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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 behaviors even though they are suspended in Newtonian medium [1,2]. Moreover, the deviation from the Newtonian flow behaviors becomes pronounced at high volume fractions and under strong flow field. When the particle volume fraction is very low, the suspension behaves like a Newtonian fluid as the medium solvent. However, as the solid concentration increases, non-Newtonian behaviors are 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 the high shear-rate limiting viscosity through the alignment to flow direction as a form of string or hexagonally ordered layered structure [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. These phenomena were monitored by advanced experimental techniques such as small angle neutron scattering (SANS) [4] and dichroism [5]. Although many results on the shear thickening have been reported, comprehensive understanding about the transient state of shear thickening still requires additional researches.

However, the microstructure evolutions and related rheological behavior of the particle suspension have not been successfully explained yet especially in terms of the effects of stabilization of the particle dispersion, which is of practical significance. This is the primary thrust of the present study. In the present work, the rheological behaviors and phase stability are investigated for the silica suspensions. The monodisperse silica particles were synthesized successfully through sol-gel method via hydrolysis and condensation of silicon alkoxide [6,7,8]. Moreover, Lee and Yang considered the stabilization effects for two different silane coupling agents such as vinyltriethoxy silane (VTES) and (-methacryloxypropyl triethoxy silane (MPTES) [6]. The results showed that MPTES was more effective than VTES in enhancing the dispersion stability in tetrahydrofurfuryl alcohol (THFFA), which was used as a refractive-index matching solvent. Thus, in this study, particles of about 100~300nm were used extensively in measuring rheological behavior of particle suspensions and the particle surface was coated silane coupling agent. The van der Waals dispersion forces between the particles suspended in good solvent, for example, cyclohexane or tetrahydrofurfuryl alcohol, were shown to be negligible [7]. This is in agreement with the index of refraction and thus with the polarizability of the particles which is virtually the same as that of many organic solvents (nD ( 1.43 ~ 1.45). This feature alone opens up many interesting experimental possibilities [8] (index matching, tracer diffusion) but more importantly it is probably a necessary condition for the intrinsic stability of such model colloidal systems which have a very short-range repulsive pair potential. Therefore, the steric barrier effectively screened the van der Waals dispersion forces and the particles behaved like ‘hard spheres.’ Then, rheological responses of the silica suspensions under simple shear flow were examined as functions of the particle size, volume fraction.

2. Experimental

Monodisperse silica particles were synthesized through the sol-gel method proposed by Stöber et al. [9]. 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, ammonium hydroxide (Aldrich). To induce a proper stabilization, the silane coupling agent, 3-(Trimethoxysilyl)propylmethacrylate (MPTS; (CH3O)3Si(CH2)3OCOC(CH3)=CH2, Aldlich) was coated on the silica particle by chemical adsorption. The model silica particles were obtained from the specific composition of [TEOS]=0.57M, [NH3]=0.70M, [H2O]=1.6M for particle S2 and [TEOS]=0.57M, [NH3]=0.35M, [H2O]=1.7M for particle S1, both in 2 liters of ethanol medium (EP grade, Oriental Chemical). The MPTS was added to the final silica sol solution to ensure the particle stability, and then, the final molar concentration of MPTS in sol solution was estimated as [MPTS]=0.02M. Particle characterizations were performed to examine the particle shape and size including its distribution by transmission electron microscopy (TEM).

The final stock solution was obtained by multistep procedures; namely, synthesis of silica, MPTS coating, and evaporation of alcohol and residual reactants. The stock solutions of the purified silica were used to prepare the final monodisperse silica suspensions with various volume fractions. To render the suspension transparent, and at the same time, to screen the van der Waals attraction, tetrahydrofurfuryl alcohol (THFFA, nD=1.45, Aldrich) was used as a refractive-index matching solvent. 

The final suspension was obtained by mixing thoroughly THFFA and silica stock solution and evaporating the ethanol. The density of the suspended silica particle can be 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 was determined as 1.6(10-3kg/m3. Finally, the particle volume fraction was varied from 0.10 to 0.50 in the prepared suspensions of monodisperse or bimodal distribution. The rheological behaviors were investigated with an Advanced Rheometric Expansion System (ARES) rheometer under steady shear flow and temperature was fixed 25oC. 

3. Results and Discussions

3-1. Characterization of the synthesized silica particles
     Sol-gel reaction under basic environment leads to spherical silica particle through the hydrolysis and condensation reactions of TEOS. Generally, the final particle size depends strongly on the concentrations of base, water and TEOS. In addition, the alcohol that is used as a medium solvent of sol-gel reaction plays on important role in the final size and shape of silica [9]. The synthesized monodisperse silica particles were spherical and the average radii of particles S1 and S2 were 82.5 ( 11.5nm and 170 ( 37.4nm, respectively. TEM images of these silica particles were given in Fig. 1(a). The appreciable size change was not observed after the MPTES adsorption onto the silica surface, implying that the coated layer would be negligibly thin compared with the primary particle size. 

