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Abstract

The in¯uence of particle concentration on the rheo-
logical properties of aqueous alumina suspensions is
investigated under steady and oscillatory shear con-
ditions. At solid volume fractions between 0.45 and
0.6, a high degree of particle stabilization is achieved
when 0.2 wt% of polyacrylic acid is added as a dis-
persant. With increasing particle concentration the
¯ow behavior changes from pseudoplastic to plastic.
The apparent yield stress (from the generalized
Casson model) is found to be a signi®cant quantity
for characterizing changes in structural conditions of
the disperse phase with increasing solids loading even
though more detailed information is provided by vis-
coelastic properties. The analysis of viscoelastic data
based on the Friedrich±Braun fractional derivative
model and the generalized Maxwell model showed
that transitions of particle arrangements due to
electrostatic repulsion take place at �=0.5 and
0.55. For these critical concentrations the in¯uence
of latex binder addition on the rheological properties
is examined. # 1998 Elsevier Science Limited. All
rights reserved

1 Introduction

Highly concentrated suspensions based on organic
solvents represent very important materials in vari-
ous technological processes, such as the production
of paints or ceramics. In recent years, environ-
mental protection and safety reasons have induced
the replacement of non-aqueous organic solvents

with disperse media based on aqueous chemicals in
various industrial ®elds. Such technological chan-
ges occur also in the production of ceramic slips
for tape casting, posing a series of problems con-
nected with formulation and processing. Also in
the case of aqueous media, an appropriate choice
of dispersant type and concentration is compulsory
in order to obtain adequate stability of the sus-
pensions and, hence, to ensure acceptable quality
of the products. When a solvent based disperse
medium is replaced by an aqueous one, the eva-
poration rate during drying is usually slower.
Accordingly, the achievement of the highest possi-
ble particle concentration is particularly favorable,
because the drying time can be substantially
reduced in the process stage following tape casting.
High solids loading represents an interesting goal
also in other forming methods, such as spray-dry-
ing of granules for pressing and in new alternative
forming methods.1±4 At very high solids loading,
relatively low viscosity and acceptable elastic
response of suspensions can only be achieved in the
presence of an optimum dispersion state of parti-
cles. This implies the selection of suitable dis-
persants and binders (if necessary) and good
compatibility between the dispersant and the bin-
der.
The increasing trend to use aqueous suspensions

of ceramic powders at very high solid loading
makes it imperative to study the in¯uence of pH as
well as the types and concentrations of dispersants,
binders, plasticizers, etc., on the stability of sus-
pensions. Indeed, good criteria for de®ning the
optimum amount of dispersant and/or the proper
pH range can only be derived from the knowledge
of the rheological behavior of such systems. Even
though several experimental investigations have
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been carried out on aqueous ceramic suspensions,
they are generally restricted to viscosity measure-
ments performed under arbitrary or limited shear
conditions or based on simple standard proce-
dures. However, it should be emphasized that col-
loidal suspensions usually exhibit viscoelastic
properties which become more and more sig-
ni®cant with increasing particle concentration.
Thus, in order to achieve a thorough characteriza-
tion of the rheological behavior of concentrated
ceramic suspensions, the viscoelastic response
should be taken into consideration, also because it
can provide more detailed information about the
structural conditions of the disperse phase in the
equilibrium state. In this respect, the knowledge of
viscoelastic properties enables one to de®ne the
most suitable composition of the suspension more
precisely.
The present work is aimed at studying the in¯u-

ence of solids concentration on the rheological
properties of aqueous alumina suspensions for
tape casting, under both steady and oscillatory
shear conditions. The binder and the dispersant
selected have been successfully used earlier for tape
casting of alumina (product information from
Rohm and Haas company).5,6 A preliminary ana-
lysis of the e�ects produced by dispersant con-
centration on the rheological properties was
performed at di�erent solids contents and, conse-
quently, the optimum amount of dispersant which
ensures the highest degree of particle stabilization
was chosen for the subsequent series of experi-
mental tests.
We focused our attention mainly on the rheolo-

gical characterization of alumina suspensions
without latex binder, assuming that binder addi-
tion would not modify appreciably the rheological
properties of the suspensions. This assumption is
valid only in the absence of interactions between
the dispersant and the binder.6,7 Otherwise, when
such interactions occur or when the binder com-
petes with the dispersant in adsorbing onto the
ceramic particle surface, this can result in destabi-
lization of the suspension and lead to inadequate
performance of the slip for tape casting and to
inferior properties of the ®nal product. A ®nal
check of the e�ect of binder addition was made at
two di�erent solids concentrations.

