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Abstract

The stability of suspensions suitable for the tape-

casting of BaTiOy has been studied. The quality of

dispersions obtained in phosphate-ester-containing

MEK:EtOH has been determined in the context of
conductivity measurements to indicate the degree of

dissociation of the ester and by adsorption measure-
ments to indicate the nature of particle—dispersant
interaction. Both electrostatic and steric contributions
to stabilization are found.

Es wurde die Stabilitit von Suspensionen, die sich fiir
den Bandgufs von BaTiO, eignen, untersucht. Die
Qualitdt von Dispersionen, die aus einer Phosphat-
Ester-haltigen MEK: Ethanol-Lésung gewonnen wur-
den, wurde mittels Leitfdhigkeitsmessungen iiber-
priift, um den Dissoziationsgrad des Esters zu
hestimmen. AufSerdem wurden Adsorptionsmessungen
durchgefiihrt, um die Art der Wechselwirkung zwi-
schen den Teilchen und der Dispersionslosung zu
bestimmen. Sowohl elek trostatische als auch sterische
Beitriige zur Stabilisierung konnten beobachtet
werden.

Cette étude porte sur la dispersion, par des esters
phosphoriques, de suspensions de coulage en bande de
BuTiO; dans un solvant organique, MEK: EtOH. Les
mecanismes de dispersion ont été étudiés par des
mesures de conductivité indiquant le degré de
dissociation des esters ainsi que par des mesures
d'adsorption renseignant sur la nature des interactions
particule-dispersant. Des contributions a la fols
électrostatiques et stériques ont été mises en évidence.

1 Introduction

Tape-casting is the most efficient and most reliable
method to produce thin ceramic sheets.! "® In
particular, tape-casting is used to prepare the
BaTiO, dielectric sheets which are stacked for
processing multilayer capacitors. Tape-casting
slurries are composed of ceramic powders dispersed
in a solvent. Common solvents are azeotropic
mixtures such as 66:34 vol.% 2-butanone:ethanol
(MEK:EtOH)*"-® or 72:28 vol.% trichloroethyl-
ene:ethanol.> "¢ The solvent contains dispersant,
binder and plasticizer additions. Dispersants favor
the deagglomeration and stabilization of ceramic
particles in the slurry. Steric hindrance generally
explains the dispersion of powders in organic
solvents with low dielectric constant, where little
ionization is expected. However, mechanisms invol-
ved in non-aqueous media can be more complex,
because steric hindrance and electrostatic repulsion
can conjugate. Previous studies®”'? have shown
that special phosphate esters with a linear molecule,
a high diester concentration, and a high
hydrophilic:lipophilic balance (HLB) are effective
dispersants for alumina and barium titanate slurries.
Binders give pseudoplasticity and ensure the cohe-
sion of green tapes after the solvent is evaporated.
Polyvinyl butyral and acrylic resins are common
binders.! ~+¢78.13 Plasticizers improve the flexi-
bility of green tapes. They partially break the bonds
responsible for mechanical cohesion,'* lower the
viscosity and decrease the glass transition tempera-
ture (7).

£
A workable slurry for tape-casting should satisfy
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the following criteria: (i) high ceramic to non-
ceramic ratio; (ii) low viscosity; (iii) high stability;
and (iv) high homogeneity. The preparation of tape-
casting slurries usually involves two stages: (i)
deagglomeration of powders and dispersion in a
solvent with the aid of dispersants; and (i) homo-
genization with the aid of binders and plasticizers.
The first stage of preparation strongly influences the
characteristics of green tapes and, later, the pro-
perties of final products such as density and
microstructure homogeneity. The present study
deals with the dispersion of barium titanate powder
in a MEK :EtOH solvent dispersed by a phosphate
ester. Dispersion mechanisms were studied by
rheology, adsorption, electrophoresis and conduct-
ivity methods.

