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Abstract

The rheological behaviour of aqueous colloidal alu-
mina dispersions stabilised by the dispersant Darvan
C, an ammonium salt of polymethacrylic acid, was
investigated in presence of hydroxyethyl cellulose
(HEC) at room temperature. Measurements were
taken under both oscillatory and steady shear. It was
found that the polymer induces ¯occulation of the
particles probably due to a depletion mechanism.
The ¯occulation process results in the creation of a
particle network, which restricts particle movements
and gives rise to a wide distribution of relaxation
times. At high HEC concentrations, two sets of
relaxation times can be distinguished, one at low and
the other at high frequencies. At high solids content
and high HEC concentrations, the response of the
system becomes predominantly elastic at low fre-
quencies. The behaviour is similar to an entangled
network of high molecular weight uncross-linked
polymer solution. Thus, HEC causes the formation
of `topological restraints' comprised of chains of
particles that give rise to a wider distribution of
relaxation times with signi®cantly lower terminal
relaxation times. In addition, similarly to a polymer
solution, complete superposition occurs of the
apparent and dynamic viscosity in accordance to the
Cox±Merz rule. Taking into account the combined
data, a Cross type of formulation was found to ®t the
behaviour of all dispersions that can be represented
in terms of a single dimensionless parameter. The
behaviour of the adjustable parameters of this
empirical model suggests a di�usion controlled clus-
ter±cluster aggregation process that induces a more

closed packed particle arrangement at high shear
rates. # 1999 Elsevier Science Limited. All rights
reserved

Keywords: depletion ¯occulation, suspensions,
Al2O3.

1 Introduction

The rheological behaviour of colloidal ceramic
dispersions is of crucial importance to large-scale
ceramic production industries. Liquid ceramic
processing is still the main large-scale production
method and understanding the mechanism of par-
ticle interactions is necessary for process optimisa-
tion and best design of the initial formulations.
Aqueous dispersing media are generally pre-

ferred due to environmental considerations and a
dispersant and binder are ubiquitously used to
enhance processibility. These additives a�ect the
rheology of the dispersions and optimisation of
their amounts in the initial formulation stage is
always required for best results.
The liquid processing stage is followed by tem-

perature controlled drying and sintering steps in
order to obtain the ®nal product. The general
requirements are for the ®nal ceramic body to have
a high density (as close to theoretical as possible)
and for the body to undergo minimum shrinkage
during the thermal cycles to avoid internal stresses.
Thus, a high initial solid content in the liquid stage
is always desirable in addition to colloidal sized
particles (<1�m). Dispersants are then used in
order to prevent coagulation in this colloidal range
due to the strong van der Waals forces present. The
most e�ective form of stabilisation at present can
be achieved through the use of polyelectrolytes.
These are charged macromolecules that adsorb on
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the ceramic particle surface creating a repulsion
between the surfaces partly due to the steric layer
of the adsorbed macromolecule and partly due to
the overlap of the electrical double layer that is
formed around the now charged particle. The
repulsion is su�cient to prevent van der Waals
attraction forces becoming dominant. The role of
the binder is essentially to increase the strength of
the green body (i.e. the product prior to ®ring).
The requirement here is to use the lowest possible
amount of binder that can easily be removed later
by burn out with minimum shrinkage.
In a recent publication,1 results were presented

on the ¯occulation behaviour of sterically stabi-
lised aqueous �-Al2O3 dispersions in presence of
hydroxyethyl cellulose (HEC) based on rheological
measurements. Steady-state as well as oscillatory
shear stress-shear rate experiments indicated the
existence of a critical ¯occulation polymer volume
fraction (CFF) �P

+, above which the rheological
properties of the dispersions signi®cantly deviate
from those exhibited in the absence of polymer.
Good initial dispersion of the ceramic particles,
which had an average diameter of 0.4�, was
ensured by using the polyelectrolyte ammonium
polymethacrylate. It is well established that such
polyelectrolytes adsorb on the particle surface
creating a layer (steric stabilisation) which prevents
the van der Waals forces becoming dominant while
simultaneously induce electrostatic repulsion.
It was found that both �P (the polymer volume

fraction) and �S (solids volume fraction) have a
positive e�ect on the storage modulus G0. A Sisko
type equation of the form � � �1 � K