2 Experimental

2.1 Materials and preparation of slurries
A high purity alumina powder AKP 30 from
Sumitomo Chemicals was used in this study.
According to the manufacturer, the mean particle
size, d50, was 0.3±0.4�m, and the BET speci®c

surface area was 6.8m2 gÿ1. The dispersant and the
latex binder added as organic agents (both from
Rohm and Haas, USA) had the following char-
acteristics: dispersant: Duramax D3021, polyacrylic
acid modi®ed with substituted alkyl groups, pH 7,
total solids 40%, counterion NH4, MW 5000; latex
binder: Duramax B1035, acrylic latex, Tg ÿ40�C
anionic surfactant, pH 7.5±8.7, total solids 55%,
low viscosity grade, shear thinning. 0.09 Pa sÿ1 at
10 sÿ1.
Di�erent dispersant concentrations had been

considered, ranging from 0.15 to 0.5wt%, as cal-
culated on the alumina powder, solid dry weight
basis. The batch size was in all cases 200 g of alu-
mina. The suspensions at di�erent solid volume
fractions, ranging from 0.45 to 0.60, were prepared
by ball milling in 0.5 l polypropylene jars ®lled with
500 g Of Si3N4 milling balls for 16 h at a speed of
70 rpm. The pH value of the examined alumina
suspensions was 9.3. The rheological measurements
of alumina suspensions without binder were car-
ried out 2 h after the preparation.
Alumina suspensions formulated with latex bin-

der were prepared at solid volume fractions of 0.50
and 0.5. The latex binder was added to the alumina
suspensions in an amount of 7wt% of polymer,
calculated on alumina powder, and, hence, the
polymeric disperse phase corresponded to 22 vol%
of total solids content. In this case the dispersant
level was 0.2 wt%. The latex binder was added to
the alumina suspensions after ball milling and
conditioned by magnetic stirring for 2±3 h. The
rheological measurements were performed 2 h after
the preparation.

2.2 Rheological measurements
Experimental tests were performed at 25�0.1�C,
using a rotational rheometer Haake RV20/RC20
with a measuring head CV100 equipped with
coaxial cylinder sensor systems ME 30 and ZB 15.
A small amount of low viscosity silicone oil, placed
above the sample, was necessary to prevent evap-
oration.
Shear dependent behavior of the examined sys-

tems under steady shear conditions was evaluated
by ascending and descending shear rate ramps,
from 0 to 100 sÿ1 in 5min, and from 100 to 0 sÿ1 in
5min, respectively Time dependent properties were
checked by applying an on-o� stepwise sequence:
both steps at constant shear rates (5 and 20 sÿ1 for
3min) were followed by 5min no-shear intervals.
The viscoelastic properties of the suspensions

were examined under oscillatory shear condi-
tions. In order to determine the limits of linear
viscoelastic regime, strain sweep experiments from
0.7 to 10% of strain were carried out at ®ve di�er-
ent constant frequencies (from 0.1 to 2Hz). The
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mechanical spectra of examined suspensions were
evaluated by applying frequency sweep experi-
ments in the linear viscoelastic region. The fre-
quency interval explored ranged from 0.05 to 3Hz
at strain amplitudes � 1%.

3 Results and Discussion

3.1 Preliminary studies: the in¯uence of dispersant
concentration
Optimum stabilization is achieved in ceramic sus-
pensions for tape casting as well as in other sus-
pensions, when the dispersant is adsorbed in a
monolayer onto the particle surfaces. Concerning
the stabilizing action resulting from the addition of
polyacrylic acid as a dispersant, it can be inferred
that the particles in examined suspensions were
electro-sterically stabilized. According to Cesarano
III et al.8 the dissociation of anionic polyelectrolyte
increases with increasing pH, and, consequently,
the amount of anionic polyelectrolyte which must
be adsorbed to achieve the stable suspension
decreases. Cesarano and Aksay9 suggested that
more stable and ¯uid suspensions at high solids
concentration could be obtained by optimizing the
pH value, so that the corresponding changes in
polyectrolyte dissociation and ionic strength lead
to more e�ective electrosteric repulsion between
particles. In the case of the suspensions examined,
the pH value (around 9.3) enables full dissociation
of the used dispersant.
The strong in¯uence of dispersant concentration