2 Experimental

2.1 Starting materials

Barium titanate was a high-purity grade (APBGO1,
Rhoéne-Poulenc, Paris, France), the main character-
istics of which are given in Table 1. The solvent was a
mixture of MEK and ethanol (Table 2). Three
phosphate esters used as dispersants were compared
(€210, C211 and C213, CECA, Paris, France). They
were prepared by reaction between phosphoric acid
and an ethoxylate. They were an equal mixture of
monoester and diester, with some remains of the
ethoxylate not combined with phosphoric acid. The
typical chemical structure is shown in Fig. 1. The
ethoxylate molecule contains both a polyoxyethy-
lene group with hydrophilic behavior and an alkyl
group with lipophilic behavior. The HLB values are
10, 11 and 13 for C210, C211 and C213, respectively.

2.2 Dispersion properties
As-received powders were poured into either pure
solvent or phosphate-ester containing solvent. The

Table 1. Characteristics of APGO01 BaTiO; powder

Density (gem™3) 594
Mean grain size (um) 0-88
Specific surface area (m2g~!) 21
Ba:Ti ratio 0992

Mean purity (%) >99-98

Table 2. Physical properties of solvents

MEK Ethanol
(CH,CH,COCH;) (C;H;OH)

Dielectric constant

(25°C) 185 243
Molecular weight 72:11 4607
Density (25°C) (gem™3) 0-805 0-78
Viscosity (25°C) (mPas) 04 1-2
Boiling point (“C) 79-6 78-5

Monoester Diester
R
on o dw o o
HO—-ll’—O—(C|——(|?—O)x—{C|),—(f——H RO—ﬁ—OR
o) H H B H
Hydrophilic Lipophilic
group group

Fig. 1. Chemical structure of phosphate esters.

powder content was usually 25 vol. % but the slurries
used to characterize the rheological behavior had a
powder content of 34 to 50vol.%. As-received
powders were vacuum dried at 120°C for 24 h. To
study the influence of the water content in
MEK :EtOH, the solvent was dried over 0-3 nm (3 A)
molecular sieve. To achieve dispersion and deag-
glomerate powders, suspensions were sonicated for
3min at a power of 360 Wcm ™2, then mixed for
48h using a reciprocating shaker. A previous
study'® has shown that this treatment is very
efficient to disperse and deagglomerate barium
titanate slurries made with MEK:EtOH. X-ray
granulometry (Sedigraph 5000D, Micromeritics,
Norcross, GA, USA) shows a narrow particle size
distribution, centered around 09 um.

Adsorption isotherms were plotted to determine
the quantity of polymeric phosphate ester adsorbed
onto the surface of barium titanate particles. The
slurries were centrifuged in polyethylene cells. The
resulting supernatants were analyzed for residual
phosphorus by an inductively coupled, argon
plasma, atomic emission spectrometer (ICP/5000,
Perkin-Elmer, Norwalk, CT, USA). The phosphate
ester concentrations in the supernatants, and
therefore the amounts of adsorbed dispersant, were
calculated from the theoretical molecular weights.

Micro-electrophoresis measurements were per-
formed with an automatic apparatus (Pen Kem
3000, Pen Kem, Bedford Hills, NY, USA), using
dilute dispersions composed of a small quantity of
barium titanate slurry and corresponding superna-
tants (10 ul liter ~ ). The zeta potential (Z), defined as
the potential at the shear plane (and directly related
to the surface potential) was calculated using
Helmholtz—Smoluchowski’s equation:

ZZ(D.#/Sr'SO

where p is the electrophoretic mobility, @ the
viscosity of the liquid medium, and ¢ -¢, the
dielectric constant of the medium.

The conductivity of suspensions is sensitive to the
ionic concentrations, which depend on phosphate
ester dissociation and adsorption phenomena.
Conductivity measurements were performed using
an electronic conductance meter with platinum-
coated electrodes (CD6NG, Tacussel, Paris, France).
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The cell constant was determined with a 0:-1M KCl
standard solution.

