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Abstract

Colloidal dispersion of two submicron alumina pow-
ders (A-16SG and APA-0-2) and their mixtures
were investigated in an aqueous suspension with and
without dispersant (ammonium salt of poly(meth-
acrylic acid), PMAAN). The {-potential and iso-
electric point (iep) of the powders in aqueous solu-
tion were determined in the presence of the
dispersant and electrolyte (NaCl). The adsorption
of dissociated PMAA™ on alumina powders was de-
termined via the titration technique. The dispersant
was observed to exert a strong influence on the sur-
face potential, flowing behaviors and packing densi-
ties of the aluminas. The results showed that the
dispersion conditions were strongly affected by fac-
tors including the solid concentration of submicron
alumina particles, the pH value and the concentra-
tion of PMAAN in the suspensions, and that these
three factors were cross-influencing. A reaction
model at the interface of alumina—solution was de-
veloped, based on the dissociation of PMAAN and
the adsorption of surface hydrocarboxyl groups on
alumina surface.

1 Introduction

Fine-grained and uniform microstructures are de-
sirable for most structural ceramic applications in
producing a strong and reliable structural part.
One method which accomplishes these goals in-
volves using submicron powder! as well as pro-
cessing the ceramic powder through colloidal
states.*® Colloidal processing has gained consider-
able attention during the past decade, having
proven itself as being one of the effective routes in
producing high-performance ceramic components.

Ceramic particles in a solution are charged and
may possibly become dispersed in a repulsive
manner by the forces developed at the surface of
the particles. The particles can be dispersed in an
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aqueous solution by three mechanisms, i.e either
by electrostatic, steric, or electrosteric stabiliza-
tion.’ These stabilizations are accomplished by
generating common surface charges either at the
surface of particles or else on the polymer chains
which are adsorbed on the surface of the particle.
The force, which is formed from the repulsion of
similar charges and offers this stabilization, is
commonly termed a Coulombic force. In addition
to these forces, the adsorbed polymeric chains can
also perform a spatial repulsion. Electrosteric sta-
bilization is active if the polymer chains are ab-
sorbed on ceramic surface and the chains are
charged with dissociated functional groups. It is
closely related to the conformation and dissocia-
tion of polymeric chains in various acidic-basic
conditions, which have been discussed extensively
in consideration of the interaction with the oxide
surface.*>1° The electrosteric effect produces signi-
ficant repulsion forces between the polymeric
chains and particles. However, the ceramic parti-
cles, especially for submicron powder and in high
solid-content suspensions, are easily coagulated in
a poor solution unless the suspension has favor-
able stabilization conditions.

The rheology of a ceramic suspension is
strongly influenced by the nature of the ceramic
particles, the composition and chemical nature of
the solvent and dispersant, as well as the solid
content.*'%!"" Two of the important parameters
that can be used to describe the state of dispersion
of ceramic colloids are the {-potential and the iso-
electric point (iep) of the colloidal surface.’? The
surface potential has been extensively employed in
accounting for the electrokinetics properties of ce-
ramic suspensions.®”!* The values of the potential,
although somewhat controlled by the nature of
the solid particles, e.g. the crystalline phase'* and
the surface impurity,'® are most significantly con-
trolled by the acidity of dispersing medium and
the additive (or dispersant) in the medium.
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Some research effort involving ceramic compos-
ites was recently undertaken which employs the
colloidal process in preparing mixtures of various
dissimilar ceramic and/or metallic colloids. The
use of a toughening phase, e.g. zirconia particu-
lates for toughening alumina, or the preparation
of the mixture of two similar powders to tailor the
size distribution of the powder mixture, or the
production of nanocomposites would require un-
derstanding of the behavior of each phase, espe-
cially the fine portion of powder mixture, in col-
loidal states.

Many difficulties involving colloidal processing
cases are encountered in powder mixtures. Phase
segregation of ceramic particles in slip-casting, size
segregation during sedimentation or consolidation
of suspension, and flocculation of the fine particles
in a mixture have a close relationship with the sta-
bility of a suspension system. Attempting to ho-
mogeneously mix two different powders is a rather
difficult task.

