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Abstract- Polyethylene oxide (PEO) is a water-soluble polymer that is widely used as a model system to examine fundamental proceses. This paper details an investigation into the physical, thermal and electrical properties of PEO-based nanocomposites containing a highly hydrophilic boehmite nanofiller. The boehmite was dispersed into the PEO in solution in distilled water, by using controlled shear conditions, and the properties of the resulting materials were then studied. Dispersion was analysed during the solution rheology phase and the crystallisation and melting behaviour were examined using differenial scanning calorimetry. The AC ramp electrical breakdown strength and dielectric response were also analysed. 

I.    INTRODUCTION

   Much interest has been shown in polymer-based nanocomposites, ever since the initial work by Toyota began in the early 1990’s. Consequently, many investigations into polymer nanocomposites and nanodielectrics are now being undertaken, in both the research and industrial sectors. However, for such materials, it has been shown that the properties of the final material are strongly dependent on the dispersion of any fillers within the host polymer. Such dispersion is determined by both the fundamental chemical interactions that occur within the system and by imposed processing conditions. In the case of many technologically relevant nanodielectrics, high dispersion is not easily achieved and, to complicate matters further, the true dispersion state is not readily quantified. Under such circumstances, deconvoluting the direct effect of the nanofiller from unwanted aggregation effects is not easy. 

   This study was therefore undertaken with two objectives. First, by working with systems that are intrinsically compatible, high levels of dispersion should be attainable and intrinsic modes of behaviour revealed, without the complications caused by varying degrees of unwanted aggregation. Second, by working with systems that are readily dispersed in water, the effect of the nanofiller on the flow characteristics of the system will be revealed; a potentially useful quality control approach when processing technologically important polymers such as epoxies.  

II.   EXPERIMENTAL

   The PEO systems used in this study were obtained from Sigma-Aldrich and supplied in granular form. Three molecular weight PEOs were used - 100,000 g mol-1, 400,000 g mol-1 and 1,000,000 g mol-1, which are referred to as 100k, 400k and 1M, for the sake of convenience. Samples in the form of 20 ml solutions were generated according to the required weight-weight ratio. Throughout this paper, a notation is used to describe the various systems which specifies firstly, the concentration of polymer in water, and secondly, the percentage of boehmite in the final dried PEO. Thus, for example, 5% 400k PEO 5% BO represents a system containing 100 parts water, 5 parts PEO of molar mass 400,000 g mol-1 and 0.25 parts boehmite. The PEO and boehmite were added to the water at the same time and hand mixing was used to provided basic dispersion. At higher PEO molar masses and higher boehmite concentrations, a longer mixing time was required to produce visually, well-dispersed specimens. To counter water loss through evaporation, the samples were weighed and checked frequently, with addition of distilled water where necessary. 

   The above materials were first characterised in solution, using a RHEOLAB MC1 Paar Physica cup-bob rheometer. In addition to providing rheological data, this could also assist in dispersing the nanofiller into the polymer solution [1]. Differential scanning calorimetry (DSC) was used to provide evidence of solid state interactions between the PEO and the boehmite. Samples prepared as above were dried at room temperature before 5-6 mg was placed into DSC cans and sealed. The DSC used in this investigation was a power compensated Perkin-Elmer DSC 7 with a nitrogen feed. Perkin-Elmer Pyris software was used for instrument control and data capture and analysis. The DSC was calibrated using melt traces from an indium sample, a method commonly used for calibration [2]. For calculation of Tc values an isothermal scan was taken from 80-20 0C and from 20-80 0C for Tm. To avoid detection of thermal history effects on the samples, all isothermal scans were performed after a 5 minute hold command at a high temperature. 

