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Abstract

The rheological behaviors of alumina slurries with polysaccharides having di�erent concentrations and molecular weights were
analyzed. The polysaccharide molecule absorbs to the surface of alumina powder in an aqueous slurry to give sorbate-mediated
steric hindrance. Rheological measurements were used to compare the strength of alumina particulate networks. The network

strength of alumina slurry increased at ®rst and decreased later with the increase of molecular weight of polysaccharides. The net-
work strength of alumina slurry became weaker with the addition of polysaccharides of low molecular weight and stronger with the
addition of polysaccharides of higher molecular weight. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Advanced alumina ceramics are typically produced by
a process of mixing colloidal alumina powder with an
organic additive to form a slurry into a mold, slow heat
treatment to pyrolyze the organic additives, and sintering
at high temperature. Large concentrations of the organic
additive up to 40±70 vol% are typically needed to main-
tain plasticity during molding in order to prevent brittle
behavior, which occurs at lower concentrations of
organic additive.1,2 The evaporization of hydrocarbon
additives and the gases produced by them during pyr-
olysis cause unwanted cracks and shape distortion.
Long thermal treatments are necessary to complete
pyrolysis because rapid heating could produce internal
stresses that can cause unwanted cracks and deforma-
tion.3 Evaporation and gaseous di�usion leave some
decomposed residue behind.
Aqueous medium is necessary in order to eliminate

these organic additives in an e�cient way and evaporate
without causing cracks, deformation, and micro-
structure contamination in sintered parts. Simple addi-
tion of water to alumina powder results in a dramatic
reduction of slurry plasticity if the water concentration

is beneath a critical value. Forming becomes impossible
under this critical concentration because insu�cient
water tends to produce a sti� slurry. This critical water
concentration is usually much smaller for aqueous clay
slurries as opposed to aqueous alumina slurry. Clay-
based ceramics are much easier to mold at smaller con-
centrations of water, which also makes them less sus-
ceptible to cracks during drying.
Plasticity of an aqueous slurry is related to the inter-

particle potentials between particles and stresses in the
particular network. A particular network shows brittle-
ness when a fracture stress is lower than a yield stress. It is
necessary to decrease the strength of this brittle network
to make particles yield. High packing densities can be
obtained by consolidating weak networks. The big dif-
ference in rheology between advanced alumina ceramics
and clay-based ceramics can be attributed, to a large
extent, to inherent di�erences in particle morphology
and the nature of the surface charge.4±6 The unique
morphology of clays, along with a superposition of
attractive van derWaals and electrostatic repulsive forces,
contributes to the high degree of plasticity of clays.
The major step in improving the plasticity of con-

centrated slurries of alumina powders is to develop a
weakly-¯occulated state by coating powders with a
substance producing a superposition of long-range
attraction and short-range repulsive forces. Two general
methods are reported: one is using the hydration-layer
approach and the other is using the steric-hindrance
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approach. The hydration-layer approach7±15 is adding a
short-range, repulsive interparticle force, which was
produced by the surface adsorption of indi�erent electro-
lytes in a dispersed aqueous slurry. The added salt
decreases the long-range potential and induces a short-
range potential. The interparticle strength of attractive
networks attained by adding salt to dispersed slurry is
much lower than the attractive networks produced
without salt. Ducker et al.15 ®rst proved the existence of
this short-range repulsive potential caused by the indi�er-
ent electrolyte. Ducker et al.15 showed that the addition of
the electrolyte increased the viscosity until a maximum
is reached after which further additions of electrolyte
have little e�ect to the viscosity.
Steric-hindrance is possible with the generation of a

steric adlayer that inhibits complete mutual approach of
individual particles. Yin et al.16 ®rst introduced the
method of weak-¯occulation by adsorbate-mediated
steric-hindrance and reported the formation of high-
density, low-viscosity slurries with polymethacrylates
adsorbed on alumina powders suspended in heptane or
para�n oil. After that, Schilling17 and BergstroÈ m et
al.18 reported signi®cant improvements in the packing
densities of centrifuged slurries in which short-range
repulsive forces were established by the adsorption of
fatty acids to alumina powders suspended in decalin.
Kramer and Lange2 also produced short-range repulsive
force by absorbing small molecules to the surface of
Al2O3 powders to give steric hindrance e�ects. Kramer
and Lange2 suggested that short-range force only persists
during particle packing when the molecules were che-
mically reacted with surface ions but physically adsor-
bed molecules were displaced either by particle pushing
during particle compaction or by water adsorbed by the
organic additives.
Recent research focused on developing aqueous slurry

