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Abstract

A continuous percolation model is proposed to describe the temperature and volume fraction dependence of the shear modulus

of temperature induced forming (TIF) alumina aqueous suspensions. The concept of ‘‘effective volume fraction of aggregates’’ is
proposed. The volume fraction gelation threshold (�g), the characteristic temperature (T0) and the exponent (s) can be derived from
the rheological measurements. Model calculations are in good agreement with the measurement data. The estimation of the
strength of the wet gelled alumina suspensions with variation in temperature can be realized using this model. # 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Industrial application needs a ceramic forming
method that has a high reliability as well as a simple
process.1 Colloidal processing has been realized to be
useful for forming ceramic green bodies because of its
capability to reduce the strength-limiting defects com-
pared with the dry powder compaction processing.2

Among the forming methods that utilize colloidal pro-
cessing, direct casting methods attract more attention
because of the constant volume during ceramic forming
compared to the drain casting techniques.3 Temperature
induced forming (TIF) is a novel direct casting method
through colloidal processing to form ceramic green
bodies. A smaller molecular weight dispersant (i.e.
ammonium citrate) and a larger molecular weight poly-
mer (i.e. polyacrylic acid) are used to form stable con-
centrated aqueous suspensions at room temperature.
The weight ratio of the organic additives to that of the
ceramic powder is less than 0.5%. The suspensions can
be induced to form bridging flocculation by the increas-
ing dissolution of ceramic particles with temperature.3�6

Several processing parameters affect the rheological
properties of the TIF suspensions, such as volume frac-
tion of solids, dispersant amount, molecular weight of
PAA, and pH of the resultant slurries, etc. It is also
reported that aggregation will form flocs and grow in
concentrated suspensions.7

The viscoelastic properties, in particular how the
elastic modulus scales with volume fraction, have been
modeled based on the assumption that the particle net-
work consists of close packed flocs. Two models have
been proposed to explain the experimental phenomena,
fractal model and percolation model. The fractal models
assume that suspensions can gel at all volume fractions;
therefore, there is no gelation threshold. Several authors
interpreted the elasticity of aggregated dispersions in
terms of the fractal concept. The fractal models depend
on the assumption that the aggregated structure trans-
mits stress through its elastic backbone (a chain of par-
ticles). Fractal models of gelation predict that a space-
filling network will be created when the characteristic
floc size � is large enough that individual flocs overlap.
In suspensions where a weak attraction causes slower
aggregation and the aggregation is reaction limited, the
viscoelastic properties, in particular how the elastic
modulus scales with volume fraction, have been mod-
eled based on the assumption that the particle network
consists of close packed fractal flocs. The models predict
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a power law behavior of elastic modulus with respect to
volume fraction

G0 ¼ G0
0 ��

p ð1Þ

where G0 is the pre-exponential factor, � is the volume
fraction of clusters, and p is an exponent that relates to
the structure through the fractal dimension of the flocs.
P is about 4.5 for reaction limited cluster aggregation
(RLCA).8�11

Percolation deals with the effects of varying the rich-
ness of interconnections present in a random system.
The basic idea of percolation is the existence of a sharp
transition at which the long-range connectivity of the
system disappears or going the other way and appears.
This transition occurs abruptly when some generalized
density in this system reaches a critical value (percola-
tion threshold). The models based on percolation con-
cepts describe the importance of the gelation threshold
�g to the rheological properties of aggregating suspen-
sions. Rueb and Zukoski used an octadecyl silica/etha-
nol system to obtain a scaling for the storage modulus
that follows:

G0 ¼ G0
0 �=�g�1
� �s

ð2Þ

where, the exponent, s is related to the microstructure of
the network.11,12 But experimental results of Yanez et
al. on AKP-30 alumina/poly(12-hydroxy stearic acid)/
hexanol system suggested that the expression G0 ¼ G0

0 �

�� �g

� �s
captured the generic mechanical behavior of

particle gels. Here, �� �g is the distance from the gel
transition and thus relates to the number of stress car-
rying bonds. G0