Segregation of a heavy particle from the powder
mixture or local segregation of different charged
particles has been the major concern of these re-
search efforts.*!® Some useful treatments are pro-
posed as well as some promising results being pro-
vided. Velamakanni & Lange® reported that the
requirements for colloidal particles to achieve
their best packing properties were strong interpar-
ticle forces (high surface potential) and optimiza-
tion of particle size distribution. Achieving strong
interparticle forces is also true for stabilization of
the suspensions with powders having different sur-
face compositions and physical properties.

The principal objectives of this research involve
analyzing the effects of polymeric dispersant when
adsorbed on two alumina powders and identifying
the critical parameters associated with the col-
loidal processes, as well as revealing the relation-
ships of dispersion conditions with the purities of
alumina powders. The phenomena of surface
charging and adsorption of polymeric chains on
alumina are cited here as accounting for the be-
havior of submicron alumina particles in a highly
concentrated suspension system.

2 Experimental procedure

2.1 Materials

The alumina powders used in this study were A-
16SG (supplied by Aluminum Co. of America,
Pittsburg, PA, USA; BET surface area = 9-0
m?g”!, purity = 99-7%) and APA-0-2 (supplied by
Ceralox Co., Arizona, USA; BET surface area =
340 m?g’!, purity = 99-97%). The properties of
these powders are listed in Table 1. A-16SG and

Table 1. Properties of alumina powders

APA-0-2° A-165G*
BET (m%g)° 34 9
Particle Size, dsy(um) 0-21 04
Phase” &+a) a
Purity (%) 99-97 997
Na,O (ppm) <4 800
SiO, (ppm) 57 800
Fe,0; (ppm) 126 100
MgO (ppm) 28 500
CaO (ppm) 2 —
B,0; (ppm) — 10
Density* 3-58 3.986

2 APA-0-2 data sheet, Ceralox, Arizona, USA.

b A-16SG data sheet, Alcoa Industrial Chemicals, Pittsburgh,
PA, USA.

¢ Nitrogen Adsorption Flowsorb 2300, Micromeritics, GA,
USA.

4 Verified with X-ray diffractometer, PW1729, Philips Instru-
ment, Netherlands.

¢ Verified with Pycnometer 1305, Micromeritics, GA, USA.

APA-0-2 powders have a different crystalline
phase and average particle size (ds;) of 0-41 and
0-21 wm, respectively. A polyelectrolyte dispersant
used in the preparation of dispersed alumina slur-
ries was the ammonium salt of poly(methacrylic
acid) (abbreviated as PMAAN) with molecular
weight (Mw) ranging from 10000 to 16000. The
water for dissolving dispersant was distilled, then
deionized. The pH of alumina slurries was ad-
justed via the titrants diluted from analytical
grade HCI and NaOH. Analytical grade NaCl was
used as an electrolyte in a concentration of 0-01 N
to adjust the ionic strength of diluted alumina sus-
pensions which were subjected to the measure-
ment of {-potential.

2.2 Sample preparation

2.2.1 Slurry preparation

The dispersant was first dissolved in the treated
water. A specific amount of alumina powder was
then gradually added to the solution. Some sus-
pensions prepared for {-potential measurement re-
quired dilution to the concentration 0-001 mg cm™
for analysis. The suspension was transferred into a
polyethylene (PE) bottle which was loaded with
zirconia grinding media, then agitated by a turbo-
mixer for 1-24 h. According to the volume ratio
of A-16SG to APA-0-2, powder mixtures were
also prepared and designated A80, A70 and A60.
For instance, A80 represents an alumina (A) mix-
ture of eight parts of A-16SG and two parts of
APA-0-2 by volume.

2.2.2 Green compact preparation
Green alumina pieces were prepared via a pres-
sure-casting method. The alumina slurries were
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contained in an air-pressurizing mold which is
constituted of two plates manufactured from 316
stainless steel and a thick-wall tube of transparent
polyacrylic material. Compressed air at a pressure
of 10 kg cm? was supplied, along with the slurry
being driven through a plastic filter paper.

2.3 Property measurement

2.3.1 Zeta ({)-potential measurement
Electrophoresis measurement was conducted using
a Zeta-Meter 3-0+ instrument (Zetameter Inc.,
USA) so as to determine the {-potential of the
alumina particles in aqueous suspension. The in-
strument was carefully calibrated and tested with
the standard colloids offered by the manufacturer.
In this study, alumina powder was dispersed in a
prepared solution in a solid concentration close to
0-001 mg cm™3, The pH value of the solution with
a specific amount of the dispersant was adjusted
via either a dissolved acidic or a basic solution, as
well as NaCl electrolyte. The suspension was ultra-
sonicated using a NEY ultrasonicator (2Q-100) at
a power level of 30 W for at least 5 min before the
measurement being taken.