nÿ1 was
found to closely ®t the steady-state shear stress±
shear rate data. The value of K, which can be seen
as an e�ective yield stress of the suspension, fol-
lowed a similar behaviour to the elastic modulus G0

and increases with both �P and �S. The exponent
n was found to strongly depend on �S but it was
essentially insensitive to �P above the critical ¯oc-
culation fraction.
The polymer molecular weight has a positive

e�ect on both G0 and K but the e�ect on K is more
pronounced. As regards the ¯occulation mechan-
ism, it was suggested that depletion ¯occulation is
operative in the system, whereby HEC, which is
non adsorbing on the alumina particles, is depleted
during a particle collision, giving rise to an osmotic
gradient which induces ¯occulation.
In the present communication more results are

reported for the same system and emphasis is given
on the relaxation characteristics of the dispersions
as derived from both steady and sinusoidally vary-
ing shear deformations. The type of particle inter-
actions is discussed and the oscillatory shear data
are combined with the steady-state data to reveal

the rheological behaviour in an extended shear rate
range.

2 Experimental

The experimental procedure was the same as that
described before1 and a brief summary is given here.
The ceramic �-Al2O3, obtained from Mandoval
Ltd., UK (commercial name AES-11), consisted of
particles with a diameter around 0.4�, had a BET
surface area of 9m2 gÿ1 and a ®red density of
3.96 g cmÿ3. The polyelectrolyte ammonium poly-
methacrylate (Darvan C) was obtained from R. T.
Vanderbilt Company Inc. and was quoted with a
molecular weight of 10±16,000.
Hydroxyethyl cellulose (HEC grade: 250 G with

MW=300,000) was obtained from Hercules B.V.
(Rijswijk, The Netherlands).
The dispersant, Darvan C, was dissolved in a

known volume of distilled water at concentrations
corresponding to about 1.3% w/w of dry powder.1

This amount was used for all the experimental runs
and corresponds to a minimum dispersion viscosity
in the absence of a binder.2 Dissolution of a known
amount of HEC followed assisted by magnetic
stirring. The ceramic particles were subsequently
added and the resulting dispersion was ball milled
for about 40 h before introduction into the rhe-
ometer. In an alternative procedure the ceramic
particles were ®rstly added to a dispersant aqueous
solution and the dispersion was ball milled for
about 24 h. A known amount of HEC was subse-
quently added in its dry form and ball milling
continued for another 24 h before introduction into
the rheometer. It was found that both preparation
methods resulted in the same macroscopic rheolo-
gical behaviour.
Steady-state and oscillatory shear stress±shear

rate measurements were performed by means of a
Bohlin VOR (Bohlin Instruments, Cirencester,
UK) rheometer as described before.1 For the oscil-
latory measurements a frequency range of 0.01 to
10Hz was used. For the steady-state measurements
a shear rate range of 0.1 to 103 sÿ1 was used. In
addition, a concentric cylinder geometry was
employed and the temperature was kept at
25�0.1�C. The viscoelastic parameters G* (com-
plex modulus), G0 (elastic modulus) and G00 (loss
modulus) were computed automatically. The elas-
tic modulus is an indication of the energy stored
elastically in the system after a shear perturbation
while the loss modulus is a measure of the energy lost
as heat against friction. In oscillatory measurements
the behaviour is determined within the linear viscoe-
lastic region, that is the region within which the above
parameters (G*, G0, G00) are independent of the
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applied strain. Thus, in all experiments, the linear
viscoelastic region was ®rst established by ®xing
the frequency at 1Hz and measuring the para-
meters as a function of strain amplitude. It is found
that at low strains, G0 and G00 are independent of
the amplitude of oscillation up to a critical strain

c. This is the linear viscoelastic region. At ampli-
tudes above the critical strain 
c, both G0 and G00

are amplitude dependent with G0 decreasing
monotonically and, at high HEC concentrations,
G00 going through a maximum. Frequency sweeps
were performed at a ®xed strain amplitude within
the linear region. Care was always taken to per-
form the experiments below the resonance fre-
quency of the torque bar used.
In the steady-state measurements, a constant

shear rate was applied and the corresponding shear
stresses, as well as apparent viscosity, were com-
puted.

