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Abstract

Nanosize zirconia particles stabilised with a water-soluble polyelectrolyte in an aqueous medium were characterised in terms of
adsorption behaviour, suspension rheology, and subsequent green/sintered compact microstructure. A monolayer surface coverage of

the particle by adsorption was experimentally veri®ed. The thickness of the adsorbed polyelectrolyte onto the powder particles was cal-
culated to be 6.2 nm, which increases the ``bare'' particles by 14.6% in size. This adsorption increases the e�ective solid loading by as
large as 51%. Rheological behaviour of the suspensions was experimentally determined which was well-described by an exponential
function up to solid fractions of 20 vol%. The particle packing e�ciency in the green consolidates appears to be solid-loading dependent;

the higher the solid loading, the better the particle packing e�ciency can be achieved. Green density as good as 52% theoretical can be
obtained in suspensions containing 40% solid loading in this study. The sintered ceramic with an ultra®ne microstructure of as ®ne as
0.14mm in average grain size is obtained.# 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved

1. Introduction

Colloidal processing has long been recognised as a
technologically important route of green-shape forming
technique for advanced ceramic powders. A recent
publication by Lange [1] has particularly emphasised
the signi®cance of colloidal ®ltration on the improved
reliability of ceramic parts. The dispersion of ceramic
powders in liquid media plays an important role in
determining the resulting particle packing e�ciency and
®nal structure integrity and microstructure homogeneity
after high-temperature densi®cation. In an e�ort to
obtain well dispersed powders, dispersing agents are
most-frequently utilised either in aqueous or non-aqu-
eous media. The powder particles are able to be stabi-
lized either electrostatically (i.e., by electrolytes) or
sterically (by polymers), or a combination of both (by
polyelectrolytes). The use of water-soluble polyelec-
trolytes has been received great attention for many years
in colloidal processing for ®ne ceramics not only ascri-
bed to the advantages in dispersion control but also to
the ecological requirements [2±4]. In this investigation, a

water-soluble polyelectrolyte was used to disperse zir-
conia powder with nanosize particles in water. The
rheological behaviour of the suspensions and resulting
particle packing e�ciency and densi®cation of the pow-
ders are the focus of this investigation.

The rheological behaviour of nanosize (generally <
100 nm) ceramic powders in polyelectrolyte-stabilised
aqueous media has not yet been extensively reported.
One possible reason may be due to their extensive
agglomeration, particularly when the particle size is as
small as a few nanometers, and this usually makes a
clear illustration of suspension rheology more di�cult
and physically meaningless. This is therefore one of the
reasons for this investigation to be performed and in
order to avoid the di�culty in de-agglomeration of the
nanopowder, a ceramic nanopowder, which was speci®-
cally prepared, containing almost free of agglomerates,
is employed.

In view of the literature, a number of factors such as
molecular weight and molecular structure of the poly-
mer, charging e�ect, level of ionic strength, electro-
viscous e�ect, degree of adsorption, thickness of
adsorbed layer, etc., have been realised to a�ect the
rheology of the polyelectrolyte-stabilised suspensions in
a wide variety of manners [2,5±8]. Theoretical con-
siderations, although have taken some of the factors as
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primary considerations, have their respective limitations
in prediction, particularly for suspensions with lower
solid fractions. One of the well-known models is pro-
posed by Mooney [9] who described suspension rheol-
ogy as an exponential function which has a general
formula

� � exp
��of

1ÿ kf�ol

� �
�1�

where � is the relative viscosity of the suspension at
in®nite shear rate, � � 2:5 for rigid uncharged spherical
particles, �o is the particle volume fraction, l is the
polydispersity factor and is equal to unity for mono-
disperse systems, k is the clowding factor, and f is a
factor due to polymer adsorption which is a ratio of
�=�o, where f is total volume fraction. Eq. (1) is gen-
erally involved a number of critical factors in dominat-
ing suspension rheology and is the primary model to be
used in describing the rheological behaviour of the sus-
pensions presently prepared. In a limiting case for dilute
suspensions with rigid, uncharged spherical particles,
Eq. (1) can be reduced to the well-known Einstein's
equation [10], i.e., � � 1� 2:5 �o.

