particle stabilized emulsion route of this
invention can be 1n a tape casting procedure. Emulsion com-
prising 50 g titammum (HCST from Amperit), 50 ml paratiin o1l
(Nujol mull, from Acros), 50 ml ethanol (technical grade
from Marchem), 3 ml butylamine (99% pure, from Acros) 3
ml of a JP302 binder (ifrom Johoku chemical) and 5 g poly-
vinylbutyral (from Acros) prepared by sequentially mixing
everything together magnetically and poured on a polypro-
pylene substrate resulted 1n a typical flexible thin sheet of
green material, of which a titantum example 1s shown in FIG.

5.
Example 5
Dip Coating
[0098] It has been noticed that thin films of porous material

tend to stick to the glass and metal equipment used during the
tests ol examples 1 to 4. When binders are added, even poly-
tetratluoroethylene objects were subject to coating. This
already illustrates that most surfaces can be dip coated by the
particle stabilised emulsions made according to the present
invention.

Example 6

Electrophoretic Deposition of Coatings

[0099] FIG. 7 shows some top views and cross sections of
porous titamum coatings produced by electrophoretic depo-
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sition. For these coatings 95% pure titanium powder with a
mean particle size of 1-3 um was used 1n an ethanol/paraifin
o1l emulsion system. The emulsions described in table 4 were
prepared by magnetically stirring all the ingredients in a
beaker for 1 hour, followed by ultra-sonication for an addi-
tional 15 minutes.

TABLE 4
PGWdEﬁI' Typﬁ'i ELIld mp:::wder VE’[‘DH Vparafﬁn
Exp. class manufacturer |ml] |ml] |ml]
A Titanium TR-10005-P 20 60 20
Testbourne CE64
Ltd.
C Titanium TR-10005-P 20 75 25 —
Testbourne
Ltd.

[0100] In experiment A, 0.10 g Dolapix CE64 (from

Zschimmer & Scharz) was added to improve the surface
charge of the powder.

[0101] The coatings were produced on bullet shaped
T16Al4V substrates using electrophoretic deposition. The
deposition parameters were 600V and 30 seconds for experi-
ment A, and 100V and 600 seconds for experiment D. After
deposition, the coatings were dried and sintered 1n vacuum
for 2 hours. The coating of experiment A was sintered at
1000° C., and coating of experiment C was sintered at 1200°
C. The more elevated temperature used for sintering sample C
caused mass diffusion of aluminium and vanadium from the
substrate to the coating, thus resulting in an altered micro-
structure of the coating.

Charging
additive

Dolapix
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1. A process for producing a porous ceramic or metallic
body from a ceramic or metallic green body, comprising the
steps of:

making a stabilised solid particle emulsion from a combi-
nation of at least two immiscible liquids, and solid

Vadd
]

0.1

ceramic or metallic particles, wherein said solid ceramic

or metallic particles form a layer onto or are densely
packed at the interface of said at least two 1mmaiscible

fluads,

colloidal processing of solid particle stabilised emulsion to
form a ceramic or metallic green body, and

directly sintering said ceramic or metallic green body.

2. The process of claim 1, wherein the solid particle stabi-
lised emulsion 1s surfactant-free.

3. The process of claim 1 or claim 2, wherein all said solid
ceramic or metallic particles have the same composition.

4. The process of claim 1 or claim 2, wherein said solid
ceramic or metallic particles comprise particles having dii-
ferent compositions.

TABLE 1

Pure
metals &

clements Alloys Oxides Borides Carbides Nitrides

Li Pd Steels Al,O, TiB; TiC TIN
Be Ag Stainless Steels 7105 /1B, H{C Z1N
Na Cd Bronze H1O HiB, ZrC HIN
Mg Nb Brass MgO VB, VC NbN
Al Rh Ti-V-Al alloys T10, NbB, NbC VN
Ca Ba Ti-V-Zr alloys /Zn0O TaB, CaC TaN
Ti Ta Ti-V-Zr-Nb alloys BaTiO, CrB, CryCs AIN

V. W Al-CUalloys SrT10;  Mo,Bs S1C SN,
Cr Ir Cr-V Alloys CaTiO, W,B4 Mo, C BN
Mn Pt Ni-alloys CaO WwWC SIAION
Fe Au Zn-alloys 150 V,C

Co Pb Al-alloys CeO, Nb,C

N1 Bi Cu-alloys Fe,0, Ta,C

Cu C Mg-alloys FeO B,C

Zn  S1 Ti-alloys S10,

Rb U Ag-Alloys Ferrites
Mo Au-Alloys silicates

Fluorides Glasses Phosphates Polymers Minerals
AlF;  Borosilicate Calcium PMMA Diamond
phosphate
CF Potassium Hydroxyapatite = PTFE  Kaolin
Borosilicate
Mgk,  Al,O5, MgO, LaPO, PE Lava
Ca0, Si10,
LiF PbO, S105 CePO, PP Steatite
B50;, S105, Na,O PC Cordiriete
MgO, Al,O,, S10, PS Clays
CaSi10,, PVA  Bentonite
CaMgS1,04.
CaAl,S1,0,
L1581,05 PVC  Pyrophyllit
Oxy fluoride glass PSU  Talc

CEramics

PEEK  Feldspar

POM  Wollastonit

PVDF  Spodumen
Potter’s
flint
Dolomuite
Bauxite
Kyanite
Nepheline
syenite
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5. The process of any of claims 1 to 4, wherein said solid
ceramic particles comprise particles of a ceramic material
selected from the group consisting of ferrites, titanates, alu-
mina, cordierite, titanium dioxide, silicon carbide, and silicon
nitride.

6. The process of any of claims 1 to 5, wherein the colloidal
processing step ivolves a method selected from the group
consisting of slip casting, pressure casting, tape casting, elec-
trophoretic deposition and dip coating.

7. The process of any of claims 1 to 6, wherein the solid
ceramic particle emulsion comprises a ceramic powder.

8. The process of any of claims 1 to 7, wherein said stabi-
lised solid particle emulsion comprises a ceramic powder
selected from the group consisting of silicon carbide, silicon
nitride, titanium diboride and aluminium nitride.

9. The process of any of claims 1 to 8, wherein said stabi-
lised solid particle emulsion comprises a metal oxide powder
selected from the group consisting of alumina, magnesia,
titania, nickel oxide and 1ron oxide.
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10. The process of any of claims 1 to 9, wherein the result-
ing green body has a volume porosity 1n the range of from 1
to 935 percent.

11. The process of any of claims 1 to 10, wherein the
resulting sintered body has a volume porosity in the range of
from 1 to 95 percent.

12. A porous amorphous structure obtainable by the
method of any of claims 1 to 11.

13. A porous paracrystalline material obtainable by the
method of any of claims 1 to 11.

14. A macroporous material obtainable by the method of
any of claims 1 to 11.

15. A microporous material obtainable by the method of
any of claims 1 to 11.

16. A mesoporous material obtainable by the method of
any of claims 1 to 11.
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