0 characterizes the elasticity of the inter-
particle bonds, and which might be temperature
dependent.13 The power law dependence on shear mod-
ulus on volume fraction of particles has been docu-
mented often in the literature. Considering that the
particle connectivity is very tortuous at all volume frac-
tions so that many interpenetrating, percolative paths
exist to support applied pressures at high volume frac-
tions. For example, Sen et al. proposed a model for such
a tortuous network and yielded n=4.4.14 During mod-
eling, they changed the volume fraction of particles by
randomly removing particles from a periodic array
(face-centered cubic) of identical, spherical particles.
The results of Yanez et al. showed that n=4.75�0.25
for the attractive alumina particle networks in aqueous
slurries.15 Sonntag and Russel have found n to be 2.5
and 4.4 for fresh and aged polystyrene networks,
respectively.16 Shih et al. have experimentally deter-
mined that n=4.1 for the modulus of agglomerated,
platelike, boehmite alumina crystallites.17 Buscall et al.
have found n=4.3 for the compressive yield stress
of polystyrene latex systems aggregated with barium

chloride.18 It is clear that these large values of n might
be due to the percolative nature of particle networks.
Although the documented models predict that the

modulus of the suspension increases with increasing
volume fraction of the flocs, there are no reports on how
to model the temperature dependence of the suspension
modulus. Because temperature is an important para-
meter that will affect the suspension rheological proper-
ties, it is desirable for industrial application to get to
know and control the variation of these properties with
temperature. It is realized from the experimental results
that the temperature dependence of the viscoelastic
properties of the TIF suspensions shows ‘‘transition’’
behavior, i.e. gelation. Therefore, the authors think that
the variation of the shear modulus with temperature for
the TIF suspensions may be described using the perco-
lation theory model if the percolative particle network
forms. The following assumptions are proposed to
evaluate the evolution of the microstructure of TIF
suspensions at elevated temperatures.

2. Assumptions proposed for TIF alumina aqueous

suspensions

1. Aggregate forms because of bridging flocculation
in TIF suspensions, which arises from the inter-
action between particles and polymer chains at
elevated temperature.

2. The number of aggregates formed is related to
the magnitude of the EDL repulsive potential
barrier, the initial volume fraction of particles
and the amount of the polymer.

3. Viscoelastic properties, such as storage modulus
and shear viscosity, increase with the number
density of the stress carrying bonds in the aggre-
gates, and the gelation of the slurry is due to the
formation of the percolating particle network.

4. TIF alumina suspension has a volume fraction
threshold, and above which the slurry can form a
continuous filling network as the temperature is
raised. This volume fraction threshold should
vary with the molecular weight of PAA because
the increasing possibility of the interactions
between PAA chains and particles.

5. There is a critical temperature and above which
the rheological behavior shows significant varia-
tions for the slurry whose solid volume fraction
is above the gelation threshold. The origin of this
critical temperature may relate to the balance of
the thermal energy, the particle/PAA adsorption
energy, van der Waals attraction potential and
the EDL repulsive potential. This temperature
may also vary with the molecular weight of PAA.

6. The size of aggregates grows with increasing
temperature and a new concept, the ‘‘effective
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volume fraction of aggregates’’, �eff, is intro-
duced. Compared with the initial volume frac-
tion of particle (�0), �eff increases at elevated
temperatures because of the growth of the
aggregates and which reaches maximum value of
1 in the completely gelled suspension. The con-
cept of �eff can be thought as the total volume of
the particles in an aggregate and the volume of
the solvent trapped inside the backbone of the
aggregate, and always �eff5�0.

3. Continuous percolation model

Considering the high order of stochastic geometry in
concentrated suspensions so that the disorder-generat-
ing statistical variable (stable region/aggregates) is
superimposed on a background structure that is itself
topologically disorder (no lattice for aggregates posi-
tions), a continuous percolation can be realized. The
whole system of high loading suspension has a two-fold
disorder, statistical (for the state of aggregates to link to
each other) and geometrical (for background structure).
Adopting the similar form as Eq. (2) to relate the sto-
rage modulus with the volume fraction and temperature
of the TIF alumina suspensions, Eq. (3) is proposed.

