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Abstract—Dispersion stability and microstructurd transition of colloida silica sugpensions were examined by rhe-
ologica measurements under either steady simple shear or oscillatory flow. Monodisperse silica particles were prepared
by the so-called modified Stéber method and were stahilized by either steric or eectrostatic 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; (CH,0),Si(CH,);OCOC(CH,)=CH,) were dispersed in a refractive-index matching solvent, tetrahydrofur-
furyl dcohol. 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 ((CH,0),Si(CH,),NHCH,CH,NH,). In this case, the electrogtatic repulsion or equiva-
lently the softness of the silica spheres was controlled by the ionic strength using a symmetric salt KCI. Both the hard-
sphere and soft-gphere sugpensions 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 microstructurd 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 microgtructure of colloidd particle dis-
persons have been dudied intendvely because of their practica
sgnificancein paints, polymers, ceramics, composite meaterids, coat-
ing proceses, as well as the dectronic industry [Lewis, 2000]. In
paticular, metd oxide suspensons have attracted condderable atten-
tion in digperson gabilization and the dectronic materias [Tadros,
1996; So et d., 20014, b.

Usudly, particle digperson 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-
paticle interactions. As the imposad flow becomes strong, semi-
dilute and concentrated sugpensions often exhibit sheer thinning
and/or shear thickening, following a gradua decrease or increase
in the sheer visoogity. Practically, continuous or discontinuous shear
thickening causes savere damage on the particulate process and evenr
tualy deteriorates productivity [Barnes, 19893, 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 suspensons can
be controlled by the particle shape, dze digribution, interparticle
forces, and the volume fraction of the digpersed phase.

In generd, monodisperse hard ohere sugpenson beginsto order
into a macrocrystaline structure of face centered cubic (FCC) or
hexagondly close packing (HCP), when the particle volume frac-
tion (¢) exceeds 0.5 under equilibrium condition with no imposed
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flow. Further, when 0.5<¢<0.55, the random disordered phase and
the colloidd crysdline phase coexist [RussH et d., 1989; Gast and
Russd, 1998; Larson, 1999]. However, charge stabilized suspen-
dons form macrocrygdline sructure a much lower volume frac-
tions compared with hard sphere suspensions. Thisis due to sronger
long-range repulsveinterpartide interactions of dectrodaticdly sa-
bilized suspenson [RusH et d., 1989; Kose et d., 1973; Kose and
Hachiqu, 1976; Chen e d., 1994; Chow and Zukoski, 19954]. There-
fore, charge qabilized polymer latices such as polystyrene or poly-
methd methacrylate show ‘soft” sphere behavior; the rheologicd re-
goonses of these latex suspengions have been sudied extensvely
[Chene d., 1994; Chow and Zukoski, 19953, b; Laun et d., 1992).
Recently, some works have been reported about the rheologica be-
havior and interpartide interactions of charge stabilized metd oxide
particle sugpensions such as slica and dumina [Fagan and Zuko-
ki, 1997; Franks et d., 2000]. However, the microdructurd trang-
tions and rhedlogicd behavior in terms of theinterpartideinteractions
have not been dearly explained and it is ill chalenging to sudy
comprehensively by teking into account both the interparticle forces
and the types and strength of flow.

In the present sudy, the rheologicd behavior of slica patide
sugpensions was examined by varying the strength of the interpar-
ticle forces Monodisperse shericd dlica particles have been syn-
thesized successfully through sol-gd method [St6ber et d., 1968;
Bogush et d., 1988; Philipse and Vrij, 1989]. In our group, the Sa-
bilization effects and microgtructurd changes for hard sphere silica
sugpensions have been considered by using various slane coupling
agents, vinyltriethoxy slane (VTES), ymethacryloxypropyl triethoxy
slane (MPTES) and 3-(trimethoxyslyl)propyl methacrylate (MPTS)
[Leeand Yang, 1998; Leeet d., 1999; So et d., 2001c, d]. Thesyn
thesized monodisperse slica partides can be gabilized with aslane
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coupling agent and used for the preparation of sericaly stabilized
ugpension in either organic or agueous medium, which show hard
gphere or oft sphere characteridics. Particularly, slica partidesin
aqueous medium possess subgtantiad surface charges. Consequently,
the dlica partides are sabilized predominantly by dectrodatic repul-
Son when the thickness of geric barrier is much smdler than the
range of the eectrodtetic repulson. Meanwhile, the dectrodatic re-
pulsive forces can be controlled by varying the ionic strength (or
st concentration) and pH. In the subsequent sections, the digper-
son gability was examined by measuring rheological responses of
the gtahilized slica sugpensons under steedy shear flow. In addi-
tion, the microtructurd trangtion of agueous slica sugpensons
from liquid-like to solid-like structure was confirmed by monitor-
ing the storage modulus (G) under oscillatory shear flow for var-
ious partide volume fractions and sdt concentrations. Findly, aphase
diagram in terms of the particle volume fraction and ionic strength
was condructed by the rheologica responses under ostillatory flow
for dectrogaticaly sabilized slica particle sugpensons.