2.3.2 Acid titration of dispersant

Adsorption of the dispersant on alumina powders
and the pH of alumina suspension with various
amounts of PMAAN were determined using an
auto-titration instrument (VIT90 Video Titrator,
TitraLab™ Radiometer, USA). The calibration
curve of PMAAN titrated with 0-1 N HCI is
shown in the Appendix. The adsorption of
PMAAN on alumina was then determined in the
following procedure. The mixed alumina suspen-
sion was centrifuged using a Hermle Z380 cen-
trifuger (Berthold Hormle GMBH & Co, Ger-
many) at 6000 rpm for 60 min to obtain a clear
suspension. The clear solution was next removed
from the suspension container, and titrated with
0-1 N HCI standard solution. The amount of re-
quired acid to balance the dissolved PMAAN in
the clear suspension was determined by the IPT
(infection point titration) method, which can be
referred to in the operation manual of the VIT90
Video Titrator. As a consequence, PMAA™ species
adsorbed on alumina could be calculated from
the equivalent point of the acid measured by the
previously mentioned IPT -method.

2.3.3 Viscosity measurement

The measurements were conducted with two ro-
tary viscometers (Model DV II, Brooksfield Eng.
Labs Inc., USA) which have different shear-rate
ranges. These instruments were calibrated with
three standard viscous fluids, which have the vis-

cosities of 93-8, 975 and 12200 cps (or mPas),
respectively. Flocculation of alumina particles in
a poorly dispersed slurry would influence the
rheological properties of the slurry. Therefore, the
measurement steps were adjusted according to
previous reports;*’ in addition, the apparent vis-
cosity values were taken from the average of at
least two different measurements.

2.3.4 Pore size and volume measurements

Green samples were dried at 500°C for 10 min be-
fore they were tested with a mercury porosimeter
(Autopore II 9220, Micromeritics Instrument Co.,
USA).

2.3.5 Microstructural observation

Alumina green samples were broken, coated with
a thin Au film for electric conductivity, and ob-
served using a scanning electron microscope
(JSM-T100 mini SEM, JEOL Co., Japan).

3 Results and discussion

3.1 Surface potential of alumina with and without
dispersant

The effect of pH on the {-potentials of the two
alumina powders in an aqueous solution is shown
in Fig. 1. The isoelectric point (iep) of A-16SG is at
pH = 85, for APA-0-2 alumina it is at pH = 8-9.
According to the literature,!! the iep of aluminas
could vary with the sources of alumina and the
varieties of measurement techniques: The alumina
prepared from the precipitation with incomplete
hydration has a zero point of charge (zpc) (which
could be considered as iep) near pH 6-9 if mea-
sured by the electrophoresis method. For the nat-
ural product, however, alumina has a zpc at pH
8-4 if measured by the same method, or 9-5 if by
the streaming potential method. Rao!* employed
two different techniques in measuring the prop-
erty, reporting that the iep of alumina is at pH 9.

C-potential (mV)

2 3 4 5 6 7 B8 9 10 11 12

pH

Fig. 1. Effect of pH on the {-potential of A-16SG and APA-

0-2 alumina powders in diluted aqueous solution. The data
indicated by arrows are discussed in the text.



158 Wen-Cheng J. Wei, Su Jen Lu, Bu-Kon Yu

A similar result of the iep value of the A-16SG
powder, as determined by an improved measure-
ment apparatus,'* was reported to be at pH 8.

Kelso & Ferrazzolli’® determined the relative
acoustophoretic mobility of A-16SG alumina in
water, and found a negative mobility (i.e. a nega-
tive (-potential on the surface) of A-16SG, as
compared to a high purity alumina (XA-139SG,
purity 299-95 wt%, supplied by Alcoa, USA) which
has a positive value in deionized water (pH = 5-0).
They assumed that the surface impurity Na,O of
A-165G would possibly become ionized and for
hydrated in an aqueous solution. The {-potential
of A-16SG measured in this work was a positive
value, similar to that of the high purity aluminas,
XA-139SG,'* and APA-0-2 in the present case.
However, the surface potential values of A-16SG
were observed in this study to be rather dependent
upon the aging time of the alumina suspension.
The {-potential values of A-16SG are relatively
scattered within the range pH 5-7, and would be
smaller in value if the suspension is aged more
than 30 min, as shown by two data points in Fig.
1. Tt is due to the release of ionizable species, e.g.
Na*, Mg*%, from the powder. High purity APA-
0-2 powder has a consistent surface charge in an
aqueous solution.