can be easily deduced from Fig. 1, which reports
the values of viscosity at 1 sÿ1 and the storage
modulus at 1Hz for two series of suspensions at
solid volume fractions of 0.50 and 0.55, respec-
tively. When the amount of dispersant was lower
than the saturation limit of polyelectrolite adsorp-
tion on the A12O3 particles, the suspensions were
unstable and this condition resulted in time-depen-
dent e�ects for both viscous and elastic quantities.
Their values were strongly a�ected by the previous
shear history and increased with increasing shear-
ing time. For both solids loadings the lowest values
of the viscosity and the elastic modulus were
attained when the dispersant concentration was
around 0.2wt%. A further increase of the dis-
persant concentration led to an increase in both
quantities, with more pronounced e�ects for the
elastic modulus. When the saturation adsorption
limit is exceeded, the presence of polymer in the
continuous phase gives rise to particle destabiliza-
tion.8,9 At dispersant concentrations equal to or
above 0.2wt%, no suspension exhibited any
appreciable time-dependent e�ects. From all these
preliminary studies, we selected 0.2wt% of the

dispersant as the optimal concentration to get
stable alumina suspensions in the whole solids
volume fraction range under examination.

3.2 Shear dependent behavior of stable alumina
suspensions
In the present work attention is essentially focused
on the in¯uence of solid volume fraction on the
rheological behavior of well stabilized alumina
suspensions. For concentrated suspensions of
stable particles, time-dependent e�ects under con-
tinuous shearing conditions are usually negligible
and this is also the case with all the alumina sus-
pensions examined. Figure 2 shows that the vis-
cosity values obtained at a constant shear rate do
not depend on the shearing time, even at the high-
est solid volume fraction examined.
Time-dependent e�ects on the ¯ow behavior are

also negligible when the shear rate ramp procedure
is carried out. A good superposition of up and
down curves is observed in the whole range of
particle concentration. From all these experimental
evidences relevant to time-dependent e�ects, we
can argue that suspensions exhibit a high degree of

Fig. 1. In¯uence of dispersant concentration on (a) the vis-
cosity at 
 � 1 sÿ1 and (b) storage modulus at ! � 6�28

rad sÿ1 for alumina suspensions at � � 0�50 and 0.55.
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particle stabilization; in other words, no appreci-
able particle aggregation is present.
The in¯uence of particle concentration on shear

dependent behavior is illustrated in Fig. 3. Increase
in particle concentration leads to the transition
from pseudoplastic to plastic ¯ow behavior. Such a
transition is usually found also for ¯occulated sus-
pensions, but at much lower particle concentra-
tions than those examined in this work. The
suspensions with solid volume action equal to 0.5
or higher show a tendency to asymptotic increase
in viscosity when the shear stress decreases. The
occurrence of ¯ow behavior transition at so high
solids contents con®rms the high stability degree of
the systems examined. Among the various rheo-
logical models existing in literature, the generalized
Casson model gave the best ®tting results for
describing plastic ¯ow behavior of examined sus-
pensions. The generalized Casson model is:

�n � �y

ÿ �n� �1 _
� �n �1�

where parameters �y and �1 represent the yield
stress and the limiting viscosity at a high shear rate
range. For n � 0�5 we ®nd the original form of the
Casson model. The values of the model parameters
are reported in Table 1. For the investigated sus-
pensions, parameters �1, and n are not strongly
in¯uenced by increased solids loading, since the
values of �y change appreciably.
The increase in the yield stress with increasing

solid volume fraction can be correlated by the fol-
lowing expression:

�y � k
�ÿ�0

�m ÿ�

� �m

�2�

Similar relations can be found in literature, for
example Barnes,10 Wildemuth and Willliams,11 in
fractal approach of Lapasin et al.,12 and for solid
volume fraction dependence of compressive yield
stress.13

�0 represents the lower limit (percolation
threshold) of the solid volume fraction at which the
disperse phase behaves as a three-dimensional net-
work structure and �m is the maximum packing
volume fraction. The in¯uence of solid volume
fraction on the apparent yield stress value is shown
in Fig. 4, where the solid curve represents the
result of data regression according to eqn (2). The
following parameters are obtained: �0 � 0�49,
�m � 0�62, k � 0�32, m � 1�23.
For suspensions of monomodal non-interactive

hard spheres, i.e. in absence of any attractive
interparticle interactions, the percolation threshold
should be closer to the volume fraction of random
particle packing (�rp � 0�64).13 The presence of
attractive forces between particles leads to the for-
mation of ¯ocs and clusters of ¯ocs and, hence, the
percolation limit is drastically shifted to much
lower values of solid volume fraction.14 In the
colloidal ®eld, these random tenuous structures
produced by particle aggregation are very exten-
ded and can consequently be properly treated as
fractal objects, because they are self-similar and

Fig. 3. Flow curves of alumina suspensions at various solid
volume fractions (� � 0�45ÿÿ0�60); solid curves represent

correlated values according to eqn (1).