EXPERIMENTAL

Monodisperse slica particles were synthesized through the so-
caled modified Stéber method in ethanol (Orienta Chem.) medium.
Tetragthylorthosilicate (TEOS; Si(OC,Hs),, Aldrich) and deionized
water were used as reectants for preparation of the sphericd dlica
particdes with the aid of ammonium hydroxide (Aldrich) as areac-
tion and morphologicd catdyst,. Ethanol was purified twice by dis-
tillation and al other chemicaswere usad as received. The pattide
szewas controlled by varying the concentrations of water and am-
monia In order to prepare concentrated monodisperse slica sus-
pendons, hydrolysis and condensation reactions were conducted
by step-wise dosage of slicon dkoxide precursor, TEOS with the
timeinterva of 12 hrs as suggested by Bogush et dl. [1988]. In this
way, monodigperse mode slica partides with different sze were
obtained. Detailed compostions of the reactants, partide sizes and
BET aurface aress of the dlica partides prepared by a single sep
and three-gep synthetic processeswere ummarized in Teble 1. Here-
after, large and amdl modd silica particles are designated as S51
and S13, respectively.

For the preparation of hard-sphere sugpensions, 3-(trimethoxysilyl)
propyl methecrylate (MPTS; (CH;0),S(CH,);OCOC(CH;)=CH,,
Aldrich) were coated on the purified slica particles by chemicd
adsorption after sep-wise paticle synthesis. The prepared slica
particles were purified by washing 6-7 times with didtilled ethanol
and ultracentrifugation. To enaure hard-phere suspensions by screen+
ing the van der Wadls dtraction, tetrahydrofurfuryl dcohal (THFFA,
Aldrich) was used as a refractive-index (n,=1.45) matching sol-

vent. Through the surface modification of dlica partides any re-
ddud interpartide interaction could be removed effectively and
the suspenson showed ‘hard sphere’ behavior. The detailed proce-
dure of the surface modification and adsorption behavior of MPTS
onto slicapartideswere described in theliterature [Lee et d., 1999;
So et d., 2001c, d]. Heresfter, the MPTS coated hard-sphere sus
pensions are designated as HS13M or HS61IM according to their
patidesizes

Meanwhile, dectrogdicaly sabilized sSlica sugpendonswith long-
range repulsive interactions were prepared in agueous medium. In
this case, the dlica surface was modified with rdaively short ami-
nosilane coupling agent, N-[3-(Trimethoxysilyl)propyl] ethylenedi-
amine ((CH;0),Si(CH,);NHCH,CH,NH,), Aldrich). Synthesized
gock slica partices were washed with deionized water and ultra
centrifuged 7 or 8 timesin order to remove resdud reactants. Then,
the cleaned dllica particles were coated with amino silane coupling
agent, N-[3-(TrimethoxysiIyl)propyl]ethylenediamine in deionized
water. After the surface modification with aminosilane coupling
agent, slica particles were separated from the mixture by ultracen-
trifugation and re-dispersed in didtilled water. The ionic drength
was controlled by changing KCl concentration from 107 to 10™* M.
In order to increase the partide loading, the silica suspenson was
didyzed againg a dilute agueous polyethyleneglycal (PEG, M.W.=
20,000; Junsel) solution. During didydis, the sdt concentration was
aso adjugted by usng adidysis membrane with molecular weight
cut-off of 6,000-8,000. The KCI didyss solutions with dissolved
PEG were replaced with a fresh one severd timesin 48 hr. There-
aulting particle suspensions were aged for at leadt three weeks and
henceforth desgnated as S13S and S51S according to the particle
sze. The concentrated suspensions at low st concentrations were
dightly iridescent or exhibited adightly bluish hue because of Bragg
diffraction.