The particle packing e�ciency of nanopowders is an
important subject of considerable interest for many
researchers, primarily because ceramics with nano-scale
microstructure exhibit unique physical properties such
as hardness and electronic conductivity in comparison
to those with submicro/micro-scale microstructures [11].
Recently, a number of publications have reported to
obtain high-density green nanopowder compacts via
ultrahigh compressive pressure [12,13]. The relatively
large interparticle friction of the nanosized particles
restricts particle movement which enhances di�culty in
reaching higher packing e�ciency, resulting in a lower
green density. Moreover, microstructural inhomogene-
ity such as coarse grain/pore, can usually result during
the course of ®nal sintering stage. In contrast, a better
microstructure integrity and homogeneity can generally
be obtained via colloidal ®ltration [1,14,15]. In this
study, the particle packing e�ciency of the green com-
pacts was characterised in terms of green density and
pore size distribution. The green and sintered micro-
structures of the compacts were also examined micro-
scopically.

2. Experimental procedures

Aqueous suspensions containing 5±40 vol% nanosize
(average particle size=85 nm) powders and 3.38wt%
(on powder basis) polyelectrolyte dispersant (having an
average molecular weight=5000). This quantity of the
dispersant is su�ciently enough to reach a complete
surface coverage under pH 6.5 based on our previous

work [16]. High-purity 3mol% Y2O3-stabilised zirconia
ceramic powders with impurity content (e.g., CaO,
Al2O3, TiO2, and Fe2O3) less than 0.05% was used. This
powder was dispersed in deionized, distilled water and
the suspension pH was adjusted using analytical-grade
ammonia water and HCl acid. The suspensions were
prepared using a ball milling with high-purity zirconia
grinding balls for 24 h. After degassing, the suspensions
were cast onto a plaster mold to form green compacts.
Adsorption test was performed by separation of the
solid phase from solution (supernatant) via centrifuga-
tion. The solid phase was washed several times with suf-
®cient amount of deionized water to ensure no excess
polymer being deposited (other than those being absor-
bed) onto the particle surface. The adsorbed polymer was
then determined using a thermal gravimetric analyser
(TGA, Netzsch,Model 402) to an accuracy of� 0.01mg.

The particle size distribution of the powder was
examined using a particle size analyser (Horiba A930).
The green density together with the pore size distribu-
tion of the green compacts are characterised using a
pore size analyser (Autopore 9220). Four to six speci-
mens are used to determine the mean green density for a
given suspension and there is an experimental error of
0.67%. The average pore size (i.e., 4V/S), where V
represents the pore volume and S the pore surface area,
is used as a representation for the whole spectrum of
pores within the green compacts and has an experi-
mental error within 1% among the test specimens. A
cone-and-plate viscometer (Brook®eld) was used to
measure the viscosity of the suspensions (�s) and the
supernatant (�o) over shear rate ranging from 0.7 to
300 sÿ1. The relative viscosity (�) as de®ned in Eq. (1) of
the suspensions is determined as the ratio of suspension
viscosity to supernatant viscosity at in®nite shear rate.
The green and sintered microstructure of the nano-
ceramic were measured using a scanning electron
microscopy (SEM, Cambridge Instruments, S-360).

3. Results and discussion

3.1. Powder characterisation

Fig. 1 shows the morphology of the powders. The
particles generally show almost an equiaxial geometry
with aspect ratio of approximately 1±1.12. The particles
can be considered, as a rough approximation, to be
spherical in shape and have an average diameter of
approximately 85 nm. Some particle clusters are appar-
ently present which are indicative of the presence of
agglomerates. The particle size (d) determined using the
B.E.T. nitrogen adsorption method is about 60 nm
(d=6/��S, where � is the theoretical density of the solid
and S, the speci®c surface area of the powder,
16.4m2 gÿ1). The di�erence between the BET-deter-
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mined and microscopically-measured particle size may
be due to the presence of intraagglomerate porosity,
which is accessible to nitrogen, resulting in an increase
in speci®c surface area, which reduces d. The particle
size distribution of the powder is shown in Fig. 2 The
particles distribute over a relatively small range of size
from 0.06 to 0.15 mm, which is essentially a unimodal
character. The larger particles, e.g., 0.15 mm in diameter,
in size distribution suggests the presence of some levels
of agglomeration, which is also consistent with the par-
ticle size microscopically observed.