G0 T; �ð Þ ¼ G0
0 Tð Þ� �eff Tð Þ=�g � 1

� �s
ð3Þ

Here, we use the ‘‘effective volume fraction of aggre-
gates’’, �eff, instead of the initial volume fraction, �0,
considering the formation and growth of the aggregates
at elevated temperature. �g is the volume fraction gela-
tion threshold. G0

0 (T) is a reflection of the strength of
the aggregate backbone, which might vary with the
molecular weight of polymer and the deviation from the
thermal equilibrium condition. The exponent, s, is rela-
ted to the microstructure of the network.14�18

Considering the intrinsic similarities (i.e. by thermal
activation) between the formation and growth of the
aggregate flocs in the TIF suspension, and the nuclea-
tion and growth of crystalline phase from solution, we
propose that �eff may vary according to the following
expressions.19

�eff Tð Þ ¼ �0 �e
��U=kT �F �Tð Þ ð4Þ

Where �0 is initial volume fraction of powders. �U is
the total energy barrier to overcome for the formation
of the aggregates at elevated temperature in the initially
stable slurry. For the EDL stabilized alumina slurry, we
fix �U=5 eV, which is corresponding to the value of
the zeta potential of the alumina particles, ��60 mV at
pH>9.0. k is the Boltzmann constant. F(�T) is a func-
tion of the temperature T, which illustrates the effect of

the temperature on the growth of the aggregates. The
authors propose the following expression for F(�T):

F �Tð Þ ¼ ed1� d 2þ T�T0ð Þ=T0½ � ð5Þ

Then the final expression for the storage modulus is

G0 T; �0ð Þ ¼ G0
0 � �0 �e

��U=kT �ed1� d2þ T�T0ð Þ=T0½ �=�g � 1
� �s

ð6Þ

where, d1 and d2 are constants, and their physical
meanings are still under investigation. In the following
calculations, we set d1=1.3 and d2=0.1 for the best fit
of the experimental data. T0 is the characteristic tem-
perature where the bridging flocculates start to form for
a molecular weight polymer containing slurry, and the
value of T0 is independent with the amount of polymer
and volume fraction of particles. The values of �g, T0,
G0

0 and s can be estimated from the rheological mea-
surements.

4. Slurry preparation and measurements

4.1. Raw materials

The raw materials and preparation of the suspensions
are described as follows. The starting materials are AKP
53 a-alumina powder (Sumitomo, Japan), tri-ammo-
nium citrate (TAC) powder (Aldrich, USA. 98%), and
poly (acrylic acid) (PAA) (Polyscience, USA. 25 wt.%
solutions in water, the average molecular weight is
�5000, 10,000 and 50,000). The purity of a-Al2O3

powder is >99.999% according to manufacturer. The
particle size is measured by LS Particle Size Analyzer
(COULTER) yielding d50=0.45 mm. The surface area of
the alumina powder is measured by standard BET
(NOVA 1200) N2 adsorption giving 14.8 m2/g. TAC
powder is dissolvable in water and is used as dispersant.
PAA is used here as a gelling agent, not a dispersant.
Both the amount of TAC powder and PAA are based
on the weight of dry alumina powders. The amount of
TAC powder is fixed as 0.4 wt.%. The amount of PAA
is taken as 0.04 wt.% because this is the minimum
amount of PAA required to make the slurry gel.20 At
this small amount of PAA, the bridging flocculation by
PAA has the high probability to be the main gelation
mechanism.21

4.2. Preparation of the suspensions

The preparation of the suspensions is done with a
planetary ball mill (Fritsch GMBH, Pulverisette 5,
Germany. Alumina mill jars and zirconia mill balls).
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The exact amount of alumina powders, 0.4 wt.% TAC
and respective amount of deionized water are mixed for
30 min at a speed of 250 rpm. Then the pH is adjusted
to about 9.3 with analytical 4.94 N ammonium hydrox-
ide (Aldrich, USA) before adding the exact amount of
PAA. The above suspensions are then ball-milled for
about 20 min to get the final suspensions. The pH value
of the final suspension is 9.0.