Fig. 2. Time dependent behavior of alumina suspensions
(�=0.53ÿ0.60) at shear rates of 5 and 20 sÿ1.

Table 1. Parameters of the generalised Casson model for sus-
pensions at various solid volume fractions

� (/) t0 (Pa) Z1 (Pa sÿ1) n (/)

0.45a

0.50 0.012 0.010 0.212
0.53 0.127 0.027 0.291
0.55 0.260 0.038 0.299
0.57 0.562 0.052 0.273
0.60 3.437 0.059 0.237
Suspensions with latex binder
0.50 0.040 0.016 0.295
0.55 0.552 0.054 0.378

a� � 0�45 suspension did not exhibit plastic ¯ow behavior; the
behavior was described by using the Cross model.
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remain invariant under a change of length scale. In
such fractal systems, the nature and degree of ¯oc-
culation rules the density of particle aggregates and
determines their fractal dimensionality D. Also
when the particles in suspensions are stabilized by
long-range electrostatic repulsion, the formation of
a three-dimensional network can be expected at
solid volume fractions considerably lower than
�rp.
For the alumina suspensions examined, the per-

colation limit �0 is 0.49, which is evidently lower
than the characteristic random packing for mono-
modal non-interactive hard spheres. Moreover, it
should be noted that the size distribution of the
alumina particles used, even though relatively nar-
row, cannot be considered monomodal. Hence, the
maximum packing volume fraction should be
slightly higher than 0.64.
The distance between �0 and �rp values can be

ascribed to the mechanism of particle stabilization,
which is essentially based on electrostatic repul-
sion. The addition of polyacrilyc acid (Mw 5000,
gyration radius of 3.2 nm) as a dispersant produces
only limited steric e�ects due to the adsorbed
polymer barrier.
If we assume provisionally that the thickness of

the adsorbed polymer layer � is equal to (or lower
than) the gyration radius of polyacrilyc acid under
unconstrained conditions, the e�ective volume
occupied by the disperse phase does not di�er sub-
stantially from the nominal one. At the percolation
threshold estimated from the rheological data, the
e�ective volume fraction �e� is 0.514 (or less), as
can be derived from the following relation:

�eff

�
� 1��

r

� �3

�3�

where r is the mean particle radius. At such solids
concentration, the alumina particles are not in

close contact with one another, since the mean
distance S is between 30 and 37 nm; it can be cal-
culated from the following equation:

S � 2r
�max

�eff

� �1=3

ÿ1
" #

�4�

where the maximum packing volume fraction �max

is set to 0.64.
Hence, we can argue that at �=0.49, the elec-

trostatic repulsive interactions between charged
sites of the polymeric chains adsorbed onto the
alumina surface become so signi®cant as to give
rise to the formation of a three-dimensional net-
work structure at rest. The particles are con-
strained in their positions by electrostatic forces
and the local stress must exceed a critical value
(yield stress) in order to produce a continuous
deformation (shear ¯ow) of the particle network.
At higher solids concentration (�>�0) the mean
distances between particles decrease and, conse-
quently, the increase in repulsive interactions cau-
ses a yield stress increase. At � � 0�62, the
e�ective volume fraction �e�, calculated from eqn
(3) by setting � equal to the polymer gyration
radius, almost coincides with the maximum pack-
ing value �rp. Under such conditions the adsorbed
polymeric layers are in close contact with one
another and, hence, the particle interlocking pre-
vents the suspension from ¯owing. Correspond-
ingly, the yield stress goes to an extremely high
value (�y!1).
The in¯uence of solid volume fraction on viscos-

ity can be conveniently analyzed in terms of relative
viscosity (�r � �[suspension/�[disperse medium])
and must be referred to one or more reference
shear stresses or shear rates, because of the non-
Newtonian character of the suspensions. The lower
is the selected shear rate or shear stress, the higher
are the changes in relative viscosity due to varia-
tions of solid volume fraction. Previous studies15

showed that the shear stress should be the proper
reference variable for examining the dependence of
relative viscosity on solid volume fraction. Figure 2
demonstrates that for the examined alumina sus-
pensions such analysis can be performed only
within a very narrow shear stress range. The
dependence of relative viscosity on solid volume
fraction at shear stress of 5 Pa is presented in Fig. 5,
where the values of suspension viscosity are calcu-
lated from the generalized Casson model. The
strong concentration dependence of the relative
viscosity cannot be described satisfactorily by any
of the existing models for �r(�). A possible explan-
ation is that changes in solid volume fraction and
shear conditions result in di�erent structural

Fig. 4. Dependence of apparent yield stress on solid volume
fraction; solid curve is calculated by using eqn (2).
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arrangements of the disperse phase which are gov-
erned by electrostatic particle repulsion.