3.2. Adsorption behaviour

In a previous study [16], the present author has
demonstrated that the adsorption of the water-soluble
polyeletrolyte onto nanosize zirconia powders is
strongly dependent on solution pH and a pH of 6.5
together with su�cient amount of the polyelectrolyte as
currently controlled ensure a complete monolayer sur-
face coverage. The adsorbed polymer onto the powder
surface was measured for all the prepared suspensions
and has an average value of 0.54mgmÿ2 with a stan-
dard deviation of 0.02mgm2. This adsorbed amount
determined presently is almost identical with that mea-
sured previously at this pH range and is suggestive of a
saturation adsorption being attained. The particles are
therefore in a good dispersing condition as can be ver-
i®ed in Fig. 2. If, as theoretically expected, the particle
surface was completely covered with a layer of polymer,
then the e�ective surface area for a molecule of the
polymer to be covered can be calculated through the
powder speci®c surface area and adsorbed amount
experimentally determined, which yields a value of
approximately 1550AÊ 2. This value is generally in rea-
sonable agreement with the value commonly used in the
literature, for instance, over a range of 1000±2000AÊ 2.
The thickness of the adsorbed layer by the
polyelectrolyte, which is an important parameter for a

fundamental characterisation of adsorption behaviour,
is determined through the use of rheological data of
the suspensions and will be discussed in the following
section.

3.3. Rheological behaviour

Eq. (1) has readily been used correctly in describing
the rheological behaviour of a number of simple sus-
pension systems, particularly for uncharged, spherical
particles, over a ®nite suspension concentrations [17].
Before a further calculation can be conducted, it is rea-
sonably to assume that the polydispersity factor l is
equal to unity based on the particle size distribution
revealed in Fig. 2 and Eq. (1) can then be rewritten as

� � exp
��of

1ÿ k�of

� �
�2�

After rearrangement and expressing in a linear form;

�o
ln �
� 1

�f
ÿ k�o

�
�3�

The viscosity for both the suspension (�s) and corre-
sponding supernatant (�o) can be determined using a
viscosity±(shear rate)ÿ1/2 plot, following by extrapolat-
ing the curve to the value at which (shear rate)ÿ1/2=0,
i.e., in®nite shear rate. Fig. 3 show one of the plots for
30 vol% suspension. The intrinsic relative (� � �s/�oh)
can then be obtained for each suspension.

Substituting the obtained � together with the particle
solid fraction fo into Eq. (3), a plot of �o/ln � vs �o
should yield a straight line with the slope identical to
the ratio of k/a and the intercept equal to the inverse
of (� f). As expected, a straight line appears to be

Fig. 1. Nanopowder morphology.

Fig. 2. Particle size distribution of the nanosize powder.
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well-correlated with the solid loading up to 20 vol%
(Fig. 4). Considerable deviation between experimen-
tally-determined and model-predicted values occur
when solids loading greater than 20%. One possible
explanation for such deviation may arise from a greater
supernatant viscosity �o due to higher residual polymer
concentration in corresponding supernatant, which
causes a reduction in ln �, resulting in a greater value of
�o/ln �. However, the actual reason is unclear at present
Therefore, in order to have a physically meaningful cor-
relation on suspension rheology with theoretical expec-
tation, attention will be focused on the suspensions with
solid fractions � 20%.

