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1. Introduction

Processing of particle dispersion is frequently encountered in many areas such as paints, composite materials, ceramics, electronic industry, polymers and so on. Generally, the flow of particle dispersions shows highly non-Newtonian behavior even though they are suspended in Newtonian medium [1,2]. Moreover, the deviation from the Newtonian flow behavior becomes pronounced at high volume fractions and under strong flow field. As the solid concentration increases, non-Newtonian behavior is observed at high shear rates. Semi-dilute or moderately concentrated suspension displays shear thinning and high-shear-rate limiting viscosity. When the particles are highly concentrated, the suspension undergoes shear thickening in a continuous or discontinuous fashion by formation of three dimensional particle clustering. When the imposed flow becomes strong, a semi-dilute or moderately concentrated suspension displays shear thinning behavior and the high shear-rate limiting viscosity through the alignment to flow direction [3]. Meanwhile, shear thickening occurs in concentrated suspensions at high shear rates under which the ordered layered or string structure transforms into a disordered network structure by forming particle cluster [4, 5]. For last decades those microstructural transitions of particle suspension have been widely discussed by lots of research groups theoretically and experimentally including advanced experimental techniques such as small angle neutron scattering (SANS) [4] and dichroism [5]. 

In this study, we are to evaluate the microstructure transition and flow behavior of charge dominantly stabilized particle suspension and investigate equilibrium phase diagram of particle suspension in terms of particle concentration and elecrostatic repulsive force. 

2. Experiments

Monodisperse silica particles were synthesized through the sol-gel method using silicon alkoxide precursor (so-called modified Stöber method) [6]. Tetraethylorthosilicate (TEOS; Si(OC2H5)4, Aldrich) and deionized water were used as reactants for preparation of the spherical silica particles with the aid of reaction catalyst of ammonium hydroxide (Aldrich). In order to obtain more concentrated and mono-disperse silica particles, hydrolysis and condensation reaction were carried step-wisely with time interval of 8 hr. Detailed reactant compositions, particle size and surface area were presented in Table 1. Particle size and size distributions of each silica particle synthesized were observed by TEM as shown in Figure 1.  

Table 1. Reactant compositions, particle radius and BET surface area

	
	Seed composition
	1st TEOS
	2nd TEOS
	3rd TEOS
	Mean radius
	BET surface area

	S13
	[TEOS]=0.57M, [NH3]=0.35M, [H2O]=0.85M
	0.57M
	0.57M
	0.57M
	108.52 (5.55nm
	13.04m2/g
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Charge stabilized silica particle suspension, which has long-range interactions were prepared. Synthesized silica particles were centrifuged several times and coated with amino silane coupling agent (N-[3-(Trimethoxysilyl)propyl] ethylenediamine, ((CH3O)3Si(CH2)3NHCH2CH2NH2)). Those steps of adsorption of aminosilane onto silica particles give additional steric repulsive forces when salt concentration increased. Adsorption isotherms of silica particles were also given in Figure 2. After surface coating, 
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silica particles were re-dispersed in distilled water, of which ionic strength was controlled by 10-3M KCl. In order to concentrate particle suspension, silica suspension was dialyzed against polyethylene glycol (M.W.=20,000) dissolved water using dialysis membrane (Molecular weight cut off = 8,000~9,000).

 To determine the exact volume fraction, the density of the suspended silica particle was also determined from the intrinsic viscosity of monodisperse spherical suspension. By measuring the shear viscosity for extremely dilute suspensions using Ubbelohde capillary viscometer, the density of prepared silica particles [image: image4.wmf]S13S 10
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was determined as shown in Figure 3. Finally, the rheological behavior, phase stabilities and microstructural transitions were investigated using ARES rheometer under steady shear and simple oscillatory flow with the temperature of 25oC. 

3. Results and Discussions

Those silica particles were coated with 0.1M aminosilane and the stock solutions were concentrated with dialysis membrane and their salt concentrations were adjusted with the range of 10-3M to 10-1M. As the salt concentration increased, electrostatic repulsive forces might be screened. However, our suspension showed good phase stability independent of salt concentration since the silica suspension was also coated with silane coupling agent, which gave steric barrier. 

[image: image5.wmf]S13S 10

-2

M Frequency Sweep (Strian=1%)

Frequency [rad/s]

0.1

1

10

100

Storage (G') & loss (G'') modulus [Pa]

0.01

0.1

1

10

100

1000

G' 

f

 = 0.478

G'' 

f

 = 0.478

G' 

f

 = 0.450

G'' 

f

 = 0.450

G' 

f

 = 0.400

G'' 

f

 = 0.400

In Figure 4, the steady shear viscosities of S13 silica suspension were plotted as a function of the shear rate with various particle volume fractions. The silica particles in the suspensions considered were charge stabilized dominantly and their repulsive forces were adjusted with salt concentrations. It can be easily seen that suspensions with semi-dilute volume fraction showed stable Newtonian plateau at low shear rate and shear thinning behavior at high shear rate. Moreover, as the volume fraction increased, shear thinning behavior was shown and no hysterics was observed during upward and downward shear rate sweep, which indicates stable, non-flocculated microstructure of particle suspension. 

[image: image6.wmf]2D Graph 1

Salt concentration [M]

1e-3

1e-2

1e-1

f

eff

0.36

0.38

0.40

0.42

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

fluid-like

crystal

fluid-crystal

Microstructure transitions were also examined by using simple oscillatory flow as shown Figure 5. As particle volume fraction increased, storage modulus became independent of frequency, which means microstructure transition occurred from isotropic liquid-like structure to solid-like structure. This microstructure transition observed at different particle volume fraction according to its salt concentration as shown in Figure 5 (a) & (b). It could be explained by considering electrical double layer thickness, which is function of salt concentration. Therefore, we could establish the phase diagram of charge stabilized suspension by adopting effective volume fraction as followed and it could be correlated with hard sphere model as shown in Figure 6.
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(a) [KCl]=10-3M			(b) [KCl]=10-2M


Figure 4. Steady shear viscosity as a function of the shear rate for charge stabilized suspensions with various volume fractions
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(a) [KCl]=10-3M			(b) [KCl]=10-2M


Figure 5. Storage (G’) and loss (G’’) modulus as a function of frequency for charge stabilized suspensions with various volume fractions 
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Figure 6. Phase diagram of charge stabilized silica suspension





� EMBED Unknown  ��� Figure 2. Adsorption isotherms of silica particles with aminosilane coupling agent
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Figure 3. Relative viscosity of the silica suspension as a function of 
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Figure 1. TEM observation result of synthesized silica particles of S13.
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