3.3 Viscoelastic behavior of stable alumina
suspensions
The viscoelastic properties of alumina suspensions
were examined by dynamic tests. Such experiments
must be carried out at a small amplitude of oscil-
lation, so that the test conditions can be considered
nondestructive and hence the dynamic functions
belong to the linear viscoelastic regime. In the case
of concentrated suspensions, the linear viscoelastic
region (LVR) is often con®ned to very low strain
amplitudes. The upper limit of strain amplitude
above which the viscoelastic properties become
nonlinear is usually detected by applying strain
sweep experiments at various frequencies. The
in¯uence of strain amplitude on the complex mod-
ulus G* and the phase lag � for suspensions at
� � 0�57 and 0.60 is illustrated in Fig. 6. A ®rst
inspection of the pro®les of both quantities clearly
indicates that the upper limit of LVR lies at shear

strains between 1 and 2%. Similar variations of G*
and � with increasing strain amplitude were
obtained for all the suspensions examined. The
data evaluated from the strain sweep experiment
have been treated by the following expressions,
which are similar to the damping functions fre-
quently used for describing non-linear viscoelastic
response:

G� � G�0
1� b
p

1� a
p
�5�

� � �0 1� g
q

1� h
q
�6�

G�0 and �0 represent the values of the complex
modulus and the phase lag in the linear viscoelastic
regime, respectively. The critical strain amplitude

c, which marks the upper limit of the linear visco-
elastic region, is arbitrarily derived from the fol-
lowing criterion: 
 � 
c when G � 0�95G�0. The
values of G�0, �0 and 
c obtained for the suspensions
at di�erent solid volume fractions from strain
sweep data at 1Hz are reported in Table 2. The
strain sweep experiments performed at di�erent
frequencies served to verify the in¯uence of applied
frequency on the limits of LVR and to collect pre-
liminary data about the mechanical spectra of
examined suspensions. These tests showed that the
upper LVR limit does not vary appreciably with
decreasing frequency, since 
c values still lie in the
range 1.5±3%. In conclusion, the frequency
dependence of dynamic functions under linear vis-
coelastic conditions can be obtained for all exam-
ined suspensions by carrying out frequency sweep
tests at strain amplitudes lower than 1%. Figure 7
illustrates the in¯uence of particle concentration on
the frequency dependence of the storage modulus
(G0) and the loss modulus (G00). In the frequency
range examined, both moduli increase with
increasing solid volume fraction and the visco-
elastic response of the alumina suspension pro-
gressively changes from more viscous to more

Fig. 5. In¯uence of solid volume fraction on relative viscosity
at reference shear stress of 5 Pa.

Fig. 6. Determination of the upper limit of LVR for suspen-
sions at � � 0�57 and 0.60 from strain sweep experiments;
solid curves represent correlated values according to eqns (5)

and (6).

Table 2. Critical strain amplitude which determines the upper
limit of LVR and the corresponding values of complex mod-
ulus (G*) and phase lag (�) evaluated from eqn (5) at fre-

quency of 6.28 rad sÿ1.

�(/) gC (%) G0
* (Pa) d (rad)

0.45 5.34 0.415 1.30
0.50 2.52 1.662 1.10
0.53 1.28 5.382 0.731
0.55 2.26 9.022 0.572
0.57 2.40 21.40 0.377
0.60 1.28 124.02 0.212
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elastic. At the lowest particle concentration
(� � 0�45) the behavior is essentially viscous in
nature (G0<G00) in the whole frequency window
explored, while a crossover of the curves G0(!) and
G00(o) appears at � � 0�53 and, ®nally, at the
highest particle concentration (�=0.60) the elas-
tic contribution exceeds the viscous one (G0>G00)
over the entire ! range, as illustrated in Fig. 7(a).
When the solid volume fraction increases, more
noticeable changes are observed for the elastic
component [Fig. 7(b)]. At lower solid volume frac-
tions both moduli continuously increase with
increasing frequency, with stronger variations for

the storage modulus. With increasing solid volume
fraction the traces of G0(!) and G00(!) are more and
more close and similar and become parallel to each
other at a solid volume fraction around 0.55. The
conditions correspond to an apparent sol±gel tran-
sition according to the criterion suggested by Win-
ter and Chambon.16,17 A further increase in
particle concentration reduces the in¯uence of fre-
quency on G0 and G00.
Stable colloidal concentrated suspensions gen-

erally exhibit strong elastic responses when the
average distance between particles equals the
length scale of the repulsive interparticle interac-
tions. In other words, the viscoelastic properties of
such stable systems originate from the repulsive
interparticle potential.13

