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Abstract−Dispersion stability and microstructural transition of colloidal silica suspensions were examined by rhe-
ological measurements under either steady simple shear or oscillatory flow. Monodisperse silica particles were prepared
by the so-called modified Stöber method and were stabilized by either steric or electrostatic repulsive force. Depending
upon the methods of stabilization, the suspension showed hard-sphere or soft-sphere response. In particular, silica
suspensions exhibited hard-sphere response when the silica spheres coated with 3-(trimethoxysilyl)propyl methacry-
late (MPTS; (CH3O)3Si(CH2)3OCOC(CH3)=CH2) were dispersed in a refractive-index matching solvent, tetrahydrofur-
furyl alcohol. On the other hand, silica particles in aqueous media behaved like soft spheres with long-range elec-
trostatic repulsive interactions when they were coated with steric layer of aminosilane coupling agent, N-[3-(trimethox-
ysilyl)propyl]ethylenediamine ((CH3O)3Si(CH2)3NHCH2CH2NH2). In this case, the electrostatic repulsion or equiva-
lently the softness of the silica spheres was controlled by the ionic strength using a symmetric salt KCl. Both the hard-
sphere and soft-sphere suspensions showed stable shear-thinning behavior without experiencing shear-induced floccula-
tion. Moreover, the oscillatory shear rheology showed that the electrostatically stabilized soft-sphere suspensions
underwent a microstructural transition from liquid-like to solid-like structure when either the particle loading increased
or the ionic strength was reduced.
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INTRODUCTION

The flow behavior and microstructure of colloidal particle dis-
persions have been studied intensively because of their practical
significance in paints, polymers, ceramics, composite materials, coat-
ing processes, as well as the electronic industry [Lewis, 2000]. In
particular, metal oxide suspensions have attracted considerable atten-
tion in dispersion stabilization and the electronic materials [Tadros,
1996; So et al., 2001a, b].

Usually, particle dispersion shows non-Newtonian behavior even
though the medium is a Newtonian liquid. Deviation from the New-
tonian flow behavior becomes pronounced at high particle volume
fractions and under strong flow field due to the predominant inter-
particle interactions. As the imposed flow becomes strong, semi-
dilute and concentrated suspensions often exhibit shear thinning
and/or shear thickening, following a gradual decrease or increase
in the shear viscosity. Practically, continuous or discontinuous shear
thickening causes severe damage on the particulate process and even-
tually deteriorates productivity [Barnes, 1989a, b]. Therefore, it is
necessary to investigate the mictrostructural changes of particulate
suspensions, and thereby to control the rheological properties under
flow field. The flow characteristics of particulate suspensions can
be controlled by the particle shape, size distribution, interparticle
forces, and the volume fraction of the dispersed phase.

In general, monodisperse hard sphere suspension begins to order
into a macrocrystalline structure of face centered cubic (FCC) or
hexagonally close packing (HCP), when the particle volume frac-
tion (φ) exceeds 0.5 under equilibrium condition with no imposed

flow. Further, when 0.5<φ<0.55, the random disordered phase and
the colloidal crystalline phase coexist [Russel et al., 1989; Gast and
Russel, 1998; Larson, 1999]. However, charge stabilized suspen-
sions form macrocrystalline structure at much lower volume frac-
tions compared with hard sphere suspensions. This is due to stronger
long-range repulsive interparticle interactions of electrostatically sta-
bilized suspension [Russel et al., 1989; Kose et al., 1973; Kose and
Hachisu, 1976; Chen et al., 1994; Chow and Zukoski, 1995a]. There-
fore, charge stabilized polymer latices such as polystyrene or poly-
methalmethacrylate show ‘soft’ sphere behavior; the rheological re-
sponses of these latex suspensions have been studied extensively
[Chen et al., 1994; Chow and Zukoski, 1995a, b; Laun et al., 1992].
Recently, some works have been reported about the rheological be-
havior and interparticle interactions of charge stabilized metal oxide
particle suspensions such as silica and alumina [Fagan and Zuko-
ski, 1997; Franks et al., 2000]. However, the microstructural transi-
tions and rheological behavior in terms of the interparticle interactions
have not been clearly explained and it is still challenging to study
comprehensively by taking into account both the interparticle forces
and the types and strength of flow.