   For electrical tests, samples were first de-gassed in a vacuum oven held at 80 0C although, as explained elsewhere [3], this process was only applied to the 1M and 400k PEO systems. A Grazeby Specac press was then used to press air-free samples to a thickness of around 100 (m for AC breakdown and 400 (m for dielectric spectroscopy. To quench the discs after pressing, a chilled press held at 0 0C was used. For each material 40 breakdown sites were used to generate a healthy population for analysis. The test cell contained silicone oil covering the sample and lower electrode. The electrodes were 6.3 mm steel ball bearings and were changed after every other sample. The linearity of the AC ramp rate was checked daily using an arbitrary thick plastic plate while observing the voltage as a function of time. The data were analysed using a two parameter Weibull equation with maximum likelihood confidence bounds. An SI 1260 impedance/gain-phase analyzer connected to a 1296 Solartron instrument was used in conjunction with a custom built sample cell to provide dielectric data. The samples, 400 (m in thickness, were sputter coated with gold to provide an enhanced contact. Both sides of the samples were coated, leaving a ring of uncoated sample at the edge to avoid pure conduction across the electrodes. The real and imaginary relative permittivity curves were collected for all samples as a function of frequency at room temperature. It was also found that subtracting a background scan from the raw data helped to remove contributions to the measured impedance resulting from the cables and the measurement cell itself. 

III.   RESULTS

   At low boehmite concentrations, the solutions displayed shear re-dispersion during the initial rheology phase, as reported previously [4], indicating that this is introducing further dispersion. Thereafter, highly repeatable data were obtained suggesting that the equilibrium configuration of the system had been attained. Shear rate-shear stress curves for samples revealed that the addition of boehmite reduced the shear rate required to reach the specified constant 58 Pa shear stress set for each samples. To present these results in a more easily interpreted form, viscosity curves were calculated from the raw data provided by the rheometer. This involved first fitting a 3-parameter hyperbolic function to the shear rate-shear stress data, a technique used previously and found to be particularly effective [1], and then differentiating the derived function. 

   Fig. 1 contains viscosity data from various systems. In preparing PEO systems that would ultimately contain less than about 10% of boehmite, the flow characteristics were found to be primarily determined by the molar mass of the PEO. Higher loading samples, such as the 10% boehmite in 400k PEO samples shown in Fig. 1, begin to reveal a significant increase in viscosity with nanofiller loading. 
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Fig. 1. Viscosity curves for PEO samples 

containing a Boehmite loading of up to 10%

  Investigations into boehmite/water dispersions has revealed that a large increase in viscosity occurs abruptly at ~18% nanofiller (c.f. the data for the 16.8% and 19.3% boehmite/water systems shown in Fig. 2). This value is deemed to represent the percolation limit for the system, where the nanofiller loading is sufficiently high that nanoparticles begin to interact with one other. A similar situation is found when adding carbon black to an insulating matrix [5,6], where a percolation threshold has to be reached before conduction occurred. Producing and mixing samples therefore becomes significantly more difficult where the final PEO/boehmite composition requires the processing of solutions where the boehmite:water ratio approaches ~18%.
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Fig. 2. Viscosity curves of boehmite-distilled water solutions. A sudden increase is observed at approximately 18% filler loading.

   Also, at high concentrations of boehmite, some further dispersion was observed during repeated shear cycles, since data obtained from consecutive runs differed. For water/PEO/boehmite systems with high filler loadings, the observed equilibrium behaviour either conformed to that shown in Fig 2, where the boehmite dictates the viscosity when a low percentage of PEO is present, or else the system was too viscous to measure.

   Having observed that the nanofiller strongly affects the viscosity of the PEO solutions, evidence for solid state interactions was sought via DSC. If the boehmite particles enhance nucleation or inhibit the growth of PEO crystals, then this will, respectively, be revealed through an elevation of the non-isothermal crystallization temperature, Tc, or depression of the melting temperature, Tm. Fig 3 shows that addition of boehmite causes a large decrease in Tm​ values for all samples. Even with a filler loading as low as 5%, a sharp decrease in Tm is observed, dropping by as much as 12 0C for the 100k PEO sample.
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Fig. 3. Tm values were recorded as a function of increasing boehmite filler loading
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Fig. 4. Tc values were recorded as a function of increasing boehmite filler loading

   A decrease was also observed in Tc,, as shown in Fig 4 Both these data sets therefore imply that the addition of boehmite hinders crystal formation.