The frequency dependence of both dynamic
moduli can be described with satisfactory approx-
imation by the model suggested by Friedrich and
Braun,18 belonging to the class of fractional deriv-
ative models. This model was selected because it
can describe a wide range of viscoelastic responses,
from pure viscous liquids to elastic solids, by a
limited number of parameters. In the di�erential
form the model can be expressed as:

� �Dc
�� � � G1 D0



� ��Dc



� �� 	��GDd



� � �7�

where � and 
 are the stress and strain tensors,
respectively, and c and d are the derivation orders.
When c � d � 1, the equation corresponds to the
`solid model' for G1>0, whereas the canonical
Maxwell `liquid model' is obtained for G1� 0.
Equation (7) leads to the following relations for the
mechanical spectra:

G0 !� � � G1 ��G
l!� �d cos d �2

ÿ �� l!� �ccos dÿ c� � �2
ÿ �� �

1�2 l!� �ccos c �2
ÿ �� l!� �2c

�8�

G00 !� � � �G
l!� �d sin d �2

ÿ �� l!� �csin dÿ c� � �2
ÿ �� �

1� 2 l!� �ccos c �2
ÿ �� l!� �2c �9�

G1 represents the equilibrium modulus when the
frequency tends to zero and, hence, the model
describes liquid-like responses if G1 � 0. Param-
eter l0 is the characteristic time of a material,
which determines the role of the relative contribu-
tion of elastic and viscous components in the vis-
coelastic response and, consequently, the extension
of the frequency region where the elastic or viscous
contribution prevails. When c � d � 1 and
G1 � 0, l0 becomes the relaxation time of the
Maxwell model. Hence, l0 can be referred to as the

Fig. 7. (a) Frequency dependence of storage and loss moduli
for suspensions at � � 0�4; 5 0.53 and 0.57, in¯uence of particle
concentration on frequency dependence of (b) storage mod-
ulus and (c) loss modulus. Solid curves represent correlated

values by applying eqns (8) and (9).
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fractional relaxation time. The Friedrich and
Braun model generalizes the relation proposed by
Tschoegl (1989) for the relaxance of the Cole±Cole
behavior by introducing an additional parameter
(exponent d ). The exponent c in eqn (8) and eqn
(9) originally comes from Cole±Cole functions
When d � 1, the decrease in the exponent c (c�1)
a�ects the shape of the curve G0(!) over the whole
frequency range, whereas the material function
G00(!) is appreciably modi®ed only at higher fre-
quencies. This results in the appearance of asym-
metry of G00(!) which is often observed for various
real materials and cannot be described by the ori-
ginal form of Cole±Cole behavior.
Apparently, the model provides an adequate

correlation of loss and storage moduli as the func-
tion of frequency in the whole concentration range.
Figure 7(a)±(c) reports a comparison between
experimental data and solid curves calculated from
eqns (8) and (9). In order to obtain reasonable
values of the parameters in eqns (7) and (8), the
yielding conditions 0 < c < d < 1 and G1 � 0
should be satis®ed. As an objective function in the
minimization procedure, the mean squared relative
deviation was used. Evaluation of the model param-
eters by applying the ®tting procedure simulta-
neously for both G0(!) and G00(!) showed that for
the studied suspensions exponent d and parameter
G1 converged to the limiting conditions d � 1 and
G1 � 0. Consequently, the in¯uence of solid
volume fraction on the frequency dependence of
the dynamic moduli is described through the var-
iation of only three parameters: �G, l0 and c, as
illustrated in Fig. 8.
Although most suspensions do not have a single

but rather a range of relaxation times, it is well
known that the relaxation time increases with
increase in the solid volume fraction. In the range
of lower particle concentrations examined, the
increase in solid volume fraction results in an

appreciable increase in the fractional relaxation
time (l), whereas �G and c do not vary sig-
ni®cantly. Above 0.55, further increase in solid
volume fraction leads to a pronounced increase in
both parameters �G and c, whereas l0 reaches a
plateau region. The variations of parameters of the
fractional derivative model clearly show that the
transition of the viscoelastic response emerges at
solid volume fractions around 0.55.
The crossing of the curves G0(!) and G00(!) gen-

erally corresponds to the reciprocal relaxation time
of the material and can be explicitly determined
from eqns (8) and (9):

