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Abstract

A method has been developed for the consolidation of ceramic bodies in molds prepared by solid freeform fabrication. The method is based
on slip casting with an added latex binder. The latex binder makes it possible to create internal structures, such as pore channels, without the
cracking that usually takes place when shrinkage is obstructed by internal mold structures. The latex binder adds plasticity to the consolidating
body in the wet state. This was observed by rheological measurements during slip casting. Measurements of mechanical properties showed
that the latex binder also adds plasticity and strength in the dry state.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction dissolved. The mold inserts generate geometrical constraints
during consolidation of the ceramic body. This usually re-
The possibilities to create complex shapes have beenquires thatthe dimensional changes during consolidation and
greatly enhanced with the development of 3D-CAD programs drying are very small to avoid formation of cracks.
and solid freeform fabrication (SFF) processes. Commonto There are several direct consolidation techniques that
all SFF processes is the fact that the object to be shaped isould be suitable for indirect SFF such as direct coagula-
defined with a computer description and built layer-by-layer tion casting! starch consolidatiod protein forming or gel
with computer-controlled equipment. The technique to build casting® Other techniques possible are reviewed by Rak.
an object from a computer-designed model with high pre- Several of the techniqgues mentioned above include shrink-
cision can be used to build molds. Indirect solid freeform age during drying. In a mold that constrains shrinkage, this
fabrication of ceramics is based on the infiltration of a mold can lead to cracking of the green body in a state in which
with a ceramic suspension. The suspension is consolidatedhe green body is very weak. A high green density can in-
and dried, and the mold is removed by melting and/or pyrol- crease the green strength, minimize the shrinkage and prob-
ysis. With this method it is possible to obtain very complex ably compensate for some of the stresses developed by geo-
geometries and objects with internal cavities and pores, as nametrical restraints. Sémholzer and GaucklBishowed that
mold partitioning is necessary. To build complex shapes with crack-free patterns withm-sized features could be cast and
indirect SFF, it is necessary to be able to use mold insertsdried in a mold on non-porous substrates. Suspensions with
that can form internal cavities, pores or holes. In traditional high solids loading were necessary to avoid cracks due to
ceramic forming there is a problem to remove the mold with- lateral shrinkage stresses. The strength of the green body can
out damaging the complex-shaped component. With indirect also be increased by addition of binders. Cross-linking of
SFF this is not a problem as the mold is melted, pyrolyzed or Na-alginate has been reported to strengthen the green bodies
obtained by direct coagulation casting (DCQh gel cast-
* Corresponding author. ing a monomer is polymerized to consolidate and strengthen
E-mail addressklg@sci.se (K.M. Lindquist). the green body of the ceramic. Gel casting has been reported
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to result in green bodies with very high strength that can be in order to optimize the process. The influence on the slip
green machine&? The polymerized monomer forms a gel was studied by rheological measurements and the influence
together with the liquid that is used as a casting medium. on the green body was studied by measuring the mechanical
When this gel dries it results in potential shrinkage prob- properties of the green body.
lems and drying must be performed in a controlled humidity
chambet® The gel-casting system was used by Chu étal.
for making objects by indirect SFF. 2. Experimental procedure

Slip casting is a well-known forming method for ceram-
ics. Very high green densities are easily obtained with well- 2.1. Materials
dispersed slips but slip-cast green bodies are very brittle.
Constrained shrinkage often causes cracking during drying  An alumina powder (AKP 30, Sumitomo Chemicals,
of the slip-cast bodie¥> Organic binders can be added to Japan) with an average particle size of @ and a spe-
increase the green strength but they tend to cause other proeific surface area of 7.7 iy~ was used for all experiments.
cessing problems. Addition of a water-soluble binder such For dispersion, 0.3wt.% on alumina powder of an ammo-
as sodium carboxymethylcellulose (Na-CM&)r specially nium salt of a polyacrylic acid, Dispex A40 (Ciba Specialty
developed additivé4 has been reported. Most water-soluble Chemicals Ltd., England) was used. A water-based latex, i.e.,
additives negatively affect the viscosity (long chains of dis- a copolymer of styrene and an ester of acrylic acid (Mowilith
solved molecules increase the viscosity of the water phase)DM 7651S, Celanese Emulsions Norden AB, Sweden) with
and the addition has to be minimized. Migration is another a particle size around 150 nm, was used as a binder for slip
common problem as the soluble molecules follow the water casting. The latex is stable at neutral and high pH and was
that is transported from the consolidated body into the plaster therefore compatible with the stable alumina slip, which had
mold. a pH around 9.