Rheology measurements (at 20°C) were perfor-
med using a rotating-cylinder viscometer (Rotovisco
RV12, Haake, Karlsruhe, FRG). Viscosity measure-
ments were done immediately after the ultrasonic
treatment, to avoid reagglomeration. In the case of
high solid concentrations (50vol.%), viscosity
measurement were done after a 3-h ball milling and a
subsequent ultrasonic treatment for 3min at
360 Wcm 2. The shear rate was continuously
increased from 0 to 1000s™! over a 1 min interval.

3 Results and Discussion

3.1 The phosphate ester—-MEK:EtOH system
Figure 2 shows the electrical conductivity of the
phosphate ester-MEK :EtOH system versus the
phosphate ester HLB and Fig. 3 shows the same
quantity versus the MEK : EtOH ratio, for two HLB
values (10 and 13).

When its HLB increases, the displacement
becomes more hydrophilic and its affinity with the
solvent decreases. The dissociation of the dispersant
is optimum for a solvent composition close to the
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Fig. 2. Electrical conductivity of MEK :EtOH with 20 g liter ™!
of cster versus ester HLB.
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Fig. 3. Electrical conductivity of MEK:EtOH with 20g

liter ~ ! of ester versus MEK :EtOH ratio, for (+) HLB 10 and
(OJ) HLB 13.

azeotrope: 66 MEK:34EtOH (in wt%). A con-
centration of 20 g liter ~! allows the phosphate ester
to be fully soluble, whatever its HLB.

3.2 The BaTiO;—~MEK:EtOH system

The electric charge on the surfaces of the dried
BaTiO, particles is negative when measured in the
as-received, hydrated solvent: the electrophoretic
mobility is equal to —0-5x 10" ¥m? V"~ ! s'. After
the water has been removed from the solvent using
0-3nm (3A) molecular sieve, particle surfaces
become positive: the electrophoretic mobility is
equal to +05%x1078m?* V! s The electro-
phoretic mobility of BaTiO; particles in a dehy-
drated solvent is sensitive to the drying temperature
of the BaTiO, powder: it reaches its maximum for a
drying temperature of about 50°C (Fig. 4). The
vacuum heating of the powder eliminates the
physisorbed water but does not eliminate the chemi-
sorbed water, the removal of which requires a
treatment at a temperature of about 500°C. The
water which enters the azeotropic MEK:EtOH
mixture preferentially covers the weakly basic
surface of BaTiO; particles, which explains why
their charge is negative. After the water has been
removed from the solvent, the only possible
interactions are those between MEK:EtOH and
particles, which explains why their charge is positive.
No explanation is proposed for the existence of a
maximum in the electrophoretic mobility versus
temperature curve.

3.3 The BaTiO,—phosphate ester—-MEK:EtOH
system

Morris'® has proposed an adsorption mode! for
the BaTiO,phosphate ester-MEK:EtOH system.
After the ester dissociation, the charged, resulting
anionic dispersant adsorbs onto the particle surfaces
and the linear carbon chains extend into the non-
polar solvent, which provides steric stabilization. An
electrostatic mechanism also occurs due to the

ELECTROPHORETIC MOBILITY (m*.V.s"' x10)
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Fig. 4. Electrophoretic mobility of BaTiO, particles in dehy-
drated MEK :EtOH versus drying temperature (under vacuum)
of powders.
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Fig. 5. Adsorptionisothermsin MEK :EtOH of ([J) as-received
and ( + ) dried BaTiO, powders for C213-ester (HLB 13) and of
(¥) dried BaTiO, powders for C210-ester (HLB 10).

liberation of hydronium ions by dissociation, which
provides electrostatic stabilization.

Figure 5 compares the adsorption of phosphate
esters on dried and as-received BaTiO, powders, for
two values of HLB (10 and 13). Adsorption is higher
for HLB = 13. This shows that an increase in HLB
allows phosphate esters to have a better affinity with
the charged surface of particles. Moreover, a small
lipophile chain (high HLB) may increase the surface
accessibility. The adsorption isotherms are rather
similar for the as-received and dried powders.