3 Results and Discussion

3.1 Oscillatory shear data
The variation of both G0 and G00 with frequency for
several dispersions is shown in Fig. 1 for 34%
solids and at di�erent HEC concentrations. It can
be seen that the form of the dependence of both G0

and G00 changes with HEC concentration.

G0 increases monotonically with frequency at all
HEC concentrations examined but the form of the
dependence changes with HEC concentration. At
0.2% HEC, G0 exceeds by more than an order a
magnitude its value in the absence of HEC. As the
HEC content increases even further, in¯ection
points start becoming evident in the G0 curve. At
0.2% HEC no in¯ection exists but at 0.46% a
weak in¯ection point appears at about 1Hz. These
become progressively more intense as the HEC
concentration increases.
Similarly to G0, G00 increases by more than an

order of magnitude as the HEC concentration rises
from 0 to 0.2%. The form of the dependence also
changes. At 0.2%, a slight maximum is evident
with respect to frequency at about 3Hz. As the
HEC concentration exceeds a value of 0.2%,
minima start appearing in the G00 curve. These
minima correspond to the same frequency as the
in¯ection points in the G0 curve. Thus, a slight
minimum is evident at 0.46% HEC at about 1Hz.
As the HEC concentration increases to 2.3% these
minima become progressively more distinct.
In addition, these minima seem to shift to lower

frequencies as the HEC concentration increases. It
could be suggested that at 0.2% HEC the mini-
mum occurs at frequencies higher than 10Hz
which is outside the measurement range of the
Bohlin viscometer.
Figure 2 shows the corresponding strain sweep

measurements for the dispersions of Fig. 1. These
represent the variation of G0 (top) and G00 (bottom)
with strain amplitude in a sinusoidal type of
deformation at constant frequency of 1Hz. The
strain amplitude is expressed as percentage of the
maximum applied strain, which was about 0.20
rad.
It can be seen that a linear range can be estab-

lished for all HEC concentrations. The critical
strain 
c, is de®ned as the strain above which no
linear viscoelastic behaviour is observed and both
G0 and G00 become amplitude dependent. It is more
di�cult to establish the linear range at 0 and 0.2%
HEC where essentially no elastic behaviour is
observed and G0 and G00 are both very small. Above
the onset of ¯occulation1 (i.e. at HEC concentra-
tions higher than 0.2%), both G0 and G00 increase as
the HEC content increases. Notice that G0 decrea-
ses monotonically above the critical strain 
c. The
same behaviour is followed by G00 up to 0.46%
HEC. At higher HEC concentrations, however,
(i.e. �0.94%) maxima start becoming evident in
the G00 curve.
Figure 1 reveals that as the HEC content increa-

ses, the dispersions start exhibiting a wider dis-
tribution of relaxation times which progressively
become separated into two sets. This is indicated

Fig. 1. E�ect of frequency of oscillatory shear on the elastic
(G0) (top) and loss (G00) (bottom) moduli of dispersions at
34 vol% solids with the HEC weight fraction as a parameter.
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by the minima in G00, which correspond to in¯ec-
tion points in G0. These minima are more distinct
at the highest HEC content, i.e. 2.3%.
The above behaviour is analogous to that

observed in uncross-linked polymer solutions as
their molecular weight increases.3 It is well estab-
lished that, above a critical molecular weight, the
behaviour of viscoelastic functions in polymer
solutions indicates a strong coupling between
neighbouring polymeric molecules which seem to
be localised at widely separated points along the
molecular chain. This is the basis for the well-
known entanglement theory used by Ferry3 in
explaining the viscoelastic behaviour of solutions
of high molecular weight uncross-linked polymers.
At this critical molecular weight, the zero shear
viscosity dependence on molecular weight changes
from 1 to a 3.5 power law. In a more general sense
and avoiding the term entanglement, it can be said
that above this critical molecular weight, the solu-
tion exhibits a viscoelastic behaviour that indicates
the existence of physical `topological restraints' that
delay signi®cantly the long-range con®gurational
rearrangements of the molecule. Consequently,
these long-range motions (characterised by the
slowest relaxation times) are shown in an experi-
ment involving dynamic perturbation at much

lower frequencies than they would have been
observed in the absence of these constraints.
The formation of this restraint network results in

the viscoelastic properties featuring two sets of
relaxation times with di�erent magnitudes, the
overlap of which give rise to a plateau zone in the
G0-frequency curve and a minimum in the corre-
sponding G00 curve. The above behaviour has been
observed in a wide variety of polymer systems.3