by the method of weak-¯occulation by adsorbate-medi-
ated steric-hindrance e�ects, analogues producing
highly-concentrated and plastic slurries of alumina
powders without the concerns of the organic residues
after heat treatment. Luther et al.19 suggested that the
citrate ion adsorbs to the surface of alumina particle
and reported signi®cant reductions in the viscosities of
aqueous alumina slurries by the use of ammonium
citrate additives. Chan and Lin20 reported signi®cant
reductions in viscosity by the adsorption of steric acid
onto alumina powder surfaces in para�n/polypropylene
slurries. Schilling and co-workers21,22 reported sig-
ni®cant improvements in the rheology of aqueous dense
slurries of alumina powder, weakly-¯occulated slurries
with maltodextrin. Schilling and co-workers22,23 reported
signi®cant improvements in the packing densities of
aqueous slurries of alumina powder with maltodextrin
additives. These slurries showed a high degree of plasti-
city based on viscosity measurements. Schilling et al.23

also performed surface chemical analysis to study the

mechanism of enhanced plasticity caused by poly-
saccharide. Schilling et al.23 also reported that this
mechanism primarily entails the reduction of interparticle
attraction by adsorbate mediated steric hindrance and
maltodextrin acts as an additive to help slip-casting by
strengthening alumina bodies during drying.24

Schilling et al.23 used a commercially available malto-
dextrin having an average molecular weight of 3600
Daltons. In this research, we studied the rheological
properties of alumina slurry with polysaccharides of
di�erent molecular weights and concentrations. These
studies will help establish an understanding of the
advantages of polysaccharides in molding dense slurry
for the advanced alumina processing.

2. Experimental procedure

Commercially available, a-Al2O3 powder having an
equiaxed particle shape, an average particle size of 0.4
mm, and a speci®c surface area of 8.5 m2/g (A-16 SG,
from Alcoa Corporation, Bauxite, AR, USA) was used.
Commercially-available maltodextrins (Grain Processing
Corporation, Muscatine, IA, USA), dextrans (Sigma, St.
Louis, MO, USA), pullulan (Sigma, St. Louis, MO, USA)
and soluble starch(Difco Corporation, Detroit, Michigan,
USA) were used.
The average molecular weight of these polysaccharides is

listed in Table 1 and is based on chromatography mea-
surements reported by each manufacturer. Slurries were
prepared with deionized water 160 ml at room temperature
by adding polysaccharides to an aqueous solution of 0.01
M NaCl. The amounts of polysaccharides were changed
into three levels in weight base: 2.376 g(low), 3.168 g(mid-
dle), and 4.752 g(high). Then alumina powder 156 g was
added to achieve the volume fraction of 20% in every
slurry. Schilling et al.23 reported that about 0.02 g of mal-
todextrin 040 per g of alumina absorbs to alumina in the
same alumina volume concentration. This amount is very
close to 3.168 g of maltodextrin in the slurries used in this
research, which is useful to study the e�ects of poly-
saccharide concentrations on the rheological properties of
alumina slurries.
Each slurry was then sonicated for 2 min using a

soni®er (CV17 Vibracell, sonics and Materials Inc.,
Danbury, CT, USA). The sonicator was operated at 60±
80% of the maximum power output of 600 W. After
sonication, the slurries were equilibrated in a shaker for
24 h to reach the equilibrium. We did not add acids or
bases to the slurry in order to avoid the possible inter-
actions between polysaccharides and acids or bases.
PHs of slurries with polysaccharides and without acids
or bases are found to be around 8.9, where alumina
particles have little electrostatic repulsive force.
Aqueous alumina slurry was loaded into a stainless-steel

container that was encased in a temperature controlled
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bath which was maintained at 25�C. The total volume
of the slurry for rheological measurement is 65.4 ml. A
long cylindrical spindle was connected to a rheometer(-
Rheostress RS75, Gebrueder Haake GmbH, Germany).
The speci®cations of the container and the spindle, and
the spaces between them were same with DIN Standard
5100 No. 40. Shear rate increased from 0.13 to 400 sÿ1.
Data, including shear stress and shear rate were col-
lected ®ve times after getting stable data and averaged in a
dedicated computer.

3. Results and discussions

Fig. 1 shows the shear stresses of alumina slurries
with di�erent concentration of maltodextrin M200 at
di�erent shear rates, where shear stresses increased with
increasing shear rate. Schilling et al.24 reported that
aqueous slurries of 20 vol% alumina exhibit a transition

from strongly-¯occulated, pseudoplastic behavior to a
Newtonian-like state upon the addition of maltodextrin
040. Fig. 1 also shows similar signi®cant e�ects of mal-
todextrin M200 addition on the shear stresses, which
implies that maltodextrin M200 is important in the steric
hindrance e�ects of alumina particles in a slurry. Fig. 2
shows the shear stresses of alumina slurries with di�er-
ent concentration of maltodextrin M100 at di�erent
shear rates. Shear stresses also increased with increasing
shear rate as shown in Fig. 2. Figs. 1 and 2 show very
similar concentration e�ects of maltodextrin on the
shear stresses. Fig. 3 shows the shear stresses of alumina
slurries with di�erent concentration of maltodextrin
M040 at di�erent shear rates. Shear stresses increased
with increasing shear rate as shown in Figs. 1 and 2.
Figs. 1±3 show high shear stresses in alumina slurries
with low concentration of maltodextrin and lower
shear stresses with mid and high concentrations of
maltodextrin.
Fig. 4 shows shear stresses as a function of shear rate

and dextran 9500 concentration in alumina slurries.
Shear stresses increased with increasing shear rate as
shown in Figs. 1±3. Fig. 4 shows high shear stresses in
alumina slurries with low and mid concentrations and
lower shear stresses with high concentration. Fig. 5
shows similar shear stresses as a function of shear rate
and dextran 69,000 concentrations in alumina slurries.
Shear stresses increased with increasing shear rate as
shown in Figs. 1±4. Fig. 5 shows similar shear stresses in
alumina slurries with (di�erent dextran 9500) concentra-
tions. Fig. 6 shows shear stresses as a function of shear

