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Introduction

Traditionally, Gelation time measurement of the chemical and physical gel and their processes have been undertaken by empirical trial and error methods due to the complexity of the flow and gelation behavior. However, these trial and error methods inevitably lead to high process and operation costs. [1]. Clearly, a more systematic method is required, especially for the determination of a gelation point. Several studies have been carried out to measure the gel point [2]. A simple measurement method by steady shear extrapolation has been used to determine the gel point of a polymeric gel by defining the gel point as the time at which its steady shear viscosity begins to diverges [3]. However, the detection of the gel point by steady shear test seems to be ambiguous and very difficult since it is based on an extrapolation as the shear viscosity diverges to infinity, as pointed out by Winter. This method has the following major disadvantages. First, the infinite viscosity can never be measured because of equipment limitations and thus the gel time must be obtained by extrapolation. Second, shear flow may destroy or delay the network formation especially at high shear rates. Finally, the gelation may be confused with vitrification or phase separation as both the processes lead to an infinite viscosity [4].

Meanwhile, the crossover point of the storage and loss moduli 
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 is a good estimate of the gel point of a gel transition material. However, it is only an estimate, because as the gel network structure forms stress relaxation also occurs. Thus, unless measurements on the gelling system are made fast enough, the exact gel point will be obscured by changes due to the stress relaxation. As noted by Winter (1987), the crossover point is only valid for stoichiometrically balanced systems or those with excess hardener. According to Winter and Chambon [3,4], a storage and loss moduli can be expressed as:
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in which S is the material strength constant related to the molecular flexibility, and n is the relaxation exponent (or gel exponent). For stoichiometrically balanced systems, n is 1/2. However, for stoichiometrically imbalanced gel systems of which n is greater than 1/2, the gel point occurs prior to the moduli crossover and detection is more difficult. Generally,
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is measured as a function of time for a given strain at a fixed frequency. This allows a convenient way to describe the kinetics of the gelation process but is obviously insufficient to characterize the viscoelastic behavior at every step of gelation process, particularly in the vicinity of the gel point. One of the main limitations of this technique is related to the experimental time that is needed for the viscoelastic characterization of the gelling system over a reasonable range of frequencies, particularly at low frequencies. Therefore, a more reliable method is needed in order to provide a description of the viscoelastic behavior in the frequency range of interest within the measurement time scales much shorter than the time required for appreciable change in the structure of the system. One possible way is the use of Fourier transform mechanical spectroscopy (FTMS) developed by Holly et al. [5]. The multiwave test has an advantage that a response can be measured instantaneously as a function of the frequency, and thus the response is not influenced by the timescale of test as in the ordinary dynamic frequency sweeps. Because tan( is independent of the frequency at the gel point, the curves pass through a single point and unambiguously define the instant at which the gel forms 

In the present work, the gel point of a hybrid coating solution of TEOS and VTES was determined by the dynamic multiwave test of FTMS for various molar ratios. Also, the gelation behavior of physical gel, which is used as gel electrolyte for lead-acid battery, was measured by multiwave test and other method and compared with the result of chemical gel.  
Experiment

The coating solution was prepared by mixing TEOS (Aldrich, 98%) and VTES (Shin Etsu Silicone, 96%) in ethanol (GR grade, Merck) at a given molar ratio. The mixture was agitated with a magnetic stirrer for 3 minutes to ensure a homogenized state. Then, 0.08 mol of hydrochloric acid (HCl, Junsei) to each mol of alkoxide was added to the mixture to induce the sol-gel reaction. The hydrochloric acid was added into deionized water to control the molarity of acidic water. The molar ratios of ethanol and water to TEOS/VTES mixture were maintained at 1 and 2, respectively. After mixing for 30 minutes, the solution was kept in incubator at various temperatures to investigate the temperature effect on the gelation time. The rheological behavior and the gel point of TEOS/VTES solutions were measured with ARES rheometer (Rheometrics) with no modification. 

Physical gel electrolyte was prepared by mixing sulfuric acid and fumed silica. The gelation behavor of gel electrolyte were measured by Haake and ARES rheometer and UV spectroscopy. Several polymers as binder were tested and compared.
Results and Discussion

As mentioned earlier, the exact gelation time can be determined from the multiwave method in which the decoupled loss tangent for each constituent harmonic is plotted as a function of time. The result was reproduced in Fig. 1 for sample TV37C25. If the proposed method works out, the loss tangents for all frequencies are identical at the gel point, which is solely a material property. Indeed, the loss tangent 
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 vs. time curves for various frequencies determine uniquely the gel point since the loss tangent is independent of the frequency at the gel point

A number of prior studies have suggested that the gel point occurs at the crossover point of the loss and storage moduli. To confirm their suggestion, the loss and storage moduli of sample TV37C25 were plotted as a function of time for two different frequencies ( = 1 and 32 rad/s in Fig. 2. As expected, the loss and storage moduli increased with time. Moreover, the storage modulus grew more rapidly and crossed over the loss modulus as the gelation started at a certain time. It can be easily seen, however, that the crossover point was dependent upon the frequency and occurred earlier at lower frequencies. Specifically, the crossover points were 3336 min and 3384 min for ( =1 and 32, respectively. Although close to the gel point, the crossover point is not identical with the real gelation time. This is because the gelation point is strictly a material property and cannot depend on the frequency of the small amplitude dynamic rheological test. Since the crossover point approaches the real gel point as the frequency decreases, the gel point can be predicted from the gel point in the limit of 
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 To do this, the crossover point of sample TV37C25 was plotted as a function of the frequency in Fig. 3. As noted, the crossover point approached asymptotically the gel point estimated from the multiwave method. Therefore, the extrapolation of the crossover point in the limit of 
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 provided successfully the gel point. However, we could not measure crossover point in our physical gel system as shown in Fig.4. Therefore, other methods, such as maximum storage modulus or minimum UV transmittanc, were used to measure gel point.
Summary

The gelation point and gel structure of the hybrid solutions of TEOS/VTES were considered by examining the dynamic rheological behavior. The multiwave small strain oscillations determined the gel point unambiguously at room temperature. However, at elevated temperatures, the low frequency noise caused by thermal fluctuations led to the scattered gel point and a statistical approach was needed. The general feature of the gelation behavior examined by the rheological responses was in qualitative agreement with the visual observations. However, for the physical gel system, other method was needed to assume exact gel point.
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Fig. 2 Storage and loss moduli of sample TV37C25 as a function of time. Rectangles for ( = 1 rad/s and triangles for ( = 32 rad/s.
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Fig.3 Crossover point of the storage and loss moduli as a function of the frequency for sample TV37C25.
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Fig. 1 Loss tangent of sample TV37C25 as s function of time obtained from the multiwave test.





Fig. 4 Storage and loss moduli of physical gel electrolyte as a function of time. 
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