At the pH below the iep of alumina, the aque-
ous solution permits charge and proton transfer at
the solid-solution interface, resulting in an electri-
cally positive surface on alumina, e.g. the forma-
tion of AIOH,". That is the reason why the alu-
mina particles in weakly acidic water solution
exhibits a positive potential. However, the obser-
vation of the pH value of freshly prepared suspen-
sions changed from weakly acidic to neutral, or to
weakly basic conditions as they aged. A similar
change was reported!’® in which the pH of the
water increased up to 9-6 for an alumina content
in the solution of 16-7 wt%. The acidity of the sus-
pension is dependent on the interaction of alu-
mina in acidic suspension. However, the forma-
tion of the positive AIOH," species is interrupted
by the presence of Na,O and other ionizable oxide
impurities. Surface Na,O is considered here as
possibly releasing Na* in forming a negative
NaO™ so as to compensate for the positive charge
(AIOH,*) on the surface of alumina. In addition,
MgO, used as a grain-growth inhibitor, (as is the
report indicated in by the powder supplier, Alcoa,
USA), is present in A-16SG, and tends to dissolve
in water to form a strongly basic solution. The
contents of Na,O and MgO are appreciable
(0-08% and 0-05%, respectively) in A-16SG, but
ignorable in a high purity APA-0-2 powder (Table
1). Therefore, the dissolution of Na,O and MgO is
not occurring in APA-0-2 between pH 5 to 7 in
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Fig. 2. Effect of pH on the {-potential of diluted A-16SG
slurries with 0-125 wt% PMAAN (based on alumina).

7 B8 9 10

Fig. 1. The dissolved Na and Mg ions could alter
the thickness of the double layer on the surface of
alumina particles. As a consequence, the {-poten-
tial of A-16SG at the pH away from its iep is
higher than that of APA-0-2 particles. The signifi-
cance of surface impurities having reacted with
water shows that the surface potential can be a
time-dependent variable.

Figure 2 shows the effect of pH on the {-poten-
tial of diluted A-16SG suspensions originally con-
taining 30 wt% alumina and 0-125 wt% PMAAN
(based on alumina). The alumina surface has re-
versed its electrical charging condition at pH 4-0.
A similar chemical PMAA-Na salt* was reported
as not being dissociated at the pH below 3-5, but
fully dissociated at the pH values over than 8-0. If
the dispersant used in this study has a similar dis-
sociation behavior, the adsorption of dissociated
PMAA™ can only take place at the pH ranging
from 3-5 to 8:2 (the iep of A-16SG). The surface
potential of the alumina, which is positively
changed, shifts to negative when the surface is
covered with PMAA-. As a result, the {-potential
in the acidic conditions (pH = 3-5-8-2) is changed
from a positive to a negative surface. Thus, iep of
A-16SG in the presence of PMAAN is accordingly
changed to pH 4-0.

A plot of the {-potential of A-16SG and APA-
0-2 suspensions is provided in Fig. 3 which con-
tains 0-01 N electrolyte NaCl and various amount
of PMAAN. The surface potential of A-16SG alu-
mina in diluted NaCl (0-01 N) solution is about 38
mV. However, the potential dramatically changes
to negative if the amount of PMAAN is more
than 0-02 wt% based on A-16SG alumina. Simi-
larly the potential of APA-0-2 reverses as the con-
centration of PMAAN is greater than 0-04 wt%.
That is a result of adsorption of a dispersant with
an anionic-type functional group, and the amount
of dispersant is surface-area dependent. The po-
tential values, which reach a plateau, show that
the adsorption on alumina becomes saturated if
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Fig. 3. Effect of PMAAN on the {-potential of A-16SG and
APA-0-2 slurries which contain 0-01 N NaCl.

more than 0-07 wt% or (-5 wt% PMAAN is added
in the A-16SG or APA-0-2 suspensions, respec-
tively.