4.3. Measurement of the rheological properties

Viscosity is measured using a Modular Compact
Rheometer (MCR 300, Paar Physica) with a concentric-
cylinder measurement system (CC27), the inner cylinder
having a diameter of 27 mm. The temperature ramp
rotation measurements are conducted to measure the
temperature dependence of suspension viscosity. The
shear rate is 20 s�1, and the temperature is raised at a
rate of 1 �C/ min. The starting temperature is 25 �C and
the final temperature is 85 �C. A total of 60 points is
obtained. The temperature dependence of the storage
and loss modulus are measured using the temperature
ramp oscillation mode with the fixed shear strain
amplitude of 1%, frequency of 1 Hz, and the tempera-
ture ramp of 1 �C/ min. The starting temperature is
25 �C and the final temperature is 85 �C. A total of 60
points is obtained.
The relative viscosity was computed using the ratio of

the measured viscosity to that of the water at the same
temperature. A polynomial expression for the tempera-
ture dependence of viscosity of water can be fixed to
data from the CRC Handbook, as can be shown in the
following expression.

�Water ¼ 0:0017� 4:73 10�5
� �

Tþ ð7:45 10�7ÞT2

� 6:25 10�9
� �

T3 þ 2:13 10�11
� �

T4

where T is the temperature of the slurry with a unit of
degree centigrade (�C).

5. Results and discussions

5.1. Determination of the strain amplitude for oscillation
measurement

Fig. 1 illustrates the results of a typical strain sweep
experiment, showing the linear viscoelastic region,
i.e. where the storage modulus G0 is nearly invariant in
the strain and a nonlinear region with decreasing
values of G0. It can be seen that 1% strain amplitude
is in the linear viscoelastic region at a frequency of 1
Hz. Therefore, 1% strain amplitude is used in the
measurements.

5.2. Determination of the volume fraction threshold, fg

The volume fraction gelation threshold is the mini-
mum amount of alumina particles required to form a
continuous percolation network when the amounts of
other components are fixed. Since the basic idea of per-
colation is the existence of a sharp transition at which
the long-range connectivity of the system appears, while
this transition occurs abruptly when some generalized
density in this system reaches a critical value (percola-
tion threshold). Here we use the temperature depen-
dence of the shear viscosity and shear modulus to find
the volume fraction gelation threshold. The variation of
the shear modulus can illustrate when the aggregate floc
starts to form while the variation of the storage mod-
ulus can give an indication when the space-filling parti-
cle network will form. Only after the formation of a
particle network can the suspension show abrupt
change in storage modulus so that the suspension man-
ifest the transition behavior from ‘‘fluid-like’’ to ‘‘solid-
like’’, and the storage modulus G0 starts to become lar-
ger than the loss modulus G00.
Fig. 2 shows the temperature dependence of the rela-

tive viscosity under constant shear rate of 20 s�1 when
the suspension temperature is raised at 1 �C/min. The
relative viscosity for the 0.1 volume fraction suspension
seems independent of temperature. Whilst the relative
viscosity starts to increase above a critical temperature,
T0, when the volume fraction is higher than 0.15. At
volume fraction 0.15, the relative viscosity starts to
increase sharply at T0 �53 �C first but the increment
slows down from about 64 �C. For the suspensions with
volume fraction of particles higher than 0.15, the rela-
tive viscosity continues increasing sharply. These data
indicate that 0.15 might be around the volume fraction
gelation threshold, and above this volume fraction the
number of alumina particles might be sufficient enough to