The nature of the coupling is still speculative,
although it conforms more closely to topological
rather than intermolecular forces as has been
observed both in polar and nonpolar polymers.
The constraints most probably take the form of

looping of chains around each other in their long-
range contour.3

The dispersions in the presence of HEC exhibit
similar behaviour to that described above for
polymer solutions. As the HEC concentration
increases, a wider distribution of relaxation times is
observed which progressively are separated in two
sets, one in the low and the other in the high fre-
quency range. HEC induces particle ¯occulation
that in turn gives rise to the formation of chains of
particles that impose topological restraints in their
motion. Thus, ¯occulation inhibits signi®cantly the
particle long-range motions. This gives rise to
much longer terminal relaxation times than those
which would have been observed in the absence of
these constraints. The number of these constraints
increase as the HEC concentration increases and
the dispersion becomes more ¯occulated. This
increase in the number of restraints is the result of
more particle chains and more connections
between individual chains being formed as the
HEC concentration increases. These additional
topological restraints in turn are responsible for
even slower relaxation processes that shift the
terminal relaxation times to a lower frequency
range. This eventually results in the dispersions
exhibiting two widely separated sets of relaxation
times in a similar fashion to an entangled polymer
solution. This is shown clearly in Fig. 1 for the
highest HEC concentration (i.e. 2.3%).

3.2 Steady-shear viscosity
In further examining the rheological behaviour of
the above dispersions, we present in this section the
steady-state shear rate- shear stress measurements
that correspond to the suspensions of Fig. 1. In our
previous publication1 we reported that a non-
Newtonian behaviour is followed for most of the
dispersions and the data can be adequately descri-
bed by a Sisko type model for shear thinning
behaviour.
A frequency dependent viscosity can be de®ned

as

Fig. 2. E�ect of strain amplitude on the elastic (G0) (top) and
loss (G00) (bottom) moduli of dispersions at 34vol% solids with
the HEC weight fraction as a parameter (frequency=1Hz).
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j��j �
����������������
G0 � G00
p

!
�1�

and it has been used in representing viscoelastic
behaviour. In polymer solutions the function
j��j !� � closely resembles the steady-state apparent
viscosity±shear rate function � 
� �. This is known as
the Cox±Merz rule frequently employed in polymer
solution rheology. At low frequencies or shear
rates this resemblance is more pronounced since
the molecular motions underlying both types of
deformation are similar. At higher frequencies or
shear rates, however, there are deviations due to
the di�erent mechanisms responsible for periodic
and steady ¯ow deformations.3

Figure 3 shows the variation of steady-state
viscosity as a function of shear rate for the same
dispersions in Figs 1 and 2. Superimposed with ®l-
led symbols are the corresponding values of the
Cox±Merz viscosity as given by eqn (1). In this
case, since in the present dispersions linearity is
observed within a certain strain amplitude range,
this dynamic viscosity is plotted as a function of
the product (!
c) where ! is the radian frequency
and 
c is the critical strain amplitude below which
linearity holds for each dispersion. 
c is expressed as
% of the maximum applied amplitude which was
0.2 rad. The values of 
c were easily estimated from
amplitude sweeps similar to that depicted in Fig. 2.
Above the critical ¯occulation concentration (i.e.
�P > 0�2%) 
c was generally in the range 1±2%.
Complete superposition is evident for all the dis-

persions represented in Fig. 3 for 34% solids except
for HEC=0. This is probably due to the large
error involved in the G0 and G00 measurements
which in this case are both close to zero. In fact,
one can resolve from these curves the zero shear
viscosity. Doraiswamy et al.4 showed that complete

superposition between the complex dynamic and
steady shear viscosity exists for strains equal or higher
than the critical value 
c which means, at the onset or
within the non-linear viscoelastic region. These
authors derived a theoretical correlation analogous to
the Cox±Merz rule for concentrated suspensions
exhibiting a yield stress. Good agreement with
experiment was obtained for concentrated silicon
suspensions in polyethylene.
The results of Fig. 3 constitute another example

of the application of the Cox±Merz analogy in a
colloidal dispersion in accordance with the analysis
of the above authors.
The behaviour depicted in Fig. 3 was followed by

all dispersions at all solids contents (i.e. 24±53%).
These data have been ®tted to a Sisko type empiri-
cal model as described before.1 Combining the
information of the oscillatory as well as the steady-
state shear data we can generalise the model to a
Cross type5 equation as:

�ÿ �1
�o ÿ �1 �

1

1� Kc _
� �m� � �2�

where �o and �1 are the asymptotic values for the
viscosity at low and high shear rates respectively
and Kc is a constant. While, however, �1 can
always be estimated from the data, �o can only be
estimated for the less concentrated suspensions.
The above equation can be rearranged as:

�o ÿ �1 � �ÿ �1 � �ÿ �1� �Km
c _
m �20�

or

�o ÿ � � �ÿ �1� �Km
c _
m �200�

which ®nally yields

�o ÿ �
�ÿ �1� �Km

c

� _
m �3�

For the more concentrated dispersions this
becomes:

�o

�ÿ �1� �Km
c

� _
m �4�

which is actually equivalent to the Sisko equation:

� � �1 � �o

Kc _
� �m �5�

or

� � �1 � K

_
m
�50�

Fig. 3. E�ect of shear rate or e�ective shear rate ( �! 
c) on the
steady-state or Cox±Merz viscosity [eqn (1) in the text],
respectively, at 34 vol% solids with the HEC weight fraction
as a parameter. Open symbols: steady; closed symbols: Cox±

Merz viscosity.
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with

K � �o

Km
c

�6�

Thus, eqn (6) connects the parameter K de®ned
before1 with the more general parameter Kc in eqn
(5). Figure 4 shows the behaviour in terms of the
above equations for all the rheological data in the
presence of HEC. It can be seen that all the data
can be represented in the form of power law
depicted in eqn (3). Table 1 shows the best values
of the exponent m.
It can be seen that the exponent, m, lies within

the range of 0.7±0.9. Notice that m is essentially
constant above 34% solids at about 0.85. This
value is very close to that reported for a polymer
solution of high degree of entanglement.3 Follow-
ing the analogy with polymer solutions outlined
above, this means that above 34% solids, and in
presence of HEC, the dispersion particles experi-
ence the highest degree of restriction in their
movement. The lower value of m, at the lowest
solids content, could mean that a complete particle
network has not yet been formed and some New-
tonian behaviour still persists as some of the dis-
persion volume is not occupied by aggregates. This
results in a lower value of m. Note that m � 0
essentially indicates Newtonian behaviour as it is
evident from eqn (5).
The lines drawn in Fig. 4 indicate the limiting

slopes of Table 1. At very low shear rates, it is evi-
dent, that the parameter plotted in the Y-axis
should essentially achieve the value of zero as
�! �o for all dispersions.
Finally, Fig. 5 shows the e�ect of HEC content

(top) and solids volume fraction (bottom) on the
parameter K given in eqn (6). As it has been
mentioned before, this parameter can be seen as an

e�ective yield stress representing the strength of the
bonds in the ¯oc. We have shown1 that K varies
according to:

K1 �P ÿ��P
ÿ � �7�

where ��P �0.1% represents the critical polymer
volume fraction above which ¯occulation starts
taking place and the rheological properties change
signi®cantly.
Since in absence of HEC, the dispersion also

exhibits an e�ective yield stress K(at HEC=0), eqn (7)
can be rewritten in order to separate the e�ect of
HEC, as

KR � Kÿ K at HEC�0� �
� �1 �P ÿ��P

ÿ � �8�

Fig. 4. E�ect of shear rate on the parameter (�oÿ�)/
[Kc

m(�ÿ �1)] in the Cross equation [eqn (3) in the text] for all
the dispersions in presence of HEC with the solids volume
fraction as a parameter and values of the non-Newtonian

parameter m indicated.