The pH values of suspensions which contain
various amounts of alumina are plotted in Fig. 4
against the added PMAAN. These results show
that the water changes its pH value to weakly
basic (pH 8-0) if PMAAN is added—even as little
as 0-01 wt% (based on the solution). However, the
pH becomes more basic if A-16SG powder is
added at a level of more than 1-0 wt% of the
deionized water. Kelso & Ferrazzolli"® reported a
similar change of the pH of pure water up to 9-6 if
the addition of A-16SG alumina powder in the
solution was 16-7 wt%, but up to pH 8-0 if the
solution contained the same amount of high-
purity alumina (XA-1395G).

First of all, the alumiria surface tends to change
from a neutral surface to a positively charged sur-
face as alumina powder is steeped in deionized
water. The adsorption of protons on the alumina
surface causes the water to have an increasing
OH~ concentration. This concentration causes the
pH of the solution to be basic (pH > 7). The
newly formed aluminum hydrate has an ampho-
teric property. The reactions of the hydrated
alumina surface at various pH conditions can be
expressed as follows

xH,0" + [0—Al—],(OH),

& [0—Al—](OH,"), + xH,O atpH <iep (1)
[0—Al—],(OH), + xOH"

< xH,0 + [0—Al—],(O), at pH 2 iep (2)

However, the dissolution of PMAAN in water
would interfere with the pH value of the suspen-
sion. The alumina suspension (Al,O; content >1-0
wt% of the solution) is indicated from Fig. 4(a) to
have higher pH values than the aqueous solution
only with PMAAN. The difference of the pH
value between the solution (with PMAAN) and
alumina suspension is reducing (approaching to
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Fig. 4. Effect of PMAAN on the pH of alumina slurries
for various concentrations of alumina (a) A-16SG and (b)
APA-0-2.

pH 8:3) as the PMAAN concentration increases.
The presence of alumina and PMAAN chemical
have closely interfered with each other in aqueous
solution.

Alumina is scarcely dissolved in a weakly basic
solution of which the added PMAAN gives a
stable pH value near 8-1. For a suspension system
including a solid phase in equilibrium with the
solution, the isoelectric point of the solution
corresponds to the point of minimum solubility of
the solid.!? The formation of molecular AI(OH),
or AIOOH in weakly basic alumina suspension is
ignorable. For the reactions of PMAAN, a combi-
nation of the dissociation of PMAAN and the
adsorption of PMAA™ on the alumina surface,
are revealed by the pH evaluation of alumina
suspensions.

The dissociation of PMAAN and the reaction
with water can be expressed in the following equa-
tions:

PMAA — NH, & PMAA™ + NH,* (3)
PMAA™ + H,O © PMAA -H+OH (¢)

If a is the fraction of dissociated group of
PMAAN in suspension. The titration of a 33
vol.% (or 66 wt%) A-16SG suspension with 0-125
wt% PMAAN reveals that nearly 32% of PMAA-
is adsorbed on the surface of APA-0-2. A high
concentration (about 2/3) of the charged polymeric
chains of PMAA~ is available in this suspen-
sion and can be adsorbed on alumina particles,
subsequently resulting in the decrease of surface
potential (Fig. 3) of the alumina. However, several
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Fig. 5. Effect of PMAAN on the apparent viscosity of
A-16SG and APA-0-2 slurries tested in a shear rate 18 s\,

researchers*!® have pointed out that the confor-
mation of PMAA~ or a similar polymer, e.g.
PAA-, in weak base, influenced its adsorption
phenomena near the saturation point. The
stretched PMAA~ prevents more PMAA™ from
adsorbing at the alumina particle surface. There-
fore, the (-potential of A-16SG and APA-0-2
alumina suspensions can no longer increase their
absolute values.

The adsorption of dissociated PMAAN on
alumina not only alters the surface potential of
alumina, but also changes the pH value of the
solution if the adsorption on alumina is over the
saturation point. As the concentration of PMAAN
in A-16SG suspension rises over 0-01 wt%, the pH
(or the acidity) of the alumina suspension changes
to close to the pH of pure PMAAN with aqueous
solution, but for high purity APA-0-2 it is over
0-05 wt%, as revealed in Fig. 4(a) and (b). There-
fore, the pH of alumina suspension with an
increase of non-adsorbed PMAAN approaches 8.1.