In the present study, the rheological behavior of silica particle
suspensions was examined by varying the strength of the interpar-
ticle forces. Monodisperse spherical silica particles have been syn-
thesized successfully through sol-gel method [Stöber et al., 1968;
Bogush et al., 1988; Philipse and Vrij, 1989]. In our group, the sta-
bilization effects and microstructural changes for hard sphere silica
suspensions have been considered by using various silane coupling
agents, vinyltriethoxy silane (VTES), γ-methacryloxypropyl triethoxy
silane (MPTES) and 3-(trimethoxysilyl)propyl methacrylate (MPTS)
[Lee and Yang, 1998; Lee et al., 1999; So et al., 2001c, d]. The syn-
thesized monodisperse silica particles can be stabilized with a silane
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coupling agent and used for the preparation of sterically stabilized
suspension in either organic or aqueous medium, which show hard
sphere or soft sphere characteristics. Particularly, silica particles in
aqueous medium possess substantial surface charges. Consequently,
the silica particles are stabilized predominantly by electrostatic repul-
sion when the thickness of steric barrier is much smaller than the
range of the electrostatic repulsion. Meanwhile, the electrostatic re-
pulsive forces can be controlled by varying the ionic strength (or
salt concentration) and pH. In the subsequent sections, the disper-
sion stability was examined by measuring rheological responses of
the stabilized silica suspensions under steady shear flow. In addi-
tion, the microstructural transition of aqueous silica suspensions
from liquid-like to solid-like structure was confirmed by monitor-
ing the storage modulus (G') under oscillatory shear flow for var-
ious particle volume fractions and salt concentrations. Finally, a phase
diagram in terms of the particle volume fraction and ionic strength
was constructed by the rheological responses under oscillatory flow
for electrostatically stabilized silica particle suspensions.

EXPERIMENTAL

Monodisperse silica particles were synthesized through the so-
called modified Stöber method in ethanol (Oriental Chem.) medium.
Tetraethylorthosilicate (TEOS; Si(OC2H5)4, Aldrich) and deionized
water were used as reactants for preparation of the spherical silica
particles with the aid of ammonium hydroxide (Aldrich) as a reac-
tion and morphological catalyst,. Ethanol was purified twice by dis-
tillation and all other chemicals were used as received. The particle
size was controlled by varying the concentrations of water and am-
monia. In order to prepare concentrated monodisperse silica sus-
pensions, hydrolysis and condensation reactions were conducted
by step-wise dosage of silicon alkoxide precursor, TEOS with the
time interval of 12 hrs as suggested by Bogush et al. [1988]. In this
way, monodisperse model silica particles with different size were
obtained. Detailed compositions of the reactants, particle sizes and
BET surface areas of the silica particles prepared by a single step
and three-step synthetic processes were summarized in Table 1. Here-
after, large and small model silica particles are designated as S51
and S13, respectively.

For the preparation of hard-sphere suspensions, 3-(trimethoxysilyl)
propyl methacrylate (MPTS; (CH3O)3Si(CH2)3OCOC(CH3)=CH2,
Aldrich) were coated on the purified silica particles by chemical
adsorption after step-wise particle synthesis. The prepared silica
particles were purified by washing 6-7 times with distilled ethanol
and ultracentrifugation. To ensure hard-sphere suspensions by screen-
ing the van der Waals attraction, tetrahydrofurfuryl alcohol (THFFA,
Aldrich) was used as a refractive-index (nD=1.45) matching sol-

vent. Through the surface modification of silica particles, any re-
sidual interparticle interaction could be removed effectively and
the suspension showed ‘hard sphere’ behavior. The detailed proce-
dure of the surface modification and adsorption behavior of MPTS
onto silica particles were described in the literature [Lee et al., 1999;
So et al., 2001c, d]. Hereafter, the MPTS coated hard-sphere sus-
pensions are designated as HS13M or HS51M according to their
particle sizes.