     As a stabilizing agent for the silica particle, the contemporary silane coupling agent has been widely used. The silane coupling agent leads to the particle stabilization in an organic solvent by reaction between the surface silanol groups of silica and the ethoxy groups of silane coupling agent. Owing to the two functional groups of the organic and inorganic moieties, the silane coupling agent can provide a strong adhesion on to the interface between the organic and inor-ganic substances. To render the suspension transparent, and at the same time, to screen the van der Waals attraction, tetrahydrofurfuryl alcohol (THFFA, nD=1.45, Aldrich) was used as a -refractive-index matching solvent as shown in Fig. 1. 
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3-2. Rheological behaviors at various concentrations

First, to determine the final particle volume fraction in the suspension, the density of silica particles should be measured somehow from the present experiment. One of the popular methods in determining the suspended particle density is the application of Einstein equation for the suspension viscosity which is strictly valid for a low volume fraction. According to Einstein equation, the relative viscosity, i.e., the ratio of the suspension viscosity (() to the continuous phase viscosity ((s) is linearly proportional to the particle volume fraction ((), and the proportionality constant is 2.5. In Figure 5, the relative viscosity is plotted as a function of the particle volume fraction for the silica particles dispersed within THFFA medium. Indeed, the best-fitted data (dashed line) was found with the theoretically predicted line by Batchelor rather than Einstein when the particle density was 1.6g/ml at room temperature. Those deviation might be caused by the somewhat higher particle concentration than extremely dilute concentration. Therefore, the data-fitting well coincided with the Batchelor eq., which has considered pair-particle interaction. This particle density value (1.6g/ml) was very close to the previously results reported by Philipse & Vrij [10] and Bender & Wagner [11]. Finally, the suspensions with the various volume fractions (=0.05~0.50 of the silica particles could be prepared in THFFA solvent with the measured density. 

In Fig. 2(b), the steady shear viscosity is plotted as a function of the shear rate for the suspensions S2 with various particle volume fractions from (=0.10 and (=0.50, respectively. The particles in the suspensions considered in Fig. 4 were treated with 0.02M MPTS when the particles were prepared as a stock solution. It can be easily seen that suspensions with low volume fraction showed stable Newtonian flow behavior. However, as the volume fraction increased, shear thinning behavior was shown and when the volume fraction is higher than 0.40, yield stress is appeared. It is worth note that the slope of the plots of the shear viscosity versus the shear rate is about –1. Particularly, when the particle volume fraction is about 0.50, the particles suspension starts to get a ordered structure such as FCC and HCP, as discussed above. When ordered phase are forced to flow, one typically observes a yield stress above which macrocrystal orients so that the direction of closed packing of the spheres is aligned to flow veolcity, while the planes containing the closest packings are parallel to the shearing surfaces. Thus, at low shear rates, the partially three-dimensional ordered structure transforms into a two-dimensional layered structure that permits continuous deformation. Therefore, the viscosity drops drastically.
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4. Summary

In the present paper, mono-dispersed silica particle suspensions were prepared by the sol-gel method to examine the rheological behaviors of the silica particle suspensions. The conclusions from the present investigations are as follows;

1. To render the suspension transparent, and at the same time, to screen the van der Waals attraction, tetrahydrofurfuryl alcohol (THFFA, nD=1.45, Aldrich) was used as a refractive-index matching solvent. By measuring the shear viscosity for extremely dilute suspensions using Ubbelohde capillary viscometer, the density of prepared silica particles was determined as 1.6(10-3kg/m3. The effects of surface modification on the suspension stability were also considered for different particle size and volume fractions from ( = 0.05 and ( = 0.50.

2. Flow-induced microstructure was detected possibly by the rheological measurements. For the untreated bare particle suspension, the micro-phase domains or the particle aggregates which were present at low shear rates were broken up as the shear rate increased. 

3. The silane coupling agent such as MPTS were effective in enhancing the suspension stability. Surface modification with the silane coupling agent MPTS, gave rise to the effective steric repulsion between the particles even at relatively high volume fractions. Consequently, the MPTES coated suspensions showed smooth shear thinning.  
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Figure 1. TEM images of silica particles (a) S1 (82.5nm), (b) S2 (170.0nm) (c) Refractive index matching of silica suspension. Left-hand sample is 20vol% S2 silica dispersed in ethanol medium and right-hand sample is dispersed in THFFA medium. 
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Fig. 2 (a) Relative viscosity of a dilute silica suspension dispersed within THFFA medium as a function of the volume fraction (data points were fitted with dashed line) (b) The steady shear viscosity as a function of the shear rate for the suspensions S2 with various particle volume fractions from (=0.10 to (=0.50 
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