3.2 Slurry viscosity

The addition of dispersant PMAA-NH, can
effectively reduce the viscosity of the alumina slur-
ries if it is added into the formulation in a concen-
tration of more than a critical amount (C,). C, is
0-02 wt% for A-16SG and 0-07 wt% for APA-0-2,
as illustrated in Fig. 5. the electrosteric repulsion
which arises from the adsorption of PMAA~
polymeric chains on alumina is effective only if
the added PMAAN is in an amount over C,. This
observation is consistent with the reverse of sur-
face potential observed in Fig. 3. The interparticle
forces, which are a result of surface electric poten-
tial, stabilize the colloidal particles in the concen-
trated suspension. Since the adsorption of the
PMAA™ on the alumina is near the saturation
point (C; in Fig. 5), the surface potential of A-
16SG alumina is maintained at around 47 mV
(Fig. 3), which is nearly the maximum potential in
the suspension. A strong surface potential causes
the viscosity of the A-16SG suspension to reach

Apparaent Viscosity (cps)

‘Il‘rllllll||ll|llll’|

0 5 10 1 15 20
ShearRate (s )

Fig. 6. Apparent viscosity of various alumina slurries with
0-5 wt% PMAAN (based on alumina) at various shear rates.

its lowest value. Similar behavior is found for the
APA-0-2 suspension containing a lower solid con-
tent (i.e. 8 vol.%) than the A-16SG suspension.

The amount of polyelectrolyte necessary to
achieve a good dispersion is surface-area depen-
dent. The BET surface area of APA-0-2 is about
four times higher than that of A-16SG powder, as
indicated from Table 1. The curves provided in
Fig. 5 are similar, only different in the scale of vis-
cosity. The ratio of the critical amount (C,) and
the saturation amount (C,) of required PMAAN
implies that the specific surface area of the two
powders, one of 34 m? g™! the other of 9 m? g, is
dominating the required amount of adsorbed
PMAA-,

Figure 6 illustrates the effect of PMAAN on the
apparent viscosity of pure A-16SG, APA-0-2 slur-
ries and the slurries of their mixtures, A80, A70
and A60. The rheological data in Fig. 6 were mea-
sured from the slurries with various solid concen-
trations. One APA-0-2 suspension can only be dis-
persed at the solid concentration less than 15
vol.%. All of the APA-0-2 containing slurries have
a pseudo-plastic flow behavior; however, pure A-
16SG slurry is nearly Newtonian. It has been
demonstrated'® by the Dougherty-Krieger equa-
tion that the rheological states are mainly affected
by the solid loading (or solid/liquid ratio), particle
shape and the average particle size. Interactions
between the electrical double layer and/or the ad-
sorbed polyelectrolyte have to be taken into ac-
count,!” if the volume fraction of the particles in
suspension is increased. The suspension of APA-
0-2, having an average particle size two times less
than that of A-16SG, was confirmed in this study
as being very viscous (almost gelled) at solid
concentrations over 15 vol.% if only 0-5 wt%
PMAAN dispersant was used.

Rao!* has reported that the electrophoretic
mobility versus pH profiles and the position of the
isoelectric point of powder mixtures are appar-
ently governed by the powder having a large total
surface area in the mixture, but not necessarily the
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60 weight fraction. Thus, the viscosity of the mixed
~ 3 suspension could be controlled by the flowing
E E behavior of fine APA-0-2 powder, as depicted in
& 503 . Fig. 6.

Q o] - 3.3 Properties of green alumina mixtures
§ ] I Green densities of various alumina mixtures, which
O é have been pressure-casted and dried, are given in
203 Fig. 7. The green density is an index of powder
O 10 20 30 40 20 80 70 80 90 100 packing conditions. A-16SG has a relative green
Volume % of APA-0.2 density of 0-57, APA-0-2 is 0-39 only. The green
Fig. 7. Green densities of various alumina mixtures. ieces were prepared from the slurries with 0-125

p prep

Fig. 8. SEM micrographs of the fracture surfaces of green (a) A-16SG, (b) APA-0-2, (c) A80, (d) A70 and (e) A60 powder compacts.
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or 0-5 wt% PMAAN dispersant (based on alu-
mina). The difference of green densities between
two green pure materials is mainly a result of the
surface forces and the dispersion conditions of
powders. The slurries of the fine agglomerated
APA-0-2 particles still produce the green pieces in
a loose pack.