Emulsions of polymeric particles, i.e., latexes, have been
used for several years in ceramic processing as binder in, fory 5 characterization of slips and consolidation
example, tape casting and presstig® Systems of alumina,
polyacrylic acid and latex binders have been thoroughly stud-
ied by Kristoffersson and coworket$:18Latex has been used
as a binder in slips for infiltration of porous polymer struc-

Slips for rheological measurements and for slip casting
were prepared by dispersing the alumina in water with the dis-
X - R _ persing agent in a planetary mill (PM 400, Retsch, Germany)
tures built by a fused deposition process, which is a solid ijng sjlicon nitride containers and silicon nitride balls at
freeform fabrication techniqu¥. In these experiments, the 200 rpm for 30 min. The latex was added after milling using a

samples had to dry for 3—4 days, as there was no dewateringgnetic stirrer. The slips were stirred for 24 h before charac-
by plaster but only evaporation from the open surfaces of the g, ation. Al slips had a solid content of 50 vol% calculated
mold. The results indicate the usefulness of latex as a binder,q, the amount of alumina and latex. The rheological prop-

and sintered dense samples were obtained after evaporatiog jes of the slips were characterized with a controlled stress

of the mold and binder. Latex as a binder for slip casting has o ometer (StressTech, RheoLogica AB, Sweden). The vis-
been used to obtain blanks for green machirfftighe results  cosity of the slips was measured using a bob and cup (CC25)
showed an increase in green strength for samples containingy, ihe shear rate range 1—-700'vith a pre-shear at 400°%

latex when compared with cold isostatically pressed sam- o g0 s and an equilibrium time of 60 s. The rheological prop-
ples containing conventional pressing additives. Addition of ¢jes of the wet green bodies, i.e., the cast layers, were char-
small particles, i.e., addition of latex to a slurry, is known - 5terized by an oscillation measurement using a plate on a
to affect the casting rate, which is dependent on the specific ., layer during dewatering on a plaster plate. A schematic
porous medium resistances of the consolidated layer and the ¢ 1he measurement cell is shownfiig. 1 The oscillation
mold 21 The resistance of the consolidated layer is dependent,oasurement was performed at a frequency of 1 Hz apply-

on the particle packing, which is influenced by the stability 5 5 constant stress of 1500 Pa on the cast layer, which was
of the slip and the particle size distribution. During consoli-

dation, when the water is removed from the suspension and

a solid network of particles is built, the latex particles can @
form a film that influences the mechanical properties of the
consolidated body. The latex can then act as a binder and |_Ceramic slip

|

increase the strength and plasticity of the green body. Measuring
The aim of this work was to create a structure with de- 7 plate

signed pore channels with indirect solid freeform fabrication. "\ Consolidated

Slip casting in SSF molds on a plaster plate was evaluated to layer

obtain such a structure. The influence of latex on the proper- b Plaster

ties of the ceramic material in the wet state (in a slip), during
casting and in the dry state (in green bodies) were studied Fig. 1. Measurement cell for oscillation measurement of cast layer.
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deformation were calculated and the fracture behavior was
studied. The density was measured by water-intrusion ac-
cording to Archimedes’ principle on the samples heated up
to 1000°C and on sintered samples. Sintering was performed
in air at 1600°C for 1 h.

3. Results and discussion

The results of the viscosity measurements are shown in
Fig. 3. The viscosity decreases slightly with the addition of
1% latex to the slip and shows an increase upon further ad-
dition. The moderate increase is caused by the change in the
particle size distribution that takes place when latex is added
. ) to the slip. The shear thinning remains relatively constant
around 3mm thick. The plate was applied on the cast layernan the viscosity changes. This is an indication that the sta-
at a normal force set to 8N. The casting continued during yjir, remains unchanged by the latex addition. If any desta-

the measurement. It would have been preferable to performyi;ation occurred the viscosity would increase dramatically
the measurements with a normal force-measuring cell that ;; o\ shear rates

allows the plate to move upwards as the consolidated layer Fig. 4a and b shows the storage modulus and phase angle

increases its thickneds.This was however not possible on e\, time obtained from the oscillation measurement on the
the rheome_ter used in this study. i i i . wet consolidated body during casting. The rapid increase of
The casting rate was measured by drain casting slips with e storage modulus for 0 and 1% of latex is an indication that
0,1, 3and 5wt.% Ia_lte_x in cylinders on a plaster platg forl, ihe casting rate is higher for these slips (a solid body forms
5,15, 30 and 120 min in order to measure the cast thickness. 5 iq1v) This is also verified in the direct measurements of
Slip casting was performed in molds prepared by solid ¢5ting rate (see below). The slower increase in storage mod-
freeformfabrication. The molds were prepared withanink-jet s for slips with 3 and 5% latex indicates that the casting
printing method (Thermojet (3D Systems, USA)). Themolds, ae5 are lower for these slips. The storage modulus reflects