Meanwhile, electrostatically stabilized silica suspensions with long-
range repulsive interactions were prepared in aqueous medium. In
this case, the silica surface was modified with relatively short ami-
nosilane coupling agent, N-[3-(Trimethoxysilyl)propyl]ethylenedi-
amine ((CH3O)3Si(CH2)3NHCH2CH2NH2), Aldrich). Synthesized
stock silica particles were washed with deionized water and ultra-
centrifuged 7 or 8 times in order to remove residual reactants. Then,
the cleaned silica particles were coated with amino silane coupling
agent, N-[3-(Trimethoxysilyl)propyl]ethylenediamine in deionized
water. After the surface modification with aminosilane coupling
agent, silica particles were separated from the mixture by ultracen-
trifugation and re-dispersed in distilled water. The ionic strength
was controlled by changing KCl concentration from 10−3 to 10−1 M.
In order to increase the particle loading, the silica suspension was
dialyzed against a dilute aqueous polyethyleneglycol (PEG, M.W.=
20,000; Junsei) solution. During dialysis, the salt concentration was
also adjusted by using a dialysis membrane with molecular weight
cut-off of 6,000-8,000. The KCl dialysis solutions with dissolved
PEG were replaced with a fresh one several times in 48 hr. The re-
sulting particle suspensions were aged for at least three weeks and
henceforth designated as S13S and S51S according to the particle
size. The concentrated suspensions at low salt concentrations were
slightly iridescent or exhibited a slightly bluish hue because of Bragg
diffraction.

In order to determine the particle volume fraction, the density of
suspended silica particle was estimated from the intrinsic viscosity
of monodisperse spherical suspension at extreme dilutions. By mea-
suring the viscosity for extremely dilute suspensions using an Ubbe-
lohde capillary viscometer, we determined the density of prepared
silica particles as 1.62×10−3 kg/m3, 1.70×10−3 kg/m3 for S13 and
S51, respectively [So et al., 2001c, d]. The weight fraction of each
suspension was converted to the volume fraction by using the pre-
determined density value.

For charged silica particles, the ζ-potential of silica suspension
was measured by the electrophoretic light scattering (Brookhaven);
the result is shown in Table 2. The rheological behavior was moni-
tored by a fluid rheometer (ARES) under either steady or oscilla-
tory shear flow in Couette geometry. A series of steady shear vis-
cosity measurements were performed after the samples were pre-

Table 1. Compositions of the reactants in synthesis of model silica particles, BET surface area, and adsorbed amount of coupling agent

Reactant composition
Mean radius

[nm]
BET surface area

[m2/g]

Number of adsorbed coupling agent [/nm2 SiO2]

Amino silane MPTS

S13 [TEOS]=0.57+0.57+0.57+0.57 M,
[NH3]=0.35 M, [H2O]=0.85 M

108.52±5.55 13.04 11.6 (S13S) 082.2 (HS13M)

S51 [TEOS]=0.57+0.57 M,
[NH3]=0.71 M, [H2O]=5.0 M

272.78±1.97 05.97 22.7 (S51S) 116.8 (HS51M)
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sheared at a constant shear rate of 0.025 s−1 for 60 s. Frequency sweep
measurements in oscillatory shear flow were performed in the range
of linear viscoelasticity predetermined by strain sweep test. All rhe-
ological measurements were conducted at a fixed temperature of
25 oC.

RESULTS AND DISCUSSIONS

1. Characterization of the Model Silica Suspensions
The synthesized monodisperse silica particles were spherical and

the average particle radii of S13 and S51 were 108.52±5.52 nm
and 272.78±1.97 nm, as shown in Table 1. It can be noted that high
ammonia content produced large particles with uniform size distri-
bution.