l0!� �c� sin d �2
ÿ �ÿ cos d �2

ÿ �
cos cÿ d� � �2
ÿ �ÿ sin cÿ d� � �2

ÿ � �10�

Variations in the crossing frequency and the corre-
sponding reciprocal relaxation time with increasing
solid volume fraction are shown in Fig. 9. The net
transition occurring for both parameters between
� values around 0.50 and 0.55 clearly indicate the
existence of two critical conditions, related to
microstructural changes.
In order to check the in¯uence of particle con-

centration on the mechanical spectra, to obtain a
more detailed overview of changes in the suspen-
sion microstructure and, ®nally, to confront the
fractional derivative approach suggested by Frie-
drich and Braun with another (more conventional)
description of viscoelastic properties, we can
extend the analysis by ®tting experimental data
with the well-known generalized Maxwell model.
Under oscillatory shear conditions, the linear vis-
coelastic response is expressed through the follow-
ing equations:

G0 !� � �
X

i

gil
2
1!

2

1� l2i !2
ÿ � �11�

Fig. 8. In¯uence of solid volume fraction on the variation of
parameters �G, l0 and c in eqns (8) and (9).

Fig. 9. In¯uence of solid volume fraction on the variation of
crossing frequency and reciprocal relaxation time correlated

by using eqn (9).
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where li and gi represent the relaxation time and
the elastic modulus of the ith Maxwell element. To
avoid problems concerning the evaluation of ®tting
parameters li, gi from the experimental data, it is
necessary to ®x a maximum number of elements
and to set a constraint which only allows positive
values of parameters gi. Application of eqns (11)
and (12) showed that the viscoelastic responses of
all suspensions examined can be satisfactorily
described with a series of four Maxwell elements in
parallel. The results of this approach, i.e. the
relaxation spectra gi(li), are illustrated graphically
in Fig. 10.
Increase in solid volume fraction gives rise to a

transition of the relaxation spectrum which
changes from edge-type to box-type at � � 0�5.
For suspensions at lower particle concentrations
the coe�cients gi monotonically decrease with
increasing relaxation time li (edge-type distribu-
tion) which is often found for non-structured sys-
tems. At higher solid volume fractions (��0.55)
the variation of the coe�cients gi with increasing li
is not monotonic and a box-type contribution
appears at longer relaxation times, which is typical
for structured materials. A slightly higher quality
of data ®tting is provided by eqns (11) and (12)
because of a higher number of adjustable para-
meters. Another motive for resorting to the gen-
eralized Maxwell model to describe mechanical
spectra of the alumina suspension was that the
viscoelastic behavior of the suspension composed
of alumina and latex binder with the highest solids
content could not be described adequately by eqns
(8) and (9).

3.4 E�ects of binder addition
Suspensions at solid volume fraction of 0.50 and
0.55 were selected as reference systems for the ®nal
check of the in¯uence of latex binder on the rheo-
logical properties. The examination of alumina
suspensions without latex binder indicated that at
these two solid volume fractions signi®cant transi-
tions of rheological behavior can be expected. As
we mentioned in the introduction, the binder addi-
tion cannot modify appreciably the rheological
properties of suspensions if the interactions
between the dispersant and the binder are negli-
gible. When the experiments were performed under
steady shear conditions, the ¯ow curves of the
corresponding systems (without and with the bin-
der, respectively) converge at high shear rates
(Fig. 11). Detectable e�ects on shear viscosity were
observed only in the low shear stress range and,
consequently, higher yield stress values were eval-
uated from the Casson model (Table 1). The visc-
osity increase produced by binder addition was
more pronounced at � � 0�55. All these con-
siderations lead to the conclusion that a pre-
liminary study of alumina slips can be considered a
satisfactory reference basis for predicting the shear
behavior of tape casting slurries, at least in a ®rst-
order approximation.
More remarkable e�ects of the addition of latex

binder are observed for viscoelastic properties as
can be observed in Fig. 12. The solid curves in
Fig. 12 represent calculated values of G0 and G00

according to eqns (11) and (12), respectively. The
suspensions containing latex binder display higher
values of both moduli, and appreciable di�erences
are observed for elastic contribution. In this case
also a more noticeable increase in both moduli
appears at the low frequency range. This can be
essentially ascribed to a shift of the relaxation
spectrum towards longer relaxation times. The
spectrum coe�cients 
 i and gi for the suspensions
formulated with and without latex binder are

Fig. 10. Spectrum coe�cient evaluated by using eqns (10) and
(11) for suspensions at various solid volume fractions.