shown inFig. 2, consisted of an outer box with one open side e tifness of the wet green body and the obtained plateau
(20 mm>x 20 mmx 10 mm). Small rods were builtinside the 5,6 s lower the higher the addition of latex. The phase

molds (diameter 0.5mm, spacing 1.77mm center-to-centerygie js a measure of the relationship between the storage
of rods). These rods were built to form straight-through pore 5 the |0ss modulus in the material. A material with a phase
channels through the ceramic body. The rods were attached‘,jmg|e of 0 is completely elastic. The higher the phase an-
to the mold at one end and obstructed the shrinkage duringye the more viscous is the material. A completely viscous
drying. The mold was placed on a plaster plate with the open material, like water, has a phase angle of 98g. 4b shows

side towards the plate and slip was poured into the mold 4t the phase angle is increased with increasing amounts of
through an opening atthe top. After drying in the mold (room 5 4qeq Jatex. This shows that the plasticity of the wet body

temperature, 24 h), the compact was heated t0°608t a g increased by the latex addition. This is believed to be due
heatingrate of 1C/minto meltand pyrolyze themoldleaving 14 the inherent properties of the latex particles and will be

the ceramic green body. discussed further. The phase angle indicates the viscous re-
sponse of the wet green body and increases with increasing

Fig. 2. Solid freeform fabricated mold for slip casting.

2.3. Characterization of green and sintered bodies

10

The possible migration of binder was studied by slip cast- ~0%
ing bodies of atleast 10 mm height, dividing themin an upper
and a lower half, and comparing weight loss after heating all
samples to 1000C. Cross-sections of the samples that were
slip cast for 120 min were studied by scanning electron mi-
croscopy (SEM) to detect possible density gradients due to
migration of the latex during casting. Cylinders with a di-
ameter of 12 mm and a height of 5 mm were slip cast to test
the green strength by diametral compres$tamm 10 sam- 0.01 . -
ples of each concentration of latex. The test was performed 1 10 100 1000
in a universal test machine (Zwick GmbH and Co., Germany) Shear rate (1/s)
at a loading speed of 0.5 mm/min. The applied force versus
ram movement was registered. The green strength and the Fig. 3. Viscosity vs. shear rate for slips with addition of latex.

01 r

Viscosity (Pa s)
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Fig. 5. Cast layer thickness vs. casting time for slips with addition of latex.

verify this, green bodies were cutin an upper and a lower part
and heated to 100@ in order to evaporate the binder. No
difference in weight loss was observed which also indicates
the absence of migration. SEM studies of the bodies sintered
to 1450°C revealed an apparently homogeneous distribution
of the porosity.

Fig. 6a—c shows cross-sections of samples slip cast in the
mold fabricated by solid freeform fabrication. Samples with-
out latex exhibited extensive cracking. The samples with 1%
latex exhibited a reduced amount of cracking. No cracks were
observed in the samples with 3 and 5% latex.

The fracture behavior of samples without latex or with 1%
latex is solely brittle. It is obvious that addition of latex above
Fig. 4. (a) Storage modulus vs. time during oscillation measurement of cast 1% gives a transition from elastic to plastic fracture behavior.
layers with latex added to the slips. (b) Phase angle vs. time during oscillation This can be seen iRig. 7, which shows the green strength
measurement of cast layers with latex added to the slips. and the deformation at failure versus the addition of latex (av-

erage of at least five samples). The green strength has a steep
amounts of latex at and above 3% in the slip. The phase lag isincrease up to an addition of 3% latex. The deformation at
about the same for 0 and 1% latex. This is due to the particle failure increases constantly with increased additions of latex
size distribution at an addition of 1% latex, which allows the from 1 to 5%. These results clearly show that the properties
smaller latex particles to fit into the interstices of the alumina of the green bodies can be altered towards a more plastic be-
particles. The more viscous response of the bodies with 3 andhavior. This means that stresses induced from drying will be
5wt.% latex also affects the behavior of the body during dry- reduced due to the increased plasticity. This is confirmed by
ing. The viscous response to an applied stress will relax with results obtained by Martinez and LewfsThey measured
time, which means that the stresses that occur during dryingthe stress evolution in silica films, latex films and composite
will be relaxed. This is a time-dependent behavior and earlier films during drying. The results showed that the maximum
studies have indicated a longer relaxation time for systemsstress that the film experienced during drying was decreased
with latex added than for systems without bindiét.onger by 1/3 when 10 vol% of latex was added to the silica system.
relaxation times mean that the body continues to relax during The reduction of stresses in films with latex added is stated
drying. This is thought to be one of the factors that explain to be due to the deformation of latex particles during drying.
why bodies with latex do not crack during constrained drying. Table 1shows the additions of latex expressed in weight per-