In order to determine the particle volume fraction, the dengity of
suspended slica particle was estimated from the intrindc viscosity
of monodisperse spherica suspension a extreme dilutions. By mes:
auring the viscogty for extremdy dilute suspensions using an Ubbe
lohde capillary viscometer, we determined the density of prepared
slica partides as 1.62x10°° kg/n?’, 1.70x10° kg/m® for S13 and
B, respectively [So e d., 2001c, d]. The weght fraction of eech
uspension was converted to the volume fraction by using the pre-
determined dendty vaue.

For charged sllica particles, the -potentid of slica suspension
was measured by the dectrophoretic light scattering (Brookhaven);
the result is shown in Table2. The rheologica behavior was moni-
tored by a fluid rheometer (ARES) under either Seady or ocilla-
tory shear flow in Couette geometry. A series of deady shear vis
cogty measurements were performed after the samples were pre-

Table 1. Compostions of thereactantsin synthesisof model silica particles BET surface area, and adsorbed amount of coupling agent

o Meanradius BET surfacearea Number of adsorbed coupling agent [/nm? SIO,]
Reactant composition ) - -
[nm] [m/g] Amino silane MPTS
S13 [TEOS]=0.57+0.57+0.57+0.57 M, 108.52+5.55 13.04 11.6 (S139) 82.2 (HS13M)
[NH;]=0.35 M, [H,0]=0.85 M
S51 [TEOS|=0.57+0.57 M, 272.78+1.97 5.97 22.7 (Sb1S) 116.8 (HS51M)

[NH;]=0.71 M, [H,0]=5.0 M
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Table 2. -Potential of the stabilized modée silica particle suspensions

Bare agueous . . L . ' Modified with

SUSpeNsions Modified with amino silane in agueous medium MPTSin THEFA
Sdt concentration 10°M 10°M 10°M 10'M -
S139HS13M -52.7+2.5mV -48.6x2.8 mV -39.4+21 mV -12.8+45mV -0.9+04 mVv
pH pH=9.13 pH=8.86 pH=8.48 pH=8.45 -
S51SHS5IM -63.3x2.9 mV -47.2+3.8mV - - -0.8+0.5mV
pH pH=8.88 pH=8.10 - - -

sheared a acondant shear rate of 0.025s™ for 60 s Frequency sweep
messurements in oscillatory sheer flow were performed in the range
of linear viscodedticity predetermined by strain sweep test. All rhe-
ologicd measurements were conducted at a fixed temperature of
25°C.

RESULTS AND DISCUSSIONS

1. Characterization of the Modd Silica Suspensions

The synthesized monodisperse silica particles were sohericd and
the average partidle radii of S13 and S51 were 108.52+552 nm
and 272.78+1.97 nm, as shown in Table 1. It can be noted thet high
ammonia content produced large partides with uniform size digtri-
bution.

To confirm the adsorption of various silane coupling agents onto
the dlica partides, adsorption behavior was cheracterized in our
previous report [So et d., 2001d]. The adsorption isotherm of MPTS
onto slica particles was determined by monitoring of free MPTS
concentrations usng UV-visble spectrascopy. Clear supernatant
solutions containing free dlane coupling agent were separated by
ultra-centrifugetion 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 aminasilane coupling agent was dso characterized. The
adsorbed amount of aminosilane coupling agent was directly mea:
sured by monitoring the nitrogen dement level of the modd slica
patides After surface modification with aminosilane coupling agent,
dlica particleswere separated from the mixture of aminosilane cou-
pling agent and aqueous stock silica sugpengon by ultracentrifuge:
tion. The adsorbed amounts of nitrogen were determined by de-
ment andyss and normaized with the resuits for bare slica par-
ticles. These adsorbed amounts were fitted to Langmuir-type ad-
sorption equaion and the saturated adsorption amounts per BET
surface area were a0 shown in Table 1. From those saturated ad-
orption amounts, the effect of ammonium hydroxide, which is mor-
phologicd catdys in synthesizing Sep, was condderable in the ad-
sorption process of slane coupling agent. Although the normalized
adsorbed amounts of coupling agent for different Szed particlesare
usudly fitted on the same curve, the chemicdly adsorbed amounts
of slane coupling agent deviate as given in Table 1 for MPTS and
amino slane coupling agent. Those deviations could be explained
by the differencesin surface hydroxyl group densities for each mod-
d dlica paticles, which could be originaing in different ammo-
nium hydroxide dosage.