The adsorption of the two phosphate esters is
complete as long as the concentration of powder is
below a threshold of about 0-4 wt%, which corre-
sponds to 1-8 mg (i.e. 3 umol) of adsorbed phosphate
ester per m? of powder. This means that all the
dispersant is adsorbed onto the surfaces of the
powder particles and that there is no dispersant in
the solution. Above the threshold, the adsorption
continues to proceed but a part of the dispersant
remains in solution. The authors did not observe the
presence of a significant plateau, as commonly
mentioned in the literature. It is difficult to analyze
the evolution of phosphate ester adsorption, maybe
due to the presence of residues of phosphoric acid
and non-reacted ethoxylate, which can disturb
interactions.

Using the value of 0-7mgm™2? of adsorbed
phosphate ester given by Mikeska & Cannon,!” it is
possible to propose a double-layer configuration of
adsorbed phosphate ester molecules, as shown in
Fig. 6. The hydrophilic head of the molecule strongly
adsorbs onto the powder surface and its non-polar
tail freely extends into the solvent. When the
phosphate ester concentration increases a second
layer is formed, by orientation of a polar head into the
solvent. This double layer contains one inner, non-
polar, ‘fatty’ region.

The double layer establishment may be disturbed
by the conformation of the polymeric chains at the
surface of particles. The present adsorption iso-

Vvo?P/ oqﬁqg POLYOXYETHYLENE

GROUP

X,
9-)0
POWDER SURFACE

Fig. 6. Schematic of a double layer of phosphate ester molecules
adsorbed onto BATIO; particle surfaces.

therms are similar to those obtained by Eirich,'®
who proposed a model consisting of a monolayer
adsorption, followed by an overlapping of poly-
meric chains, which increases the ‘density’ of the
layer.

Figure 7 compares electrophoretic mobility of as-
received and dried BaTiO; powders versus ester
concentration, for two phosphate esters (HLB 10
and 13).

The surface charge is reversed when phosphate
ester is mixed with solvent. As discussed in Section
3.2, BaTiOj; particles are negatively charged when
dispersed in pure, as-received MEK :EtOH, which is
due to the presence of water residues in the solvent.
In contrast, they are positively charged when
dispersed in an ester-containing solvent. This can be
explained by the dissociation of phosphate ester, as
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Fig. 7. Electrophoretic mobility in MEK:EtOH of (0J) as-
received and (4) dried BaTiO; powders for C213-ester (HLB
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versus ester concentration.
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proposed by Morris,'® who suggested that liberated
hydronium ions are adsorbed onto the particle
surfaces.

The electrophoretic mobility versus dispersant
concentration relationship is quite similar for the as-
received and dried powders.

For a HLB of 10, electrophoretic mobility reaches
its maximum when the concentration of powder is of
about 06 wt% and decreases beyond this. For a
HLB of 13, high mobilities are obtained. The
ester:powder ratio ranges from 0-6 to 14 wt% and in
this domain the calculated value of the zeta potential
exceeds 70mV, which demonstrates that the
electrostatic contribution to stabilization is high.
The decrease in the zeta potential, for high con-
centrations of phosphate ester, may be related to the
increase in ion concentration shown in Fig. 8, hence
to a decrease in the double layer thickness. The
decrease of the electrophoretic mobility, at a lower
ester concentration (about 0-6 wt%), using a phos-
phate ester with a HLB of 10 is in agreement with the
higher ionization of the low-HLB dispersant in
MEK :EtOH solvent (Fig. 3).