   Having seen that boehmite affects the flow properties of the PEO solutions and restricts the formation of ordered crystals in the solid state, the effect of this nanofiller on breakdown behaviour was next considered. Fig. 5 shows Weibull analysis results obtained as a function of material composition and processing. These plots were obtained by fitting a 2-parameter Weibull equation to each data set, using Reliasoft Weibull software. Beta values for all sets were above 10. From this figure it is evident that increasing the filler loading massively decreases the breakdown strength. The magnitude of this decrease is surprisingly large and unlikely to be associated either with the filler itself or the decrease in ordering in the polymer matrix implied by Fig. 3 and Fig. 4. Since the boehmite is particularly hydrophilic, an alternative source could relate to retention of water from the processing phase, which, in turn, adversely affects the breakdown strength. To test this hypothesis, a range of samples were heated at 40 0C in a vacuum oven for varying time periods, up to a week, in an attempt to remove any residual moisture. The samples were then removed and tested. This revealed that after 48 h of drying a more realistic breakdown strength was observed. Also, longer drying times were found to provide no further change. The right graph in Fig 5 shows the breakdown data after the drying. 

Fig. 5. Plots of E​b with 90% confidence bounds for initial samples (left) and after drying (right)
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   Dielectric spectroscopy was next used to probe further the nature of the PEO/boehmite interactions. The following figures contain data obtained after completeing 48 h vacuum desiccation procedure described above. Fig. 6 reveals that increasing the filler content results in a significant increase in real relative permittivity. While samples containing loadings of 5% and 10% exhibit behaviour that is comparable to that of the equivalent unfilled PEO grade, at the higher loadings, the increase is much larger, reaching values of 2.6 x105 for 50% and 3.2 x106 for 100%. It is also noted that the shape of the curve changes, with the broad peak previously found to be around 100 Hz for pure PEO being visible in lower loadings but completely lost with higher loadings.

   Tan ( data also changes significantly with addition of the nano filler. The 5% and 10% samples mimicked the pure 400k PEO curve [7] with two relaxation peaks evident at ~1 Hz and 104 Hz. At higher boehmite loading levels, these appear to be broadened such that the data exhibit a much flattened overall form. The overall loss consequently increases at high frequencies and decreases at low frequencies.
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Fig. 6. Real relative permittivities as a 
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IV.   CONCLUSIONS
   The addition of a boehmite nanofiller was found to affect the viscosity of the composite solutions. At lower loadings the effect was minimal, but at loadings of 10% and above was particularly visible. Further studies into boehmite-distilled water showed that a percolation limit existed at around 18% weight-weight filler loading to water, at which the viscosity drastically increased.

   Using differential scanning calorimetry it was observed that the boehmite particles appeared to hinder the growth of crystals within the system. The thermal transitions Tm and Tc were observed to decrease by as much as 8 0C and 6 0C respectively. 

   After performing AC breakdown tests on the boehmite samples it was discovered that, due to the extreme hydrophilic nature of the boehmite, a proportion of water was being held within the pressed samples. This water caused an unrealistic decrease in the Eb. After heat treatment to remove the water more realistic values were collected and showed that the boehmite made little effect under 10% loadings, but decreased the strength greatly at higher loadings, in the most extreme case of 100% filler loading the breakdown strength average dropped to ~ 35% of the value obtained from unfilled PEO.

   From dielectric spectroscopy it was observed that up to 10% filler loading produced little effect on either real relative permittivity or tan ( values. However at higher loadings a significant increase in the permittivity was seen together with marked broadening in the relaxation peaks.
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