The {-potentids of the bare and surface modified slica partides
areliged in Table 2. The {-potentias of slica goheres were given
for various st concentrations in aqueous medium or organic ol-

vert. As noted, for both bare and sdt controlled suspensions, the
pH was around 8-9. Thus, for agueous suspensions, pH was main-
tained far above the isoelectric point athough it dightly decressed

10—
O Steady sweep; Up-ward
v  Steady sweep; Down-ward

—_
m
©
o
[
> 1t
=
a
o
o
2
>
S
S
)
<
7]

0.1t

Lol L1l il PR | L
0.01 0.1 1 10 100 1000
Shear rate [s™"]
1r O Steady sweep; Up-ward K
[ v  Steady sweep; Down-ward |/
p—
M
©
o
Tl
>
E
7]
3 0.1
et
>
S
©
o
£
n
001 = 1 Ll

0.01 0.1 1 10 100 1000
Shear rate [s'1]

Fig. 1. Shear viscosity as a function of the steady shear rate dur-
ing the upward and downward sheer-rate sveep tests for
(@) 1 baresilica supendon of =048 with [KCI]=10°M,
(b) S13 bareslica sugpension of @=0.40 with [KCI]=10°M.
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by the surface modification and sdt addition. For the MPTS coated
dlica particles in organic solvent, the {-potentia was vanishingly
gmdl. Meanwhile, slica particles that were coated with aminos-
lane and dipersed in agueous medium showed dightly wesker ¢-
potentid than bare slica particles. However, the coated silica parti-
cesdill possessad highly negative {-potentid and were effectively
sehilized by surface charge. Moreover, the surface charge density
was decreasad with an increase in the ionic grength of KCI. This
dearly indicates that the presence of sdts decreases both the range
and the magnitude of eectrogtatic repulsion by reducing the Debye
shidding length and the {-patentid [Oh et d., 1999; Soet d., 2001d].
2. Steady-gtate Rheological Behavior and Phase Sability of SiI-
ica Suspensions

Generdly, deviations from Newtonian behavior are induced by
the combined contributions from the hydrodynamic and non-hydro-
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Fig. 2. Shear viscosity as a function of the steady shear rate dur-
ing the upward and downward shear-rate sweep tests for
(@) HS13M, (b) HS51M.
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dynamic interparticle interactions and random Brownian motions
under shear fidd. Thus, the rhedlogicd behavior of the semi-dilute
or concentrated sugpensions may be very complicated compared to
other homogeneous fluids. Therefore, sudies on the flow behavior
and gability of concentrated suspensions are practicaly important
[Lewis, 2000; Perez et d., 2002; Quemada and Betli, 2002, Stavov
et d., 2002). In Figs 1(a) and (b), shear viscosties of bare slica
sugpensions of Sb1 and S13 were plotted for upward and down-
ward shear-rate sweep tets The particle volume fraction (¢) was
fixed a ether 0.48 or 0.40 and the sdt (KCl) concentration was
adjusted to 107 M. It is nateworthy that stable colloiddl dispersons
showed no hygterigsin the shear viscodity versus shear rate during
upward and downward shear-rate Sveep messurements. As noted
from Fig. 1, however, concentrated bare slica suspensions showed
gpopreciable hysteresis a low shear rates. This was dearly because
the bare dlica suspensions were weekly flocculated and those floc-
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Fig. 3. Shear viscosity as a function of the steady shear rate dur-
ing the upward and downward sheer-rate sveep tests for
(@) S13Swith [KCI]=10° M, (b) S13Swith [K CI]=102 M.
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culated structures were destroyed under shear fidd. Therefore, ad-
ditiond geric barriers were needed to give sufficient stability by
adsorption of silane coupling agent onto the silica particle surface
as described previoudy.

In Fgs 2(a) and (b), Seady shear viscosty of hard sphere sus
pensons (HSL3M and HS51M) gahilized with MPTS are shown
a various volume fractions. As noted, there was no viscosty hy-
geresis during upward and downward sheer rate siveeps, which was
indicative of the fact that those mode suspensions were well ga
bilized in the refractive-index matching organic medium. In case
of HS51M, shear thickening was observed a ¢=0.50, which was
due to the consderable interparticle interactions a high sheer rates
[Chow and Zukoski, 1995b; Stavov et d., 2002)].