Figure 8 shows that a little ionization of phos-
phate ester (HLB = 13) is achieved in the low dielectric
constant MEK :EtOH azeotrope (¢, =20-5). How-
ever, a higher ionization is obtained with the
addition of powder. The conductivity of slurry is
lower than that of supernatant, due to insulating
properties of barium titanate. Fowkes er al.'” have
suggested that ionization in organic media may
occur through surface phenomena. The dispersant
adsorbs, as a neutral molecule, onto particle
surfaces, then dissociates and creates charged
surfaces. The ionization of the phosphate ester
molecule can be possible in places close to polar
particie surfaces, which results in an electrostatic
barrier. For dispersant concentrations higher than
1 wt%, the evolution of conductivity becomes linear,
with a slope close to that of the solvent—ester system.

CONDUCTIVITY (uS.cm-1)
30 -
—— solvent/ester (C213)
25 T —+ solvent/ester/powder

~¥- surpernatant
20+ ~+

T

51+

o} 0.5 1 1.5 2 25 3
ESTER CONCENTRATION (wt%)

Fig. 8. Electrical conductivity of (¥) supernatant and of
MEK :EtOH with (1) C213-ester with {+) BaTiO; and C213-
cster systems versus cster concentration.
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Fig. 9. Apparent viscosity of suspensions with 34 vol.% of as-
received powder versus C123-ester concentration.

It can be assumed that the ionization of ester
molecules on particle surfaces is no longer possible
because polymer adsorption and ionization are now
controlled by the solvent. The zeta potential reaches
its maximum for a dispersant concentration of
about 1 wt% and decreases beyond this.

The rheological behavior of slurries was studied
as a function of BaTiO; concentration, drying state
of powder, and shear rate.

Figure 9 shows the apparent viscosity of a
34vol.% BaTiO; slurry versus its ester (C213)
concentration. In the range of the shear rates which
were tested (0 to 1000s '), slurry viscosity does not
depend on shear rate. A comparison of the curve
with those of electrophoretic mobility (Fig. 7) and
adsorption (Fig. 5) shows that the zeta potential and
the degree of dispersion reach their maximum at the
same concentration of phosphate ester (0-6 wt%),
which demonstrates the existence of a high contri-
bution of an electrostatic mechanism to the system
stabilization. Then, both the zeta potential and the
dispersion state decrease (and therefore viscosity
increases) while adsorption increases continuously
as the phosphate ester concentration increases
beyond the value for which there is full adsorption
(about 0-4 wt%). The increase in viscosity seems to
be only associated with the decrease in the zeta
potential.

Figure 10 shows the apparent viscosity of a
50vol.% BaTiO; slurry versus shear rate, for
various ester concentrations. The rheological
behavior becomes pseudoplastic at high ester
concentrations. For low shear rates (< 130s ), the
best dispersion is achieved for a dispersant con-
centration of 0-45 wt%, whereas for high shear rates
(>130s" ') a concentration of 0-24 wt% is enough to
give optimum dispersion. This latter concentration
does not correspond to the maximum in zeta
potential. It can be assumed that the electrostatic
contribution to stabilization decreases as the
powder concentration increases and that the rhe-
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Fig. 10. Apparent viscosity of suspensions with 50 vol.% of as-

received powder versus shear rate, for various C213-ester

concentrations. , 024 wt%:; . 048 wt%; e ,
072 wt%; ————, 0:96 wt%.

ological behavior depends more and more on steric
hindrance.

3.4 Influence of the drying state of powder

Several authors®!32°~22 have mentioned the
influence of water on the adsorption of dispersing
agents and the stabilization of suspensions.

Figure 11 compares the apparent viscosity of
50vol.% BaTiO; slurries made either with as-
received or dried powders versus shear rate, for a
0-72 wt% ester (C213) concentration. Dried powders
lead to a higher viscosity than as-received powders.
Drying powders at 120°C for 24 h under vacuum
affects neither the adsorption of phosphate ester nor
the electrophoretic mobility of BaTiO; particles,
whereas the rheological behavior depends on the
drying state of powder. The same amount of
phosphate ester is adsorbed onto as-received and
dried powders, and the electrical double layer is not
affected by drying powders. The difference in
dispersion may be due to the conformational state of
the phosphate ester molecules on the particle
surfaces.