Table 1. Variation of the exponent m in the Cross type ®tting
eqn (3)

Solid fraction (%) 23 34 44 49 52 53

m 0.70 0.82 0.85 0.82 0.86 0.88

Fig. 5. Top: e�ect of HEC weight fraction on the parameter
KR [eqn (8) in the text] at various solids volume fractions.
Bottom: e�ect of solids volume fraction on the parameter K
(in absence of HEC) or KR (in presence of HEC) [eqn (9) in
the text] at various HEC weight fractions with best slopes
indicated. The star symbols indicate points estimated by

extrapolation from the top part.
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This parameter is plotted at the top part of Fig. 5
as a function of the HEC weight fraction. It can be
seen that a linear relation is followed with all lines
crossing the X-axis at ��P � 0�1ÿ 0�2, the critical
¯occulation point.1

This linear dependence of the e�ective yield
stress on the polymer volume fraction is typical
of systems exhibiting a depletion ¯occulation
mechanism.6 Thus, the bond strength between the
particles increases linearly with HEC content and
there is a critical HEC concentration above which
¯occulation takes place. The critical ¯occulation
concentration is de®ned as that concentration
above which the rheological properties of the sus-
pension deviate signi®cantly from those observed in
absence of polymer. According to this ¯occulation
mechanism, HEC does not adsorb on the particle
surface but rather is repelled from its surface, leav-
ing a depleted region close to the surface. This, in
turn, produces an osmotic pressure gradient that is
overcome by the movement of solvent out of the
polymer depleted region, thus, causing particle
¯occulation. This is achieved only above a certain
concentration of non-adsorbing polymer as it has
been shown theoretically.7

In the bottom part of Fig. 5, K (in absence of
HEC) or KR (in presence of HEC) are plotted with
respect to solids volume fraction. A power law is
followed in all cases with the power exponent
decreasing from about 9 in absence of HEC to 3 in
the highly ¯occulated suspension of HEC=2%;
thus:

K or KR1�n
S �9�

This indicates a transition from a stable state with
a high value of the exponent n (i.e. HEC � 0 and
n � 9) to an unstable ¯occulated state with values
of n of the order of 3.6�0.6. In absence of HEC
the type of dependence reported here is typical of
other sterically stabilised systems such as poly-
styrene.8 These systems, in fact, behave very closely
to hard sphere systems.
On the other hand, when the system is in a ¯oc-

culated state, the value of n � 3�6� 0�6 is con-
sistent with the predicted values by Brown9 for a
di�usion-limited cluster±cluster aggregation pro-
cess where the clusters comprising the network are
fractal. This is also shown10 from rheological mea-
surements on aggregated colloidal silica and poly-
styrene dispersions. In this regard, we note that
Bergstrom et al.11 also observed a power law
dependency of the compressive yield stress on
solids fraction with n � 3�2� 0�4 for ¯occulated
alumina dispersions. These authors also suggest the
possibility of a fractal particle network.

4 Conclusions

The rheological behaviour of sterically stabilised
colloidal alumina dispersions was studied in pre-
sence of hydroxyethyl cellulose. Experiments were
performed under oscillatory as well as steady
shear. Both types of experiments suggest that a
depletion ¯occulation mechanism is operative in
presence of HEC molecules. According to this
mechanism, HEC molecules do not adsorb on the
particle surface but induce ¯occulation after form-
ing an osmotic pressure gradient between the bulk
of the solution and the interparticle space. This is
created due to the large size of the HEC molecule
and only occurs above a critical polymer con-
centration. The relaxation behaviour of the disper-
sions is similar to that observed in high molecular
weight uncross-linked polymer solutions. This
behaviour suggests that HEC promotes the forma-
tion of a particle chain network that is topologi-
cally constrained and signi®cantly restricts particle
movement. This gives rise to a wider distribution of
relaxation times than that observed in the absence
of HEC. As the amount of HEC increases, two
distinct sets of relaxation times become evident in
the dispersion, one at low and the other at high
frequencies. Terminal relaxation times (i.e. corre-
sponding to those processes with the longest
relaxation times) shift to very low values as the
amount of HEC increases.
The dispersions also follow the Cox±Merz ana-

logy widely observed in polymer solutions accord-
ing to which the dynamic and steady shear
viscosity data superimpose after appropriate mod-
i®cation of their respective arguments. All rheolo-
gical data can be ®tted to a single Cross type5

rheological equation. An examination of the beha-
viour of the ®tted parameters of this equation can
reveal some information on the ¯occulation pro-
cess in presence of HEC. Thus, the ¯occulation
seems to follow a di�usion controlled cluster±clus-
ter aggregation mode, with the clusters comprising
a fractal network.
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