In Figs 3(@) and (b), shear viscodty of S13S sugpenson dabi-
lized dectrogericaly was plotted as a function of the sheer rate for
various particle volume fractions with [KCl]=10°M and 10 M,
respectively. Smilar to the previous observations in Figs. 2(a) and
(b), typica shear thinning behavior was aso observed. Moreover,
up to the highest volume fractions of this sudy, no hyseresis was
observed, indicating that those mode suspensions were aso auffi-
ciently stabilized dectrogtericaly. It can be noted from comparison
of Fig. 3(a) and (b) that asthe sdt concentration increesed, the shear
viscosity was reduced. This can be explained by the fact thet the
screening effect of KCl and consequent compression of the dectri-
cd double layer led to the decrease of the effective volume frac-
tion. Indeed, as noted from Table 2, the magnitude of {-potentia
was decreased with the increase in the ionic srength. Moreover,
the decrease in the shear viscogity became pronounced et low shear
rates where the interparticle force was dominant. It can be dso seen
that when the partidle volume fraction was lower than 0.40, the zero-
shear-rate viscodty was measurable. Thisisbecause a low partide
volume fractions the sugpenson had nearly random and isotropic
Sructure and behaved like Newtonian fluids. Therefore, the viscos:
ity a low shear rates showed a Newtonian plateau. Mearwhile, when
the particle loading exceeded 0.40, the sugpensions did not exhibit
the zero-shear-rate viscosity, and ingead the viscosity shear thinned
continuoudy. This is due to the fact that Some microgructure was
formed at high concentrations at eguilibrium, and this microstruc-
ture was deformed under the imposed sheer flow [Foss and Brady,
2000; Bradly, 2001].

In order to consder the effects of [KCI] on the flow behavior of
the slica suspensons, the rdative shear viscosty wes plotted in
Fgs 4(a) and (b). Here, steady rheologicd behavior of smal and
large modd particle suspengons was shown for various sdt con-
centretions and two different volume fractions (¢=0.45 and 0.40).
Alsoinduded for comperison was the rdive viscosty of hard sohere
ugpensons (HS13M and HS51M), which had the same particle
sze. It can be readily noted thet as the sdt concentration increased,
the reldive viscosity decreased and approached the viscosity of the
hard sphere suspenson. This dlearly implies that the long-range re-
pulsive force diminished with the ionic strength and the charged dllica
patides a high sdt concentrations behaved like hard spheres. As
mentioned earlier, the increase in sAt concentration enhances the
screening effect and compresses the dectric double layer, which
reduces the depletion volume and consequently decreases the effec-
tive partide volume fraction. In particular, the change in shear vis:
cosity asafunction of the salt concentration was pronounced a low
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Fig. 4. Rdative viscosty asafunction of the shear ratefor (a) S13S
and HS13M at ¢=0.45, 0.40, (b) S51Sand HS51IM at ¢=
0.45, 0.40.

shear ratesin which the interparticle forces were dominant rdative
to hydrodynamic forces imposed by the shear flow. As the shear
rate increased, the hydrodynamic contribution became dominant and
the shear viscogties of charge-gtabilized suspensons goproached
the viscodty of the hard sphere suspension with no interparticle in-
teraction. This is independent of the sat concentration but depen-
dent on the apparent particle volume fraction.
3. Microdructure Trangtions of Sabilized Slica Partide Sus
pensons

Concentrated colloidd suspensions commonly display viscodas
tic behavior, which is usudly characterized by oscillatory meesure-
ment. Generdly, microgructure of colloidd suspendonsis dassified
by purely dadtic (solid-ike), purey viscous (liquid-like) and inter-
medite date [RusH et d., 1989; Larson, 1999; Lewis 2000; Tadros,
1996]. In order to examine the microgtructure of modd partide sus-
pension, storage (G) and loss (G) moduli were measured as a func-
tion of the sweep frequency a linear viscodadic region. Paticularly,
we were interested in the storage modulus (G) versus the partide
volume fractions and the salt concentrations to monitor the micro-
gructura changes of mode partide suspensions.

Fird, we conddered the microgructure of S51S suspension at
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the storage modulus increesed dradtically as the volume fraction
increased dightly from 0.40 to 0.47 or 0.48. Moreover, the Sorage
modulus became nearly independent of the frequency with increese
in the particle volume fractions. Also noted is thet the Sorage mod-
ulusa [KCI]=10°M was larger than that a [KCI]=102 M. Indeed,
a high st concentrations, the charge stabilized suspensions dis-
played liquid-like behavior at the volume fraction of ¢=0.45. How-
ever, a a very low sdt concentration [KCI]=10"° M, the storage
modulus (G) of the S13S suspension with the volume fraction of
@=0.45 showed solid-like behavior, i.e, very weak dependence on
the frequency. Thus, a lower sdt concentrations, the charge stabi-
lized suspensons exhibited solid-like Structure a rdaively lower
particde volumefractions.