Fig. 1. Variation of shear modulus with strain amplitude for the 40

vol.% AKP53 alumina suspension with 0.4 wt.% TAC and 0.04 wt.%

PAA 50,000. The frequency is 1 Hz.
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form a space-filling network in the 0.04 wt.% PAA con-
taining suspension when the temperature is raised. The
relative viscosity increase might be due to the bridging
agglomerate formation and growth in the suspension.
The higher volume fraction of solids will result in higher
number density of the aggregate flocs. Furthermore,
these flocs will grow with increasing temperature
because more and more particles will fill into the inter-
stice of the bridging flocs, and these flocs can connect
with each other to form a larger floc. Therefore, the
relative viscosity will be further increased. If the volume
fraction of solids is small, aggregation flocs will cease to
grow when all the particles are located in the flocs and
the leveling off occurs for the relative viscosity shown in
Fig. 2, e.g. for the 0.15 volume fraction suspension.
Fig. 3 is the temperature dependence of shear mod-

ulus for the alumina suspensions with 0.04 wt.% PAA
of Mw�50,000. From these curves, we can see that
both the storage and the loss modulus do not have an
evident change when the volume fraction of particles is
0.1. Starting from 0.15 volume fraction, the storage
modulus shows some increase at T0

0 �70 �C, but the
magnitude is rather small. When the volume fraction is
above 0.15, all suspensions show significant variation of
storage and loss modulus with temperature. It can also
be seen that a ‘‘crossover’’ point just appears between
the G0 and G00 curves when the volume fraction of par-
ticles is 0.15, and higher volume fraction particle sus-
pensions show this ‘‘crossover’’ point more clearly. This
‘‘crossover’’ behavior can be a reflection of the occur-
rence of gelation, or the ‘‘transition’’ from ‘‘fluid-like’’
to ‘‘solid-like’’. This ‘‘transition’’ temperature might be
the point where the number density of the bridging flocs
is large enough so that the three-dimensional space-filling
network (particle percolative network) starts to form.

Even though the measurement methods are different
and we can not conclude that T0<T0

0, the data in Figs. 2
and 3 may give an indication of the aggregate growth
during this time period or temperature range before a
space-filling network could be formed. Therefore, we
can draw the conclusion from the above assumptions
that the volume fraction of alumina with PAA 50,000 is
about 0.15, or �g �30.15. We also noticed that in the
amount range of PAA in TIF alumina suspensions
(<0.5 wt.%), PAA amount will not have a significant
effect on the volume fraction gelation threshold of the
AKP alumina particles.
Another issue is the variation of the volume fraction

gelation threshold with the molecular weight of PAA
caused by the difference of the polymer chain length.
Similar as the above investigations for the PAA of
Mw�50,000 containing suspensions, measurements are
conducted for the suspensions with 0.04 wt.% PAA of
Mw�10,000 and Mw�5000. Fig. 4 demonstrates the
temperature dependence of shear modulus for the 0.04
wt.% PAA 10,000 containing suspensions with varia-
tion in the volume fraction of the alumina particles.
Using the similar procedures, it can be determined that
the volume fraction gelation threshold for the 0.04 wt.%
PAA 10,000 containing suspensions is about 0.20, or
�g�0.20. For the 0.04 wt.% PAA (Mw�5000) con-
taining suspensions as shown in Fig. 5, the volume
fraction gelation threshold can be taken as �g�0.35.
Therefore, it seems that for the 0.04 wt.% PAA alu-

mina suspensions, the volume fraction gelation thresh-
old decreases with increasing molecular weight of PAA.
This might be due to the longer polymer chain length
for the higher molecular weight PAA and the higher
possibility of the locally formation of the percolation
networks by the stronger interaction between polymer

Fig. 2. Variation of the relative viscosity with temperature for differ-

ent volume fraction particle suspensions with 0.04 wt.% PAA 50,000.

The measurements are conducted at a constant shear rate of 20 s�1,

and the temperature is raised at a rate of 1 �C/min. The definition of

relative viscosity is in the text.

Fig. 3. Temperature and volume fraction dependence of the shear

modulus for AKP53 alumina suspensions with 0.04 wt.% PAA of

Mw�50,000. The measurements are conducted under 1% strain

amplitude and 1 Hz frequency. The temperature is increased at a rate

of 1 �C/min.
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chains and particles. Therefore, less amount of particles
are required to form the percolation network in the
suspension with increasing temperature so as to result in
the evident change of the shear modulus.