The casting of a slip with latex particles added obeys the cent and volume percent in our study. The addition of 3wt.%
slip casting equation suggested by Aksay and Schifling. latex corresponds to 10.7 vol% in our case. This addition is
This is shown irFig. 5where straight lines are obtained when obviously enough to reduce the stresses that develop dur-
the casting height is plotted against the square root of time. ing restrained drying in the SFF molds. The addition of only
The filtration resistance of the consolidated layer increases1 wt.% latex (3.8 vol%) was however too low which is seen
with increased additions of latex due to a larger fraction of in Fig. b. It is also obvious that a deformation of the latex
small particles in the slip, thereby decreasing the casting rate.particles takes place during drying. The addition of latex to
However, the straight lines obtained show that the filtration the ceramic slip causes an additional porosity in the green
resistance is constant during the entire casting process of ébodies compared to the system without addition of latex. The
certain slip, thus indicating the absence of latex migration. To green density decreases with about half of the volume of latex

Phase angle

0 200 400 600 800 1000 1200 1400
(b) Time (s)
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Fig. 6. SEM photos of cross-sections of sintered bodies slip cast in solid
freeform fabricated moulds with (a) 0%, (b) 1% and (c) 3% latex added to
the slip.
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Fig. 7. Green strength and deformation at failure vs. latex added to the slip
measured by diametral compression.

It could be argued that it is possible to obtain green bod-
ies strong enough to endure the hindered shrinkage just by
increasing the solid loading or by manipulating the interpar-
ticle forces so that a weakly flocculated system would be
obtained. Weakly flocculated systems have been shown to
exhibit plastic properties in the wet st&&® during com-
pression and can be formed using isopressing. Interparticle
forces have an influence as long as the solvent remains in the
body and affects the particle packing behavior. However, the
plasticity is completely lost during drying and in the dried
state. The green strength obtained in a slip-cast body without
organic additives is the result of the van der Waals forces be-
tween the particles. The van der Waals forces increase with
the number of particle contacts. This means that a homoge-
neous and dense packing of the particle increases the bonding
of the green body. It has also been shown that the green body
without organic additive is brittle which means that any de-
fects or critically large defects will lower the strength of the
green body’ A homogeneously packed particulate body can
be obtained from a stabilized well-dispersed slip. Dry green
bodies obtained from weakly flocculated slips will be brittle,
less dense and thus weaker. The green bodies prepared in this
study without latex added had a green density of 64% which
is to be regarded as optimal from a just about monosized
powder. All green bodies without latex cracked when cast in
restrained molds. It is therefore concluded that plasticity in
the dry green body is necessary to obtain crack-free samples
from molds that induce restraints.

Both slip casting and flocculated systems formed by
isopressing have a common advantage compared with

Table 1
Amount of latex added expressed in weight and volume percent and densities

added to the slip, which means that the latex particles spreadof green and sintered samples

in the dried state so that they occupy half of the volume in
the wet state. The deformation of the latex particles is a key
property that explains the possibility of these systems to be

slip cast in molds designed to give pore channels by cores

that constrain the shrinkage. The glass transition temperature
Ty of the latex must be lower than the ambient temperature 3
when casting and drying so that the latex will be in a viscous 5

Addition of latex Relative densitiés

By wt.% on By vol% on total Green Sintered
Al>,03 amount of solid samples (%) samples (%)
0 64.1 99.3
38 62.2 98.5
107 58.9 98.5
166 56.1 98.5

liquid like state during drying of the samples.

@ Obtained from drain casting.
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direct consolidation methods (e.g. gel casting). Direct 3.
consolidation methods have to work with very concentrated
slips because the green density corresponds directly to the
powder concentration in the slip. Both slip casting and
flocculated systems can be handled at lower powder volume
concentrations prior to forming as the forming process 5.
involves removal of liquid. This makes it possible to use
screening or sedimentation to remove large potential defects &
prior to forming the ceramic body.

One possible problem of slip casting with latex binder in
indirect SFF is that the green density cannot increase freely 7.
by shrinkage during drying. It will increase from the powder
concentration in the slip owing to the filtration and packing
process during casting. Compared to an unconstrained
component the green body will shrink somewhat due to
plastic deformation but not so much as a green body slip o.
cast in a mold without constraints. This can reduce the
sintered density especially for a powder that is difficult to

. . : 0.
sinter dense such as alumina. The sintered component cast

in the mold made by freeform fabrication had a sintered

density of 96-97% relative density as compared to >99% 11.

which would be typical for the sintering of this powder after
forming with a traditional method. Other ceramics that have
a higher sintering activity, such as zirconia, are easier to
sinter completely dense with this method.

12.

4. Conclusions

13.
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