A pseudoplastic—dilatent transition occurs for a
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DRIED
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Fig. 11. Apparent viscosity of suspensions with 50vol.% of
( ) as-received and (-~ ) dried powder versus shear rate,
for 0:72 wt% of C213-ester.

shear rate of about 200-300s ™ '. This transition may
be due to the interpenetration of phosphate ester
layers surrounding particles at high shear rates.

4 Conclusion

The dispersion properties of BaTiO, in phosphate-
ester-containing MEK :EtOH depends on the ionic
concentration of slurry, in relation to the phosphate
ester dissociation. Conductivity measurements have
indicated that dissociation is a function of the
phosphate ester HLB and MEK:EtOH ratio. The
highest degree of dispersion (i.e. the lowest viscosity)
is achieved when using the azeotrope composition of
MEK:EtOH mixture, dispersed by a phosphate
ester with a HLB of 13, at a concentration of about
0-6 wt%.

Adsorption of phosphate ester is improved when
HLB is high, which is due to a better affinity of
hydrophilic molecules for the charged surfaces of
particles. The adsorption isotherms do not exhibit a
well-defined plateau. Adsorption is total up to a
phosphate ester concentration of about 0-4 wt%,
then there is a continuous increase in adsorption as
the phosphate ester concentration continues to
increase. According to Eirich’s results,'® it can be
suggested that the phosphate ester polymer adsorbs
in packed arrangements onto particle surfaces.

Conductivity measurements indicate that the
dissociation of phosphate ester is enhanced when the
powder concentration increases, which suggests
that ionization is induced by surface phenomena.

The degree of dispersion of 34vol.% powder
slurries, determined by rheological measurements, is
in agreement with the electrophoretic mobility data,
which suggests a high electrostatic contribution to
stabilization. However, at high powder concen-
trations (50vol.%), which correspond to a dense
packing of particles, the electrostatic contribution
decreases and the steric contribution becomes
necessary to prevent agglomeration.

The electrophoretic mobility of BaTiO; particles
and the adsorption of phosphate ester do not depend
on the drying state of powders, but the degree of
dispersion of dried powders is lower than that of as-
received (hydrated) powders. The conformational
state of the phosphate ester molecules adsorbed
onto the particle surfaces may be affected by the
drying of powders.

Acknowledgements
This study was carried out in the framework of a

program (From powder to component) sponsored by
the French Ministry of Research and Technology.



Dispersion properties of BaTiOy tape-casting slurries

References

l.

n

10.

. Shaneficld. D. J..

Boch, P. & Chartier, T., Ceramic processing techniques: the
casc of tape casting. Ceram. For. Int., 44) (1989) 55-67.

. Thompson. }. J., Forming thin ceramics. An. Ceram. Soc.

Budl., 42(9) (1963) 488-9.

. Fiori, C. & De Portu, G., Tape casting: a technique for

preparing and studying new materials, Brit. Ceram. Proc..
38(12) (1986) 213-25.

. Mistler, R. E.. Shaneficld. D. J. & Runk, R. B., Tape casting

of ceramics. In Ceramic Processing before Firing. ed. G. Y.
Onoda, Jr & L. L. Hench. John Wiley & Sons. New York,
1978, pp. 411-18.

. Williams, 1. C.. Doctor blade process. In Treatise on

Material Science and Technology. Vol. 9. Ceranics Fabric-
ation Processes, ed. F. F. Y. Wang. Academic Press. New
York, 1976, pp. 173-97.

Tape casting for forming advanced
ceramices. In Encyclopedia of Materials Science and
Engineering. cd. M. B. Bever. Pergamon Press. Oxford. 1984,
pp. 4855 8.

Morris. J. R. & Cannon. W. R., Rheology and component
interactions in tape casting slurries. In Materials Research
Sociery  Svmposium  Proceedings.  Matenals  Research
Socicty, Pittsburgh. PA. 60, 1986, pp. 135-42.