5.3. Determination of the suspension microstructure
exponent, s

By taking logarithm to both sides of Eq. (6), we can get

lnG0 ¼ s�ln �0 �e
��U=kT �ed1� d2þ T�T0ð Þ=T0½ �=�g�1

� �
þ ln G0

0

� �

ð7Þ

If the above expanded percolation model is a good
approximation for the TIF alumina slurries, then

lnG0 � ln{�0.e
��UkT.edl�d2+(T�T0)/T0/�g�1} plot using

the experimental data should yield a linear relationship
with a slope value of s.
During the calculation, we denote ln{�0.e

��UkT.

edl�d2+(T�T0)/T0/�g�1} as ln{x} for simplicity. The
volume fraction of alumina in the suspensions is varied
from 0.3 to 0.5 with 0.04 wt.% PAA. G0 takes the mea-
sured storage modulus value at the same specific tem-
perature as that in ln{x}. �g uses the value obtained and
�g=0.15 for 0.04 wt.% PAA of Mw�50,000 alumina
suspensions. Fig. 6 gives the results for the 0.04 wt.%
PAA of Mw�50,000 containing suspensions while fix-
ing T0=30 �C. The value of T0 can be obtained from
the temperature dependence of the relative viscosity of
the 40 vol.% alumina suspensions with 0.04 wt.% PAA,
where the relative viscosity starts to increase at this
temperature as shown in Fig. 2. The variation of T0
with PAA molecular weight is summarized and shown
in Table 1. The data points below the line of lnG0=0 are
those that do not fall in the percolative network region
because the network does not form yet in the low tem-
perature range for that volume fraction of particles.
Therefore, we do not count these points. The points that
are far above the line of lnG0=0 are those where the
percolation network has been formed at the respective
temperature and volume fraction of particles. These
points can be fitted to a straight line with slope of about
4.6 and an intercept of �4.0 in the axis of ln G0 when
ln{x}=0. Therefore, we can get s �4.6 and ln(G0

0)=
�4.0, or G0

0 �0.02 Pa.
Similar treatments can be applied to the 0.04 wt.%

PAA of Mw�10,000 and Mw�5000 containing alu-
mina suspensions. Fig. 7 shows the determination of the
s value for PAA of Mw�5000 containing alumina slur-
ries. These linear characters partially prove that a per-
colative particle network forms in the TIF alumina

Fig. 4. Temperature and volume fraction dependence of the shear

modulus for AKP53 alumina suspensions with 0.04 wt.% PAA of

Mw�10,000. The measurements are conducted under 1% strain

amplitude and 1Hz frequency. The temperature is increased at a rate

of 1 �C/min.

Fig. 5. Temperature and volume fraction dependence of the shear

modulus for AKP53 alumina suspensions with 0.04 wt.% PAA of

Mw�5000. The measurements are conducted under 1% strain ampli-

tude and 1 Hz frequency. The temperature is increased at a rate of

1 �C/min.

Fig. 6. Exponent s determination for the 0.04 wt.% PAA of

Mw�50,000 containing suspensions while fixing T0=30 �C. The

volume fraction in the suspensions is varied from 0.3 to 0.5. All the

measurements are conducted under 1% strain amplitude and 1 Hz

frequency. The temperature is increased at a rate of 1 �C/min.
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slurries. These results are summarized in Table 1. The
data in Table 1 show that the values of all four para-
meters increase with the decrease of the PAA molecular
weight. Large values of s are due to the higher percola-
tive degree of particle networks.7–11 Smaller s value
with respect to the higher molecular weight of PAA
reflects the lower percolative nature in the suspensions,
which might be a reflection that less particles involve in
the ‘‘building’’ of the space-filling network before it
forms. The stronger interactions between polymers and
particles might be the reason. The larger �g value for
PAA of Mw�5000 containing suspensions also support
this conclusion because more particles are involved to
form the particle percolation networks instead of the
role of the PAA chain/particle interactions. The effect of
the magnitude of s on the storage modulus can be
shown in Fig. 8 using Eq. (6) for the 40 vol.% alumina
suspensions with 0.04 wt.% PAA of Mw�10,000.
The data in Table 1 show that T0 increases with the