� � 0�45ÿ 0�60:

Fig. 11. Flow curves of suspensions with and without latex
binder; solid curves represent correlated values according to

eqn (1).
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compared in Fig. 13. At a lower particle con-
centration (� � 0�50) binder addition displaces the
set of relaxation times towards higher values,
whereas at a higher particle concentration
(� � 0�55) the pro®le of the relaxation spectrum
changes and becomes similar to that obtained for
the suspension at � � 0�7 without binder addition.
From such examination of viscoelastic properties
we can infer that the presence of latex binder in

the disperse phase may a�ect the microstructure of
electrosterically stabilized alumina particles. More
pronounced e�ects are to be expected at higher
particle concentrations, where the electrostatic
repulsive interactions become signi®cant. In the
case of examined suspensions the addition of latex
binder results in an increase in repulsive particle
interactions, which leads to a tighter particle net-
work structure at rest. Moreover, we observed
that steady shear viscosity data are similar for
suspensions with and without the binder and at
the same solid volume fraction, so it can be
argued that the presence of binder does not give
rise to any appreciable destabilization of the sus-
pension.

4 Conclusions

Rheological examination of the investigated aqu-
eous alumina suspensions (pH 9.3) showed that the
optimal dispersant quantity is around 0.2wt%. At
this concentration, the saturation adsorption limit
of fully dissociated polyacrilyc acid is reached,
providing a high degree of particle stabilization for
suspensions in a wide range of solids loading.
These suspensions do not exhibit any detectable
time dependent rheological properties. Increase in
particle concentration leads to transition from
pseudoplastic to plastic ¯ow behavior. As shear
stress decreases, asymptotic increase in viscosity is
observed for suspensions with higher solid volume
fractions, starting from � � 0�5. For describing
shear-dependent behavior of these systems, the
generalized Casson model gives the best ®tting
results. The apparent Casson yield stress is found
to be the most representative quantity to outline
the in¯uence of solid volume fraction on the ¯ow
properties. From the variation of apparent yield
stress with increasing solid volume fraction, a ®rst
qualitative picture of the structural conditions of
the disperse phase can be drawn. The addition of
polyacrilyc acid as a dispersant produces electro-
sterical stabilization and only limited steric e�ects
occur due to the adsorbed polymer barrier. Di�er-
ent structural arrangements of the disperse phase,
governed by electrostatic particle repulsion, are
probably one of the reasons for the strong particle
concentration dependence of the relative viscosity
which cannot be described satisfactorily by any of
the existing models for �r(�).
A more detailed picture of the structural condi-

tions of the disperse phase is obtained by exam-
ination of viscoelastic properties of studied
suspensions. This means that under non-destruc-
tive conditions of small amplitude oscillations, the
viscous and elastic contributions of viscoelastic

Fig. 12. Frequency dependence of (a) G0 0 and (b) G0 for sus-
pensions at � � 0�50 and 0.55 composed with and without

latex binder.

Fig. 13. In¯uence of added latex binder on the evaluated
spectrum coe�cients [(eqns (10) and (11)] for suspensions at

� � 0�50 and 0.55.
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response are more sensitive to microstructural
changes with increasing solid concentration. The
upper limit of the linear viscoelastic regime (LVR),
determined from strain sweep experiments, ranges
from 1 to 5% of the strain amplitude. The analysis
of viscoelastic data within LVR starts from the
application of the Friedrich±Brown model, which
belongs to the class of fractional derivative models.
The variations of the model parameters with
increasing solid volume fraction clearly indicate
two critical conditions, related to microstructural
changes occurring at � values around 0.50 and
0.55. Within this narrow � range, transition of
viscoelastic behavior from more viscous to more
elastic takes place. At the upper limit (� � 0�55)
the viscoelastic response passes from sol-like to gel-
like behavior. In order to check the validity of this
observation, the analysis of viscoelastic data is
extended to a more conventional approach by
using the generalized Maxwell model. From the
variation of spectrum coe�cients another type of
particle arrangements can be expected for suspen-
sions at � � 0�55.
Considering the arguments above, the solid

volume fractions of 0.5 and 0.55 were selected in
order to check the in¯uence of latex binder addi-
tion on the rheological behavior of investigated
alumina suspensions. When the ¯ow curves of
suspensions composed without and with latex
binder are compared at the same solid volume
fractions, only small di�erences are observed due
to the presence of latex binder More pronounced
e�ects of di�erent disperse phase compositions
are detected for the viscoelastic data. Hence,
addition of the latex does not seem to cause
destabilization of the suspension, but results in an
increase in repulsive particle interactions which
leads to a tighter particle network structure at
rest.
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