To confirm the adsorption of various silane coupling agents onto
the silica particles, adsorption behavior was characterized in our
previous report [So et al., 2001d]. The adsorption isotherm of MPTS
onto silica particles was determined by monitoring of free MPTS
concentrations using UV-visible spectroscopy. Clear supernatant
solutions containing free silane coupling agent were separated by
ultra-centrifugation after the MPTS modification. Those results were
fitted to Langmuir-type adsorption equation and saturated adsorp-
tion amounts were shown in Table 1. In addition, the adsorption
behavior of aminosilane coupling agent was also characterized. The
adsorbed amount of aminosilane coupling agent was directly mea-
sured by monitoring the nitrogen element level of the model silica
particles. After surface modification with aminosilane coupling agent,
silica particles were separated from the mixture of aminosilane cou-
pling agent and aqueous stock silica suspension by ultracentrifuga-
tion. The adsorbed amounts of nitrogen were determined by ele-
ment analysis and normalized with the results for bare silica par-
ticles. These adsorbed amounts were fitted to Langmuir-type ad-
sorption equation and the saturated adsorption amounts per BET
surface area were also shown in Table 1. From those saturated ad-
sorption amounts, the effect of ammonium hydroxide, which is mor-
phological catalyst in synthesizing step, was considerable in the ad-
sorption process of silane coupling agent. Although the normalized
adsorbed amounts of coupling agent for different sized particles are
usually fitted on the same curve, the chemically adsorbed amounts
of silane coupling agent deviate as given in Table 1 for MPTS and
amino silane coupling agent. Those deviations could be explained
by the differences in surface hydroxyl group densities for each mod-
el silica particles, which could be originating in different ammo-
nium hydroxide dosage.

The ζ-potentials of the bare and surface modified silica particles
are listed in Table 2. The ζ-potentials of silica spheres were given
for various salt concentrations in aqueous medium or organic sol-

vent. As noted, for both bare and salt controlled suspensions, the
pH was around 8-9. Thus, for aqueous suspensions, pH was main-
tained far above the isoelectric point although it slightly decreased

Table 2. ζ-Potential of the stabilized model silica particle suspensions

Bare aqueous
suspensions

Modified with amino silane in aqueous medium
Modified with

MPTS in THFFA

Salt concentration 10−3 M 10−3 M 10−2 M 10−1 M -
S13S/HS13M −52.7±2.5 mV −48.6±2.8 mV −39.4±2.1 mV −12.8±4.5 mV −0.9±0.4 mV
pH  pH=9.13 pH=8.86 pH=8.48 pH=8.45 -
S51S/HS51M −63.3±2.9 mV −47.2±3.8 mV - - −0.8±0.5 mV
pH  pH=8.88 pH=8.10 - - -

Fig. 1. Shear viscosity as a function of the steady shear rate dur-
ing the upward and downward shear-rate sweep tests for
(a) S51 bare silica suspension of φ=0.48 with [KCl]=10−3 M,
(b) S13 bare silica suspension of φ=0.40 with [KCl]=10−3 M.
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by the surface modification and salt addition. For the MPTS coated
silica particles in organic solvent, the ζ-potential was vanishingly
small. Meanwhile, silica particles that were coated with aminosi-
lane and dispersed in aqueous medium showed slightly weaker ζ-
potential than bare silica particles. However, the coated silica parti-
cles still possessed highly negative ζ-potential and were effectively
stabilized by surface charge. Moreover, the surface charge density
was decreased with an increase in the ionic strength of KCl. This
clearly indicates that the presence of salts decreases both the range
and the magnitude of electrostatic repulsion by reducing the Debye
shielding length and the ζ-potential [Oh et al., 1999; So et al., 2001d].
2. Steady-state Rheological Behavior and Phase Stability of Sil-
ica Suspensions