After determination of the slope and intercept from
the straight line in Fig. 4, the ratio of k/� and the
inverse of (�f) can then be calculated with an
assumed � � 2:5. The rheological behaviour of the
suspensions can then be expressed in a more
quantitative form of

� � exp
3:77�o

1ÿ 3:38�o

� �
�4�

By substituting the particle volume fraction (�o) into
Eq. (4), Fig. 5 illustrates the resulting predicted
(solid) curve with the experimental data (open circles).
Obviously, the prediction is well consistent with experi-
mental results at solid fractions � 20% as originally
expected in Fig. 4. The use of � � 2:5 in estimate of Eq.
(4) appears to be valid, even though it was originally
derived for uncharged spherical particles. Nevertheless,
di�erences in inter-particle properties (particularly
inter-particle potential) in the suspensions presently
prepared and those theoretically proposed (here termed
``model'' suspension) by Einstein are signi®cant, e.g.,

charged vs uncharged particles, concentrated vs dilute
suspension. Strictly speaking, electroviscous e�ect due
to the presence of the charged particles may arise and it
would change the � value in di�erent extents [18].
However, a detailed analysis on this subject is not the
prime focus of the present investigation. Instead, the
consistency of suspension rheology between the experi-
mental results and predicted values (Fig. 5) implies the
presence of some similarity in inter-particle potential,
although can hardly be quanti®ed presently, between
both types of suspension. In other words, we believe
that such potential similarity in respective suspension is
responsible for the nearly identical rheology.

Fig. 3. Relative viscosity vs (shear rate)-1/2 for 30% loading

suspension.
Fig. 4. A plot of �o/ln �h vs �o shows a linearity up to solid fractions

of 20%.

Fig. 5. Relative viscosity of the suspension for di�ering solids loading

along with the model-predicted viscosity, both agrees with solid frac-

tion up to 20%.
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Since inter-particle potential is a strong function of
inter-particle separation, estimate of the separation may
provide some clues for a better understanding on such
similarity. The inter-particle separation is estimated
using the model derived statistically by Ashby et al. [19]
and is indicated in the parentheses in Fig. 5 for the sus-
pensions. Accordingly, the separation for 20% loading
is 121 nm which is believed to be a hydrodynamically
``safe'' distance that minimises possible interactions
such as van der Waals attractive force (having generally
an e�ective separation of up to 30±40 nm) and so-called
hydrophobic force, up to 70±80 nm [20]). A further
increase in the separation, for instance, in the case of 5
or 10% loading suspension, the inter-particle interac-
tions may be markedly reduced to a negligible level. In
other words, we hypothesise that the particles may
behave, to some extent, independently with respect to
each other in the suspensions as those in the ``model''
suspension. If this assumption is sustained, then the
use of � � 2:5 is permitting without causing con-
siderably quantitative error in prediction as readily
illustrated in Fig. 5. In fact, this may be particularly
true when the shear rate is approaching in®nite as a
previous determination of �. However, such interac-
tions should not be ignored when the solid fraction
is high enough, e.g., greater than 30%, where inter-
particle separation is relatively small, even under
the condition of intensive shear ®eld. In the deri-
vation of Eq. (4), the factor f (i.e., �=�o) due to
polymer adsorption onto the particles was obtained
to have a value of 1.51. This adsorption changes
the ``bare'' particle diameter (d) by a layer a poly-
mer with a thickness (�) which can be estimated
using [21]

f � 1� 2�

d

� �3

�5�

After calculation, the hydrodynamic thickness (�) of the
adsorbed polymer is 6.2 nm, having a magnitude of
7.3% of the ``bare'' particle diameter, which is in rea-
sonable agreement with the literature report for poly-
electrolyte adsorption [6]. This adsorption layer
increases the total solid fraction in the suspensions by as
large as 51%.

The hydrodynamic size of the particles is increased
due to polyelectrolyte adsorption. This results in a
decrease in inter-particle separation, for instance,
121 nm!109 nm for 20% suspensions and 85 nm!
73 nm for 30% suspension, etc. Nevertheless, in spite of
the decrease in the separation, the current experi-
mental results suggest that the ``corrected'' separation
in 20% suspension may still be a ``safe'' hydro-
dynamic distance permitting a good prediction by the
analytical equation.