Zok et al.® developed a model of binary pow-
der packing to illustrate the effects of large parti-
cle surface and touching of the particles on the
packing density of ceramic powders. In contrast,
Messing & Onoda’s work® attempted to describe
the inhomogeneity (defined by the degree of mix-
ing) on the packing density of binary powder.
Both groups pointed out that the experimental
data for composite mixtures deviate from the the-
oretical values of ideal packing density. Particu-
larly, packing densities of different size powder
mixtures are higher than random packing densities
of the mixtures. In Velamakanni & Lange’s work,®
the fine alumina, AKP-series, has a random pack-
ing density of 0-63, however the mixtures with 20
to 40% fines allow a density of 0-68 to be reached,
which is far lower than the theoretical density
0-87, but those values are still larger than 0-63.

In the present case, the green densities of the
mixtures (A80, A70 and A60) are even lower than
those density values calculated from the volume
fractions of two-ended materials, as the broken
line indicates in Fig. 7. Restated, the powder mix-
tures have shear thickening properties. The rea-
sons for a reduction of the packing density have
been proposed by others® as possibly being physi-
cally a consequence of the presence of local com-
positional variations. In the present case, the com-
position variation should be treated as a
packing-type structural variation in the mixtures
of two alumina powders. The observation (Fig.
8(c) to (e)) of the fractured surfaces of three mix-
tures has confirmed that fine alumina particles
(APA-0-2) are retaining some degree of agglomer-
ation in sizes 0-6 um or larger. The agglomerates
are still retained from previous dispersion and
mixing stages. Therefore, the green powder mix-
tures have at least two varieties of porosity. The
porosity was revealed by the measurement of pore
size, and the results were plotted in Fig. 9. The
pore size distribution of APA-0-2 has two maxima,
i.e. at 0-09 and 0-035 wm, respectively. The fine
pores, which are believed to have formed between
agglomerates, are one of the characteristics of par-
tially agglomerated powder. Additionally, the pore
size distributions of A80, A70 and A60 notably
exhibits a fraction of pores having sizes ranging
from 0-02 to 0-06 um (Fig. 9(a)) similar to that of
APA-0-2. The mixtures possess some degree of the
agglomeration of pure APA-0-2 powder.
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Fig. 9. (a) Pore size distribution and (b) cumulative pore
volume of various alumina mixtures.

4 Conclusion

The surface potential, adsorption of dispersant,
flowing behavior and green packing properties of
alumina powders in additional of PMAAN disper-
sant were investigated in this study. The packing
and mixing of ideal powder mixtures could be op-
timized not only from the dispersing conditions,
but most importantly from the control of agglom-
eration—especially in fine powder. Some conclu-
sions can be drawn, i.e.:

(1) The iep of A-16SG powder in aqueous
suspension is determined to be at pH = 8-5
and that of APA-0-2 is at pH = 8:9. The iep
is shifted to pH 4.0 if the anionic-type
dispersant PMAAN is added to the alumina
suspension;

(2) The adsorption of dispersant PMAAN
changes the surface potential of A-16SG
and APA-0-2 to negative values and also
offers an electrosteric stabilization for
.alumina particles in aqueous solution;

(3) The rheological behavior of pure alumina
particles in suspension is controlled by the
reactions of PMAAN, the specific surface
area of the powder, acidity and solid loading
of the suspension. Conversely, the dissocia-
tion of PMAAN is affected by the amount
of alumina powder in suspension;
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(4) The flowing behavior of the alumina suspen-
sion which is the mixture of two powders is
dominated by the fine powder, i.e. APA-0-2,
which is still partially agglomerated in dis-
persed suspension; and

(5) APA-0-2 is difficult to fully disperse in an
aqueous condition. Its green compacts
exhibit a bimodal distribution porosity with
pore sizes around 0-09 and 0-035 um. The
fine pores are retained in powder mixtures
which are similar to that of pure APA-0-2.
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Appendix

16 4 B pH =4.309

—#— pH value

——0— slope of pH value

pH value and slope of pH value

0 0.5 1 1.5 2 2.5 3 3.5
mmol of HCI

Fig. Al. The titration curve of PMAAN by 0-1 N HCl standard acid. The equivalent point of 0-25 g PMAAN is determined to be
0-268 mmol of HC] at pH 4-3.