Generally, deviations from Newtonian behavior are induced by
the combined contributions from the hydrodynamic and non-hydro-

dynamic interparticle interactions and random Brownian motions
under shear field. Thus, the rheological behavior of the semi-dilute
or concentrated suspensions may be very complicated compared to
other homogeneous fluids. Therefore, studies on the flow behavior
and stability of concentrated suspensions are practically important
[Lewis, 2000; Perez et al., 2002; Quemada and Betli, 2002; Stavov
et al., 2002]. In Figs. 1(a) and (b), shear viscosities of bare silica
suspensions of S51 and S13 were plotted for upward and down-
ward shear-rate sweep tests. The particle volume fraction (φ) was
fixed at either 0.48 or 0.40 and the salt (KCl) concentration was
adjusted to 10−3 M. It is noteworthy that stable colloidal dispersions
showed no hysterisis in the shear viscosity versus shear rate during
upward and downward shear-rate sweep measurements. As noted
from Fig. 1, however, concentrated bare silica suspensions showed
appreciable hysteresis at low shear rates. This was clearly because
the bare silica suspensions were weakly flocculated and those floc-

Fig. 2. Shear viscosity as a function of the steady shear rate dur-
ing the upward and downward shear-rate sweep tests for
(a) HS13M, (b) HS51M.

Fig. 3. Shear viscosity as a function of the steady shear rate dur-
ing the upward and downward shear-rate sweep tests for
(a) S13S with [KCl]=10−3 M, (b) S13S with [KCl]=10−2 M.
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culated structures were destroyed under shear field. Therefore, ad-
ditional steric barriers were needed to give sufficient stability by
adsorption of silane coupling agent onto the silica particle surface
as described previously.

In Figs. 2(a) and (b), steady shear viscosity of hard sphere sus-
pensions (HS13M and HS51M) stabilized with MPTS are shown
at various volume fractions. As noted, there was no viscosity hy-
steresis during upward and downward shear rate sweeps, which was
indicative of the fact that those model suspensions were well sta-
bilized in the refractive-index matching organic medium. In case
of HS51M, shear thickening was observed at φ=0.50, which was
due to the considerable interparticle interactions at high shear rates
[Chow and Zukoski, 1995b; Stavov et al., 2002].

In Figs. 3(a) and (b), shear viscosity of S13S suspension stabi-
lized electrosterically was plotted as a function of the shear rate for
various particle volume fractions with [KCl]=10−3 M and 10−2 M,
respectively. Similar to the previous observations in Figs. 2(a) and
(b), typical shear thinning behavior was also observed. Moreover,
up to the highest volume fractions of this study, no hysteresis was
observed, indicating that those model suspensions were also suffi-
ciently stabilized electrosterically. It can be noted from comparison
of Fig. 3(a) and (b) that as the salt concentration increased, the shear
viscosity was reduced. This can be explained by the fact that the
screening effect of KCl and consequent compression of the electri-
cal double layer led to the decrease of the effective volume frac-
tion. Indeed, as noted from Table 2, the magnitude of ζ-potential
was decreased with the increase in the ionic strength. Moreover,
the decrease in the shear viscosity became pronounced at low shear
rates where the interparticle force was dominant. It can be also seen
that when the particle volume fraction was lower than 0.40, the zero-
shear-rate viscosity was measurable. This is because at low particle
volume fractions the suspension had nearly random and isotropic
structure and behaved like Newtonian fluids. Therefore, the viscos-
ity at low shear rates showed a Newtonian plateau. Meanwhile, when
the particle loading exceeded 0.40, the suspensions did not exhibit
the zero-shear-rate viscosity, and instead the viscosity shear thinned
continuously. This is due to the fact that some microstructure was
formed at high concentrations at equilibrium, and this microstruc-
ture was deformed under the imposed shear flow [Foss and Brady,
2000; Brady, 2001].