In addition, the storage modulus (G) of S13S suspension was
meesured a ¢=0.45 and 0.40 for various sdt concentrations and
the results were shown in Fig. 7(8). Also included in Fg. 7(b) was
the storage modulus (G) of HS13M suspension, which behaved
like *hard-gphereé suspendon as previoudy described. It is note-
worthy a this point that the particle sze of S13S was one hdf of
FH1S shownin Fg. 5. At high ionic srengths and low volume frac-
tions, S13S sugpenson showed purely viscous behavior (liquid-
like gructure). However, as the sdt concentration decreased and
the particdle volume increased, the S13S sugpension experienced a
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Fig. 6. Storage modulus (G') as a function of the frequency of
charge gabilized S13S slica suspensons with (a) [KCl]=
10 M, (b) [KCI]=102M.

phase trangtion and findly, displayed purdy dastic response (solid-
like structure). These obsarvations dearly showed that the long-
range repulgve forces were diminished with the ionic strength and
the microgtructure trandtion of charged suspenson was closdly re-
lated to the effective size (or volume fraction). In generd, as men-
tioned earlier, the microgtructurd trangtion of a hard sphere is a
purely entropic process and determined soldly by the particle vol-
ume fractions @=0.4%4 for freezing ¢,=0.545 for mdting. Asshown
in Fg. 7(b), HS13M suspensions underwent a trangtion from vis-
cousliguid to dadtic solid regponses as the valume fraction increesed.
It isnateworthy thet nearly asolid-like regponse was observed dight-
ly above the freezing point (@¢=0.494).

A phase diagram of charge Stabilized suspengons weas condructed
by using oscillatory measurement. For dl charge Stabilized suspen-
sons prepared in this Sudy, the phase diagram was constructed in
terms of the nomind (open symbal) or effective (filled symbal) par-
ticle volume fraction and the ionic strength as shown in Fig. 8. In-
deed, the effective volume concentration was decreased due to the
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Fig. 7. Storage modulus (G') as a function of the frequency for (a)
charge stabilized S13S silica suspensions, (b) HS13M.

double layer compressions with the sdt concentration [Russel et
d., 1989; Larson, 1999]. Also shown for illudtrative purpose was the
phase boundary of hard-sphere sugpension in which phase trang-
tion occurs a =049 for freezing and @,=0.545 for mdlting. It
can be seen dlearly that the phase diagram of dectrodaticaly sa
bilized sugpenson was well coincident with the hard-gphere phase
diagram if the effective particle volume fraction was used ingtead
of the nomind particle volume fraction. Therefore, the phese dia-
gram dearly confirmed that charge stabilized suspensons could be
a0 characterized by ided ‘hard-sphere suspensions congdering
ther effective volume determined from the surface charge poten-
tid.

CONCLUSIONS

In the present paper, the monodigperse slica sugpensions were
prepared by sol-gd method and their rhedlogicd behavior and micro-
gructurd trangtion were investigated experimentaly. In particular,
the shear viscodty of charge abilized suspension was messured
and compared with the viscogty of hard sphere suspensions that
have only short-range interactions. Moreover, the sorage modulus
(G) of the silica supensions was measured to probe the transition
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Fig. 8. Phase diagram of charge sabilized slica suspensonsdeter-
mined from oscillatory storage modulus measurement.
Dashed lines are phase boundaries for ideal hard sphere
suspensions.

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

1. The dectrogtatic repulsive forces of charge-gtabilized suspen+
sonswere controlled by the sdt concentration. Asthe sdt concen-
tration increasad, the effective volume fraction of charge-dtabilized
uspension was decreased and the shear viscosity gpproached thet
of hard sphere suspension.

2. For acharge sabilized particle sugpendons, dagtic and solid-
like response was enhanced as the partide volume fraction increased.
Moreover, as the sat concentration incressed, the trandtion vol-
ume fraction was aso increased.

3. The viscogty at low shear rates was decreased asthe partide
dzeincreasad. Thisis dueto thefact that the Brownian motion con-
tribution diminished for the larger particle suspension.

4. A phase diagram of charge stabilized suspensions was cor-
sructed by using dynamic oscillatory meesurement. The phase dia
gram congructed by using the effective particle volume fraction
was wdl coincident with the hard-sphere phase diagram, and the
charge gahilized suspensions could be characterized by ided ‘hard-
sphere’ suspension conddering ther effective volume determined
from the surface charge potentid.
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