Table 1

Average molecular weight of polysaccharides

Specimen Average molecular weight, Dalton

Maltodextrin M200 900

Maltodextrin M100 1800

Maltodextrin M040 3600

Dextran 9,500 9500

Dextran 69,000 69,000

Pullulan 72,500

Dextran 2,000,000 2,000,000

Soluble starch ±

Fig. 1. Shear stress as a function of shear rate and maltodextrin M200 concentration in alumina slurries. All slurries contained an alumina fraction

of � � 0:2 and 0.01 M NaCl.
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rate and dextran 2,000,000 concentrations in alumina
slurries. Shear stresses increased with increasing shear
rate as shown in Figs. 4 and 5. Fig. 6 shows low shear
stresses in alumina slurries with low and mid concentra-
tions and higher shear stresses with high concentration.
Concentration e�ects were reversed with increasing

molecular weight (dextran 9500±2,000,000) in Fig 6.
This conversion in the concentration e�ects of dextran
seems to be related to the molecular con®guration of
polysaccharide in aqueous alumina slurries.
Fig. 7 shows shear stresses as a function of shear rate

and pullulan concentration in alumina slurries. Shear

Fig. 2. Shear stress as a function of shear rate and maltodextrin M100 concentration in alumina slurries. All slurries contained an alumina fraction

of � � 0:2 and 0.01 M NaCl.

Fig. 3. Shear stress as a function of shear rate and maltodextrin M040 concentration in alumina slurries. All slurries contained an alumina fraction

of � � 0:2 and 0.01 M NaCl.
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stresses increased with increasing shear rate as well. Fig.
7 shows similar shear stresses with alumina slurries with
dextran 69,000 in Fig. 5 and dextran 2,000,000 in Fig. 6.
Concentration e�ects were reversed a little bit like Fig.
6, where alumina slurries with pulluran showed similar

shear stresses with alumina slurries with dextran 69,000.
Pullulan and dextran 69,000 have similar average mole-
cular weights and these molecular weights seem to be
related to the rheological behavior in aqueous alumina
slurries with polysaccharides. Shear stress increases

Fig. 4. Shear stress as a function of shear rate and dextran 9500 concentration in alumina slurries. All slurries contained an alumina fraction of

� � 0:2 and 0.01 M NaCl.

Fig. 5. Shear stress as a function of shear rate and dextran 69,000 concentration in alumina slurries. All slurries contained an alumina fraction of

� � 0:2 and 0.01 M NaCl.
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with increasing polysaccharide concentration may be
related to possible polysaccharide to polysaccharide
interaction in an aqueous alumina suspension.
Fig. 8 shows shear stresses as a function of shear rate

and soluble starch concentration in alumina slurries.
Shear stresses increased with increasing shear rate as
well. Fig. 8 shows similar shear stresses with alumina

slurries with maltodextrin 100 in Fig. 2. Concentration
e�ects in Figs. 2 and 8 were similar to each other and
alumina slurries with soluble starch showed similar
shear stresses with alumina slurries with maltodextrin.
Shear stress decrease with the increase of polysaccharide
concentration is related to typical steric hindrance
e�ects.

Fig. 6. Shear stress as a function of shear rate and dextran 2,000,000 concentration in alumina slurries. All slurries contained an alumina fraction of

� � 0:2 and 0.01 M NaCl.

Fig. 7. Shear stress as a function of shear rate and pullulan concentration in alumina slurries. All slurries contained an alumina fraction of � � 0:2
and 0.01 M NaCl.
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4. Conclusions

Shear stresses at di�erent strain rates decreased
greatly showing Newtonian-like behavior for most of
the alumina slurries with polysaccharides. Shear stresses
increased with the increase of shear rate for all slurries.
Shear stress decreased with the increase of poly-
saccharide concentration but increased with increasing
the polysaccharide concentration in an aqueous slurry
with dextran 2,000,000 and pullulan. These e�ects seem
to be related to the possible polysaccharide to poly-
saccharide interaction in aqueous alumina suspension.
Even though e�ects of molecular weight of poly-

saccharide show some ¯uctuations, shear stresses
increased with the increase of polysaccharide molecular
weight at ®rst but decreased later, in general. Shear
stresses at di�erent strain rates are related to the poly-
saccharide content and their molecular weights.
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