In order to consider the effects of [KCl] on the flow behavior of
the silica suspensions, the relative shear viscosity was plotted in
Figs. 4(a) and (b). Here, steady rheological behavior of small and
large model particle suspensions was shown for various salt con-
centrations and two different volume fractions (φ=0.45 and 0.40).
Also included for comparison was the relative viscosity of hard sphere
suspensions (HS13M and HS51M), which had the same particle
size. It can be readily noted that as the salt concentration increased,
the relative viscosity decreased and approached the viscosity of the
hard sphere suspension. This clearly implies that the long-range re-
pulsive force diminished with the ionic strength and the charged silica
particles at high salt concentrations behaved like hard spheres. As
mentioned earlier, the increase in salt concentration enhances the
screening effect and compresses the electric double layer, which
reduces the depletion volume and consequently decreases the effec-
tive particle volume fraction. In particular, the change in shear vis-
cosity as a function of the salt concentration was pronounced at low

shear rates in which the interparticle forces were dominant relative
to hydrodynamic forces imposed by the shear flow. As the shear
rate increased, the hydrodynamic contribution became dominant and
the shear viscosities of charge-stabilized suspensions approached
the viscosity of the hard sphere suspension with no interparticle in-
teraction. This is independent of the salt concentration but depen-
dent on the apparent particle volume fraction.
3. Microstructure Transitions of Stabilized Silica Particle Sus-
pensions

Concentrated colloidal suspensions commonly display viscoelas-
tic behavior, which is usually characterized by oscillatory measure-
ment. Generally, microstructure of colloidal suspensions is classified
by purely elastic (solid-like), purely viscous (liquid-like) and inter-
mediate state [Russel et al., 1989; Larson, 1999; Lewis, 2000; Tadros,
1996]. In order to examine the microstructure of model particle sus-
pension, storage (G') and loss (G'') moduli were measured as a func-
tion of the sweep frequency at linear viscoelastic region. Particularly,
we were interested in the storage modulus (G') versus the particle
volume fractions and the salt concentrations to monitor the micro-
structural changes of model particle suspensions.

First, we considered the microstructure of S51S suspension at

Fig. 4. Relative viscosity as a function of the shear rate for (a) S13S
and HS13M at φ=0.45, 0.40, (b) S51S and HS51M at φ=
0.45, 0.40.
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fixed salt concentration of 10−3 M by measuring the storage modu-
lus, which was reproduced in Fig. 5. As noted, a drastic change in
storage modulus (G') was observed in dynamic measurements. The
storage modulus was highly dependent on the frequency at low vol-
ume fractions, but became nearly independent of the frequency at
high volume fractions. This is clearly indicative of the fact that those
suspensions at low volume fractions exhibited typical liquid-like
behavior and the microstructure changed from liquid-like structure
to solid-like structure as the volume fraction increased.

In Figs. 6(a) and (b), the effects of particle volume fraction on
the storage modulus were given as a function of the frequency for
[KCl]=10−3 and 10−2 M, respectively. At a fixed salt concentration,
the storage modulus increased drastically as the volume fraction
increased slightly from 0.40 to 0.47 or 0.48. Moreover, the storage
modulus became nearly independent of the frequency with increase
in the particle volume fractions. Also noted is that the storage mod-
ulus at [KCl]=10−3 M was larger than that at [KCl]=10−2 M. Indeed,
at high salt concentrations, the charge stabilized suspensions dis-
played liquid-like behavior at the volume fraction of φ=0.45. How-
ever, at a very low salt concentration [KCl]=10−3 M, the storage
modulus (G') of the S13S suspension with the volume fraction of
φ=0.45 showed solid-like behavior, i.e., very weak dependence on
the frequency. Thus, at lower salt concentrations, the charge stabi-
lized suspensions exhibited solid-like structure at relatively lower
particle volume fractions.