. Mackinnon, R. J. & Blum, J. B., Particle size distribution

cffects on tape casting of barium titanate. In Advances in
Ceramices, Vol. 9. Forming of Ceramics. ed. J. A. Mangcls.
The American Ceramic Society. Columbus, OH. 1984, pp.
150-7.

. Mikeska, K. & Cannon, W. R.. Dispersant for tape casting

pure barium titanate. In Advances in Ceramics. Vol. 9,
Forming of Ceramics, ¢d. ). A, Mangels. The American
Ceramic Society. Columbus, OH, 1984, pp. 164-83.
Cannon, W. R.. Morris. J. R. & Mikeska. K., Dispersant for
nonaqueous tape casting. In Advances in Ceramics, Vol. 19,
Multilayer Ceramic Decices.ed. J. B.Blum & W. R. Cannon.
The American Ceramic Society. Columbus. OH. 1986, pp.
161 74

. Chartier. T.. Streicher, E. & Boch, P.. Phosphate esters as

dispersants for the tape casting of alumina. Am. Ceram. Soc.,
Bull., 66(11) {1987) 1653 5.

12

13.

19.

79

. Morns, ).

393

Jorge. E., Maitrise ¢t compréhension du coulage en bande
de suspensions de titanate de baryum. d'alumine et de
supraconducteur YBaCuQ. Thesis, University of Limoges,
France, March 1990.

Shanefield. D. J.. Competing adsorption in tape casting. In
Advances in Ceramics, Vol. 19, Multilayer Ceramic Detices,
ed. J. B. Blum & W. R. Cannon. The American Ceramic
Socicty, Columbus. OH. 1986, pp. 155-60.

. Braun. L.. Morris. Jr. J. R. & Cannon, W. R., Viscosity of

tape-casting ships. Am. Ceram. Soc. Bull., 64(5)(1985) 727-9.

. Chartier. T.. Jorge. E. & Boch. P.. Ultrasonic deagglomer-

ation of A1,O, and BaTiO, for tape casting. J. Phys. [111
(1991) 689- 95,

R.. Organic component interactions in tape
casting slips of barium ttanate. PhD Thesis, Rutgers
University. Piscataway, NJ. October 1986.

. Mikeska, K. & Cannon, W. R.. Nonaguecous dispersion

properties of pure barium titanate for tape casting. Colloids
and Surfaces. 29 (1988) 305-21.

. Einich, F. R.. The conformational state of macromolecules

adsorbed at solid liquid interfaces. J. Colloid Interface Sci.,
58(2) (1977) 423 -6.

Fowkes. F. M. Jinnai, H., Mostala. M. A, Anderson, F. W.
& Moore, R. J.. Mechanism of clectric charging of particles
in nonaqueous liquids. In Colloids and Surfaces in
Reprographic Technology. ed. M. Hair & M. Croucher. The
Amcrican Chenucal Society, Washington. DC, 1982, pp.
307.

- Parfitt, G. D. (ed.). Dispersion of Powders in Liguids, 2nd

Edn. Applied Science, London, 1973,

. Sacks, M. D. & Scheiffele. G. W.. Polymer adsorption and

particukite dispersion in nonagucous alumina suspensions
containing  polytvinylbutyral) resins. In Advances in
Ceramics, Vol. 9. Multiluyer Ceramic Devices, ed. J. B.
Blum & W. R. Cannon. The American Ceramic Society.
Columbus. OH. 1986, pp. 175-84.

. Casey. )0 AL Klymko. N R. & Bergin. B. K., Surface

Hydration effects on  glass  powder  dispersions.  In
Advances in Ceramics, Vol. 21, Ceramic Powder Science, ed.
G. L. Messing, K. C. Mazdiyasni, J. W. McCauley & R. A.
Maber. The American Ceramic Socicty, Columbus, OH.
1987, pp. 439 -48.