decreasing of the PAA molecular weight for the same
volume fraction alumina suspensions. This might be
attributed to its slower growth rate of the aggregates
because the smaller molecular weight PAA chain has
less carboxyl groups to connect with particles compared
with the larger molecular weight PAA chains at the same
temperature. Therefore, there will be larger size aggregate
flocs in the higher Mw PAA containing suspensions than

that of the lower Mw PAA containing suspensions so
that the relative viscosity of the former suspension may
start to increase at a relatively lower temperature.
Effect of the amount of PAA on the value of s is also

studied. The results shown in Fig. 9 indicate that the s
value decreases to �4 for the 0.5 wt.% PAA 50,000
containing suspensions compared with that of the 0.04
wt.% PAA 50,000 suspensions. The value of G0

0

increases by more than five times from �0.02 to �0.12

Table 1

Effect of PAA molecular weight on the parameters in Eq. (6)

PAA Mw�50,000 PAA Mw�10,000 PAA Mw�5000

s �4.5 �5.5 �6.0

G0
0 �0.02 Pa �0.57 Pa �33 Pa

�g �0.15 �0.20 �0.35

T0 �30 �C �40 �C �50 �C

Fig. 7. Exponent s determination for the 0.5 wt.% PAA of Mw�5000

containing suspensions while fixing T0=30 �C. The volume fraction in

the suspensions is varied from 0.3 to 0.5. All the measurements are

conducted under 1% strain amplitude and 1 Hz frequency. The tem-

perature is increased at a rate of 1 �C/min.

Fig. 8. Variation of the storage modulus with exponent s and tem-

perature calculated by model Eq. (6) for 0.04 wt.% PAA (Mw

�10,000) containing alumina TIF suspensions. The parameters are

�=0.40, d1=1.3, d2=0.1, �U=�5 eV, G0=0.57, �g=0.20 and T0=

40 �C.

Fig. 9. Exponent s determination for the 0.5 wt.% PAA of

Mw�50,000 containing suspensions while fixing T0=30 �C. The

volume fraction in the suspensions is varied from 0.3 to 0.5. All the

measurements are conducted under 1% strain amplitude and 1 Hz

frequency. The temperature is increased at a rate of 1 �C/min.
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Pa. Therefore, the value of G0
0 increases with the

amount of PAA in the suspensions, but the percolation
network nature decreases with the increment of PAA
amount, which is reflected by the decrease of the value
of s.

5.4. Comparison of the calculated and measurement
results

Fig. 10 shows both the calculated results using Eq. (6)
and the measurement data for the 0.04 wt.% PAA
(Mw�50,000) containing alumina suspensions. The
volume fraction of particles for each suspension is 0.3,
0.4 and 0.5, respectively. The parameters shown in
Table 1 are used for calculations. We can see that the

calculated results are in good agreement with the
measurement data for all solid-loading suspensions
especially in the high temperature range. Fig. 11 illus-
trates that our percolation model also applies to all
molecular weight PAA containing alumina suspensions
at a solid loading of 40 vol.%. Therefore, we can draw a
conclusion that our expanded percolation model reflects
the intrinsic nature of the evolution of the micro-
structure for the TIF alumina suspension to some
extent.

6. Summary

We first introduce the concept of ‘‘effective volume
fraction of aggregates’’, �eff, and propose a continuous
percolation theory model to interpret the evolution of
the storage modulus with temperature and solid loading
for the TIF alumina suspensions. The exponent, s and
the volume fraction gelation threshold, �g are derived
from experimental data. The magnitude of �g increases
with the PAA molecular weight. The percolative degree
increases with the decreasing of the PAA molecular
weight, which is reflected by the higher value of s. The
calculated results using our expanded percolation model
and the experimental-derived parameters are in good
agreement with the measurement data. This model
applies to all solid loading and all molecular weight
PAA containing TIF alumina suspensions well.
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