3.4. Packing and densi®cation

The particle packing con®guration of the green com-
pacts consolidated from suspensions was examined in
terms of pore size distribution and packing structure by
direct SEM observation. Fig. 6 illustrates the pore dis-
tribution of the compacts made from suspensions of
di�erent solid fractions. The pore size distribution for 5
and 20% compacts has roughly identical characteristic,
suggesting considerable similarity in particle packing
con®guration, and becomes ®ner in pore size at 30%
and further at 40% compacts. These indicate a better
packing e�ciency can be achieved by using con-
centrated suspensions. Although the dispersion char-
acteristic of the powder particles appears to be similar
from previous observation, the resulting pore distribu-
tion suggests that such similarity may not be entirely
accounted for subsequent consolidation behaviour. The
rate of liquid drainage, a decreasing particle mobility
and separation in the suspension accompanied with
stronger inter-particle interaction during liquid drainage
may a�ect resulting packing con®guration. This may
particularly be true for dilute suspensions. In contrast,
for concentrated suspensions the particles are restricted
to or ``locked'' in a limiting space until consolidation is
completed. The originally relative particle coordination
with each other in the suspension may thus be retained
to a signi®cant extent after consolidation. That is to say,
for concentrated suspensions, the resulting particle
packing e�ciency is strongly and directly dependent on
the starting dispersion characteristic of the particles. The
better the particles dispersed in concentrated suspension,
the better the resulting particle packing e�ciency can be
expected.

The green density of the consolidates is inversely lin-
early correlated with the average pore size, as shown in

Fig. 6. Pore size distribution of the green powder compacts made

from suspensions of varying solid fractions.
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Fig. 7 with the solid fractions indicate in the par-
entheses. The use of average pore size is due to its sen-
sitive nature to the variation in pore size distribution
and has been con®rmed in previous publications [21,22].
In current investigation, the green density as good as
about 52% theoretical is obtained for 40% suspension.

Figs. 8(a) and (b) show the scanning electron micro-
graphs of the packing microstructure for 5 and 40%
suspensions. Obviously, a coarser pore structure is
observed in 5% consolidate than that in 40% con-
solidate. This further veri®es the pore distribution ana-
lysis illustrated in Fig. 6. After sintering at 1500�C, the
corresponding sintered microstructure is shown in
Figs. 9(a) and (b), respectively. Both sintered compacts
have a density over 99.5% theoretical. The better pack-
ing e�ciency (Fig. 8(b)) results in a ®ner grain micro-
structure (Fig. 9(b)), 0.14 mm in average, and coarser
grain microstructure (Fig. 9(a)), i.e., 0.21 mm in average,
for poorer particle packing compact (Fig. 8(a)). It is
interesting to note that the sintered grains have a size
larger by only 64.7% than the starting particle size. This
increase in ®nal grain size compared to the starting
particle size is substantially smaller in magnitude than
those reported in the literature, e.g., a magni®cation of
particle-to-grain size over 10 times or even higher order
was frequently observed, with starting particles of as
small as a few nanometers in size [13]. This investigation
therefore implies that a further reduction in sintered
microstructure to, e.g. 100 nm-sized grains, is highly
possible by optimisation of starting particle size and
subsequent process control.

Fig. 7. Green density of the powder compacts as an inversely linear

function of the average pore diameter of the corresponding green

compact.

Fig. 8. Particle packing structure in the green zirconia compacts made

from (a) 5% and (b) 40% loading suspensions.

Fig. 9. Grain microstructure of the sintered compacts made from (a)

5% and (b) 40% loading suspensions.
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4. Conclusion

The adsorption and rheological behaviour of nano-
size zirconia powders were investigated in an aqueous
medium. The particles were stabilised with a water-
soluble polyelectrolyte by adsorption of a layer of
polymer with 6.2 nm in thickness. This increase in
hydrodynamic size of the particles causes an increase in
solid fraction by as large as 51% in the suspensions. The
rheological behaviour of the suspensions can be well
described using a Mooney-type model, i.e., an expo-
nential form, for solid loading up to 20%. The particle
packing e�ciency is improved for concentrated suspen-
sions, e.g., 40%, and a green density as good as 52%
theoretical can be easily obtained. Sintered compacts
with nearly full density and ultra®ne grain micro-
structure, 0.14 mm in average, can therefore be achieved
via a simple sintering schedule after a proper colloidal
processing control.
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