In addition, the storage modulus (G') of S13S suspension was
measured at φ=0.45 and 0.40 for various salt concentrations and
the results were shown in Fig. 7(a). Also included in Fig. 7(b) was
the storage modulus (G') of HS13M suspension, which behaved
like ‘hard-sphere’ suspension as previously described. It is note-
worthy at this point that the particle size of S13S was one half of
S51S shown in Fig. 5. At high ionic strengths and low volume frac-
tions, S13S suspension showed purely viscous behavior (liquid-
like structure). However, as the salt concentration decreased and
the particle volume increased, the S13S suspension experienced a

phase transition and finally, displayed purely elastic response (solid-
like structure). These observations clearly showed that the long-
range repulsive forces were diminished with the ionic strength and
the microstructure transition of charged suspension was closely re-
lated to the effective size (or volume fraction). In general, as men-
tioned earlier, the microstructural transition of a hard sphere is a
purely entropic process and determined solely by the particle vol-
ume fractions φF=0.494 for freezing φM=0.545 for melting. As shown
in Fig. 7(b), HS13M suspensions underwent a transition from vis-
cous liquid to elastic solid responses as the volume fraction increased.
It is noteworthy that nearly a solid-like response was observed slight-
ly above the freezing point (φF=0.494).

A phase diagram of charge stabilized suspensions was constructed
by using oscillatory measurement. For all charge stabilized suspen-
sions prepared in this study, the phase diagram was constructed in
terms of the nominal (open symbol) or effective (filled symbol) par-
ticle volume fraction and the ionic strength as shown in Fig. 8. In-
deed, the effective volume concentration was decreased due to the

Fig. 5. Storage modulus (G') as a function of the frequency for
charge stabilized S51S silica suspensions with [KCl]=10−3

M.

Fig. 6. Storage modulus (G') as a function of the frequency of
charge stabilized S13S silica suspensions with (a) [KCl]=
10−3 M, (b) [KCl]=10−2 M.
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double layer compressions with the salt concentration [Russel et
al., 1989; Larson, 1999]. Also shown for illustrative purpose was the
phase boundary of hard-sphere suspension in which phase transi-
tion occurs at φF=0.494 for freezing and φM=0.545 for melting. It
can be seen clearly that the phase diagram of electrostatically sta-
bilized suspension was well coincident with the hard-sphere phase
diagram if the effective particle volume fraction was used instead
of the nominal particle volume fraction. Therefore, the phase dia-
gram clearly confirmed that charge stabilized suspensions could be
also characterized by ideal ‘hard-sphere’ suspensions considering
their effective volume determined from the surface charge poten-
tial.

CONCLUSIONS

In the present paper, the monodisperse silica suspensions were
prepared by sol-gel method and their rheological behavior and micro-
structural transition were investigated experimentally. In particular,
the shear viscosity of charge stabilized suspension was measured
and compared with the viscosity of hard sphere suspensions that
have only short-range interactions. Moreover, the storage modulus
(G') of the silica suspensions was measured to probe the transition

from liquid-like to solid-like structure by varying the particle vol-
ume fraction, salt concentration and particle size. The conclusions
from the present investigations are as follows:

1. The electrostatic repulsive forces of charge-stabilized suspen-
sions were controlled by the salt concentration. As the salt concen-
tration increased, the effective volume fraction of charge-stabilized
suspension was decreased and the shear viscosity approached that
of hard sphere suspension.

2. For a charge stabilized particle suspensions, elastic and solid-
like response was enhanced as the particle volume fraction increased.
Moreover, as the salt concentration increased, the transition vol-
ume fraction was also increased.

3. The viscosity at low shear rates was decreased as the particle
size increased. This is due to the fact that the Brownian motion con-
tribution diminished for the larger particle suspension.

4. A phase diagram of charge stabilized suspensions was con-
structed by using dynamic oscillatory measurement. The phase dia-
gram constructed by using the effective particle volume fraction
was well coincident with the hard-sphere phase diagram, and the
charge stabilized suspensions could be characterized by ideal ‘hard-
sphere’ suspension considering their effective volume determined
from the surface charge potential.
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