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INTRODUCTION

Silica particle dispersions are important in many industrial areas such as paints, composites, ceramic and structural materials. Nowadays, among the tremendous applicability of silica suspension, it can be used as abrasive particles in silicon wafer polishing or chemical mechanical polishing in semiconductor fabrication (1,2,3). Generally, silica slurry for wafer polishing is composed of the aqueous colloidal silica and some additives such as polishing accelerator and bactericide. And the aqueous silica slurry should be stabilized by addition of stabilizing agents such as surfactants and polymeric substances to enhance the life-time of the polishing slurry. Therefore, it is of practical significance to investigate the rheological behavior and phase stability of the particle suspensions. Moreover, the preparation of monodisperse silica particles as a model system can offer experimental and theoretical advantages since they can serve as easy standard calibration materials for analytical equipment (4,5,6). 

In the present study, we prepared amorphous colloidal silica suspensions through the growth of commercial seeds such as colloidal silica or fumed silica with the addition of TEOS (3,7). And then we tried to seek the method for appropriate phase stabilization. Therefore, we focused on the stabilization of the prepared aqueous silica suspensions by a polymeric surfactant. The water-soluble PVA has been widely used for the stabilization or flocculation of solid silica particles in an aqueous medium. One of the generally accepted suggestions is that the hydroxyl group (-OH) of PVA gives a strong attraction onto a surface silanol group ((Si-OH) or surface siloxane group ((Si-O-Si() on the silica surface by forming the hydrogen bonding (Tadros, 1978). And to do this, their rheological behavior was also investigated to probe the phase stability of sterically stabilized silica suspension. 

EXPERIMENTAL

In this present study, all silica particle suspensions were prepared in water-ethanol mixture at room temperature using the conventional sol-gel method proposed by Stober et al. (6). We thus synthesized three-types of the silica suspensions labeled as PG2, AG and LG were prepared, and detailed reactant compositions were shown in Table 1. Among these three samples, PG2 were obtained from the direct one-step Stober’s method and the other two samples AG and LG from the two-step growth method using fumed silica and colloidal silica as the seeds, respectively (3,7). Then, the solvent alcohol of the silica suspensions was substituted by distilled water through a vacuum evaporation and ultracentrifuge. To study the stabilization of the aqueous silica particles, PVA (Mw = 8,000~9,000, 80% hydrolyzed, Aldrich) was used as a stabilizing polymeric surfactant. 

Finally, to probe and characterize the dispersion stability of silica particles sterically stabilized by PVA, the rheological behavior was investigated with an ARES rheometer (Rheometric Scientific) under a steady shear rate at 24.5 ( 0.2oC. The series of measurements were performed in a cone-and-plate geometry with a diameter of 50 mm and all the experiments were conducted after the samples were pre-sheared at a constant shear rate 0.025 s-1 for 60 s. 

RESULTS AND DISCUSSIONS
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The average particle diameters of silica particles measured by TEM are contained in Table 1. Also included in Table 1 are the surface areas of the particles determined from a BET apparatus using nitrogen adsorption. In order to consider the phase stability of the prepared silica suspensions rheological measurements were conducted. 

In Fig. 1, the shear viscosity of the bare silica particle suspension of PG2 was illustrated as a function of the shear rate. Since the silica particles were not stabilized, we could expect that the particles were flocculated. Indeed, as noted in Fig. 1, the slope of shear viscosity versus shear rate in log-log scale was –1 at low shear rates. This is indicative of the fact that the yield stress developed. In general, the weakly flocculated suspensions exhibit a yield stress that should be exceeded for the suspension to deform under the shear field. The yield stress is the minimum external stress to break the flocculated structure. Therefore, the suspension of PG2 without polymer surfactant PVA possessed a weakly flocculated structure. The flocculated structure was also observed directly by a TEM. Therefore, a proper steric stabilization was required for the stable silica suspension

In Fig. 2, the steady shear viscosity of the PVA adsorbed silica suspensions was illustrated as a function of the shear rate for various PVA concentrations and pH. In this plot, the silica loading was fixed at 10 wt%. Near the PZC (i.e., around pH 2~3), the electrostatic repulsion diminished and the particles were likely to form flocs. Consequently, the phase stability was severely deteriorated near the PZC of silica. Meanwhile, when the pH of the silica suspension was far away from the PZC, the electrostatic repulsion was sufficiently strong that the suspension sustained its phase stability. Indeed, as shown in Fig. 2, the shear viscosity was independent of the shear rate and displayed a Newtonian flow behavior. Therefore, the flocculated suspensions at pH 2~3, which exhibited irreversible bridging, experienced the pronounced shear thinning over a broad range of the shear rates and the structural breakdown was gradually induced by the increased shear rate. On the other hand, the silica suspension of particle AG did not showed the shear thinning behavior at either pH 3 or 9. It can be explained by the fact that the predominant repulsive forces arose from the relatively small specific surface area of silica particle AG compared to particle LG for a given particle loading. Thus, the surface coverage of PVA was much smaller for particle AG than that for particle LG. Therefore, the dissolved PVA concentration in the suspension of particle AG was much higher than that in the suspension of particle LG. In this concentration range, the higher dissolved concentration led to the better depletion stabilization. Consequently, the suspension of particle AG sustained satisfactory phase stability and behaved like a Newtonian fluid in the entire range of the shear rates. 

CONCLUSIONS

     Various colloidal silica suspensions were synthesized by sol-gel method utilizing a single step Stober’s method or the two-step growth reaction of commercially available silica particles. For the silica suspension without steric stabilization, the flocculated structure was observed. In this case, a yield stress was a rheological evidence of the formation of flocculated structure. The present experimental study showed that for a smaller particle suspension, the steric layer of PVA did not provide satisfactory phase stabilization. Rather, the electrostatic repulsion was the most effective stabilization mechanism for a relatively small particle suspension, and thus, the basic environment was favorable for the better stability. On the other hand, for a larger particle suspension, the steric layer of PVA was shown very effective for the phase stability. In this case, the contribution from electrostatic repulsion diminished, and the dispersion stability was preserved independently of pH in the presence of the dissolved PVA. 
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Table 1. Compositions for the growth reaction and their particle size.

Sample
Seed
TEOS [M]
NH3 [M]
Distilled Water [M]
Average Diameter [nm]

PG2
-
0.20
0.17
2.0
62 ( 2.234

LG
Ludox 0.24 M
0.76
0.13
0.13
47.32 ( 8.615
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AG
Aerosil 0.07 M
0.38
0.18
0.18
124 ( 40.4

Fig. 1 Shear viscosity as a function of the shear rate for the suspension of bare particle PG2.
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Fig. 2 Effects of the phase stability on the viscosity changes as a function of the shear rate for LG and AG suspensions. (open symbol; pH 9, filled symbol; pH 3)
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